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Chapter 1

Sudden cardiac death in the general population 

Sudden cardiac death (SCD) is a major health problem and accounts for 20% 
of all natural deaths in adults in the US and Western Europe, and up to 50% 
of all cardiovascular deaths.1 Ventricular fibrillation (VF), a lethal cardiac 
arrhythmia characterized by uncoordinated contraction of the ventricles, is 
the single most common cause of SCD.2 Therefore, predicting and preventing 
VF seems to be the most successful solution to reduce SCD incidence. Yet 
progress in developing effective approaches to prevent VF and SCD in the 
general population has been difficult to achieve.3 
 Why is it so difficult to prevent SCD? At least three main obstacles 
hamper SCD prevention. First, it is challenging to accurately identify SCD 
victims in the general population, while accurate identification of SCD cases 
is crucial for studies investigating possible mechanisms underlying SCD. 
Persons dying from SCD are difficult to include in prospective studies, as the 
largest number of SCD events in the general population are unexpected and 
unwitnessed. To overcome this and in order to include SCD cases for studies, 
the current definition of SCD in the general population is commonly based on 
the available (mostly limited and/or circumstantial) evidence that excludes 
potentially non-SCD causes.4 The advantage of this “catch it all” approach 
is the complete inclusion of all potential SCD cases, while the disadvantage 
is the misclassification of unwitnessed SCD-mimicking death causes (e.g., 
stroke, pulmonary embolism, aneurysms); autopsy is only performed in 
the minority of SCD cases. Additionally, this approach of SCD identification 
further increases the heterogeneity of SCD (VT/VF, pulseless electrical activity 
or asystole cannot be distinguished from each other and are all classified 
as SCD). This enormous heterogeneity of causes makes it most difficult to 
unmask specific mechanisms underlying SCD. In contrast, emergency medical 
services (EMS) based studies can identify initial cardiac rhythms at arrival 
by obtaining continuous ECG-recordings during the resuscitation attempt 
of (aborted) SCD cases in an out-of-hospital cardiac arrest (OHCA). The 
disadvantage of this approach is that all OHCA cases in which the EMS was not 
notified (approximately 40%) are not included and that the recorded asystoles 
at arrival might have started as VF.5 However, given that VF is the single most 
common cause of SCD in the general population2, EMS based studies offer 
the opportunity to specifically study VF-induced SCD. Such a well-defined 
SCD definition is essential, especially for identification of mechanisms (e.g., 
genetics of arrhythmias, pro-arrhythmic drugs) that underlie VF (but are not 
involved in other causes of SCD). However, most EMS-based studies are 
designed for evaluation of resuscitation methods and resuscitation outcome 
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and do not (yet) prospectively collect the clinical, pharmacological and genetic 
information that is necessary to investigate VF causing mechanisms. Clearly, 
EMS-based studies that would collect such information would provide 
essential insights in SCD in the general population.
 Second, it is difficult to identify subjects at risk for SCD in the general 
population. SCD occurs most in persons who are at risk, but are not known 
to be at risk, as the majority of SCD victims are not known to have cardiac 
diseases. Consequently, these subjects with concealed cardiac disease remain 
at risk for SCD, as risk stratification tools for SCD in the general population 
are lacking.6-8 This is further complicated by the misconception that SCD is 
mainly a direct and straightforward consequence of coronary artery disease 
and that the same set of risk factors underlie both coronary disease and SCD. 
Clearly, coronary disease plays a major role in SCD, but it is also evident that 
there are additional mechanisms that ultimately unleash VF (and thus SCD).9,10 
For example, although coronary artery disease is detectable in the majority of 
SCD victims in the general population, most patients with coronary disease 
will not suffer SCD. Among those with coronary artery disease who suffer a 
myocardial infarction only part will also develop VF.
 A comparable example is that of the generally accepted risk factor 
ejection fraction. A severely reduced ejection fraction is an established risk 
factor for SCD in patients with heart failure and is used to select patients who 
are eligible for implantation of an implanted cardioverter-defibrillator (ICD). 
However, more than two-thirds of SCD victims in the general population have 
a preserved ejection fraction.11-13 Yet, predictors for SCD were traditionally 
studied in selected high-risk cohorts (history of coronary disease and/or heart 
failure). Consequently, a large body of current knowledge on SCD prevention 
is acquired and validated in high-risk cohorts, while most victims die in the 
low-risk general population.1,14 It is therefore questionable whether these risk 
factors can be extrapolated to the low-risk general population.
 Third, the available knowledge about SCD and VF has increased 
tremendously over the past decades, but is still too limited to prevent SCD 
in the general population.4 SCD is a common, complex, pathophysiologically 
heterogeneous entity, which is the final clinical outcome of a combination of 
inherited and/or acquired disorders, dynamic risk factors and elusive triggers. 
A complicating factor is that risk factors identified in the general population 
are not applicable to all patients, but interact with unique sets of additional 
risk factors. For example, QT prolongation in non-related individuals has been 
associated with SCD in the general population.15 However, QT prolongation 
alone is not enough to cause SCD. Additional risk factors modify SCD risk 
(bradycardia, female gender, electrolyte disorders, drug use and concomitant 
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disease) and ultimately determine whether SCD will occur or not.16 It is thus 
crucial to identify mechanisms for SCD, but equally important are the elusive 
and apparently unrelated triggers and/or risk factors that govern these 
mechanisms. As to QT-prolongation in the general population, we are guided 
by knowledge that has become available from the clinical and experimental 
work in the congenital long QT syndrome (LQTS) patients (this will be 
explained in more detail in the last part of this chapter). Consequently, these 
risk factors are straightforward to comprehend and to use in SCD prediction 
models for patients with QT prolongation.16 Unfortunately, many other more 
common risk factors lack a well-investigated and biologically plausible 
mechanism. Therefore, identification of SCD associated risk factors at a 
population level is a starting point, but large numbers for sub-analyses and 
experimental work are vital to test biological plausibility and to uncover the 
underlying causes of SCD and VF in the general population. Undoubtedly, 
the most promising risk stratification tools are those that target specific 
mechanisms underlying VF.
 In conclusion, SCD prevention remains challenging. It occurs 
predominantly in the general population where we do not know who is at 
risk, and when those at risk suffer SCD we cannot accurately identify them 
all. And finally, when we study SCD, we miss a (complete) framework of 
mechanisms that underlie SCD to adequately fit in the identified risk factors 
at a population level. 
 Therefore, a promising solution to prevent SCD in the general 
population is by precisely identifying SCD victims with strict documentation 
of VF and/or detailed ascertainment of SCD from multiple sources, identifying 
risk factors in these subjects and fitting these risk factors in available biological 
plausible mechanisms. 
 To this end, we have used a large-scale population-based registry 
(AmsteRdam REsuscitation STudies, ARREST), initially designed in 2005 
to establish the determinants of outcome of OHCA and extended in 2007 
to establish the clinical, pharmacological and genetic determinants, and 
outcome of (aborted) SCD in the general population. The ARREST research 
group prospectively collects data of all cardiopulmonary resuscitation efforts 
in a contiguous region of the Netherlands (population 2.4 million), using a 
mandatory multiple-source notification system (consisting of ambulance 
dispatch centers, ambulance services, first responders, and all hospitals that 
treat the patients). This ensures inclusion of >95% of all resuscitation efforts. 
Since 2007 ARREST collects also DNA samples of all (aborted) SCD victims 
with ECG documentation of VF.
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Sudden cardiac death in the Long QT syndrome

The strategy of a strict ECG-documented phenotype, followed by intensive 
search for risk factors and underlying biological mechanisms that lead to 
relevant SCD-risk stratification is illustrated by the history of the Long QT 
syndrome (LQTS). LQTS is characterized by QT interval prolongation on 
the ECG and syncope or SCD, both due to a specific form of ventricular 
tachyarrhythmia (torsades de pointes; TdP). In 1957, the first complete description 
of LQTS with sudden death, congenital deafness and prolonged QT-interval 
was published.17 This later appeared to be the autosomal recessive form of 
LQTS. The more common autosomal dominant form with only a cardiac 
phenotype was first described in 1963.18 It took until 1966 before the first ECG 
showing a TdP was published.19 Although in 1971 left cardiac sympathetic 
denervation was shown to be effective in patients refractory to conventional 
antiarrhythmic therapy,20 there was not much known about mechanisms 
underlying and triggering LQTS. In 1979, a major step was set towards 
understanding the etiology of LQTS by setting up an international registry 
for LQTS in order to include sufficient patients to conduct detailed clinical 
studies.21 In 1991, the second major step was set; for the fist time, a genetic 
locus was associated with LQTS,22 followed by discovery of three genes in a 
time span of 6 months in 1995-1996.23-26 The three genotypes, 1, 2 and 3 (LQT1, 
2 and 3) comprise the majority of clinically definite LQTS. At present, at most 
70% of the LQTS population is genotyped successfully and from that segment 
80-90% relates to LQT1, 2,3. The three identified genes (LQT1: KCNQ1 , LQT2: 
KCNH2, LQT3: SCN5A) encoded cardiac ion channels (LQT1 and 2: potassium 
channel, LQT3: sodium channel) that govern ion-currents (LQT1:IKs, LQT2: IKr, 
LQT3: INa) and shape the cardiac action potential.27 The identification of three 
different genes encoding different ion channels emphasized that LQTS was 
not a homogenous disorder, and thus more mechanisms could lead to the 
final phenotype of QT prolongation and TdP. The heterogeneity of LQTS was 
further underscored with the discovery of genotype-specific ST-T patterns on 
the ECG in 2000 and identification of genotype-specific clinical triggers of TdP 
in 2001.28, 29 The understanding of LQTS from its molecular basis to its clinical 
manifestation has greatly and beneficially influenced the risk stratification 
and management of LQTS patients.26

 The translation of science from LQTS patient to the general population 
was boosted in 1990 by the observation that Terfenadine (an over the counter 
available antihistamine, that was prescribed to over 100 million patients) 
could prolong the QT interval and cause TdP. QT prolongation appeared not 
be a private problem only for a select group of LQTS patients, but a common 
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potential danger for the general population.30 This phenomenon of excessive 
QT prolongation upon exposure to drugs, with reversion back to normal QT 
interval following removal of the drug, was labeled as drug-induced LQTS16. 
Indeed, since then, >150 cardiac and non-cardiac drugs have been shown to 
prolong the QT interval and (potentially) induce TdP in diseased and non-
diseased persons in the general population.31 Accordingly, several drugs have 
been withdrawn (e.g., cisapride, terfenadine), while the remaining available 
QT prolonging drugs are now used with caution. Also, pre-clinical and 
clinical assessment of QT-prolongation became standard in the design of new 
drugs.32 In 2006, the next step was set in translating the science from LQTS 
patients to the general population, as it was shown that that QT prolongation 
in the general population in non-related individuals was associated with a 
more than three-fold increased risk for SCD after adjustment for relevant risk 
factors.15 Accordingly, in the same year, the first polymorphism (NOS1AP) 
was shown to increase the QT interval in the general population,33 followed 
by an association between NOS1AP and SCD in the general population.34 
Recently, NOS1AP was also associated with drug-induced QT prolongation 
and ventricular arrhythmia.35  A common variant in KCNE1 (D85N) was 
previously also implicated in drug-induced QT prolongation and ventricular 
arrhythmia.36 These studies have boosted more studies that identified 
additional genes in the general population that regulate the QT-interval.37 
Also, these studies have pushed the molecular genetics of arrhythmias and 
have inspired the first population-based Genome-Wide Association Studies 
(GWAS) aiming at identification of the genetic basis of SCD and VF.
 Although research in LQTS has brought much to the field of 
arrhythmias, the link between QT prolongation and TdP is not straightforward 
and does not allow full prediction of TdP occurrence. The heterogeneity of 
LQTS might not only exist on the clinical, ECG and genetic level, but even on 
mechanistic level. Study of ECG-documented TdP and especially the onset 
these TdP in the different LQTS genotypes is a useful approach to uncover 
potential mechanisms from which TdPs arise. Additionally, genetic studies 
may uncover genes that co-master TdP-inducibility. Therefore, more studies 
are warranted to elucidate risk factors/mechanisms that link QT prolongation 
to the occurrence of TdP. 
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Aims of this thesis

1. Using ECG-documented VF and well-ascertained SCD from the 
general population, we aim to identify clinical and genetic risk factors 
for SCD.

2. Using ECG-documented TdP episodes, we aim to identify genetic 
and electrocardiographic risk factors that predispose for TdPs in 
(drug-induced) LQTS. 

Outline of this thesis 

Part I (chapters 2-3): Sudden cardiac death in the general population
The first part of this thesis concerns the identification of SCD cases in the general 
population. In chapter 2, we present the design, aims and the first results of 
ARREST. ARREST was initially designed in 2005 to establish the determinants 
of outcome of OHCA and extended in 2007 to identify clinical and genetic 
determinants of SCD. The key features of ARREST are its prospective design 
in a contiguous region of the Netherlands, ECG-documentation of VT/VF, 
and collection of all data (including DNA) during and after the resuscitation 
attempt. Chapters 3, 4, 6, 7 and 11 are based on data from ARREST. In chapter 
3 we use ARREST to study the incidence, causes and outcomes of out-of-
hospital cardiac arrest in children and young adults until age 20. 

Part II (chapters 4-7): Clinical risk factors for sudden cardiac death in the 
general population
The second part of this thesis concerns the identification of biologically 
plausible cardiac and non-cardiac risk factors from the general population that 
potentially underlie SCD susceptibility. In chapter 4 we report that epilepsy is 
associated with SCD in the general population. In chapter 5 we demonstrate 
that the SCD risk in epilepsy is mediated by both epilepsy severity and use of 
antiepileptic medications that block cardiac sodium channels. In chapter 6 we 
use nortriptyline as a model drug to demonstrate in a combined experimental 
and population-based study that non-cardiac drugs that block the cardiac 
sodium channel are associated with SCD. In chapter 7, we demonstrate that 
atrial fibrillation is an independent risk factor for SCD.

Part III (chapters 8-10) ECG related risk factors for sudden cardiac death
The third part of this thesis concerns ECG-related determinants of the onset 
of TdPs in LQTS. In chapter 8, we report a genotype-specific onset of TdP. In 
chapter 9, we identified giant T-U waves as risk factor for the onset of TdP. In 
chapter 10, we defined the origin from which TdP originate in the heart.
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Part IV (chapters 11-12): genetic risk factors for sudden cardiac death
The fourth part concerns the genetic determinants of SCD. In chapter 11, we 
identified a genetic locus that is associated with VF in the setting of acute 
myocardial infarction in the general population. In chapter 12, we identified a 
genetic locus as a possible modulator of drug-induced TdP.
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Abstract

Introduction

Out-of-hospital cardiac arrest (OHCA) is a major public health problem. 
Recognizing the complexity of the underlying causes of OHCA in 
the community, we aimed to establish the clinical, pharmacological, 
environmental and genetic factors, and their interactions, that may cause 
OHCA.

Methods and results

We set up a large-scale prospective community-based registry 
(AmsteRdam REsuscitation STudies, ARREST) in which we prospectively 
include all resuscitation attempts from OHCA in a large study region 
in The Netherlands in collaboration with Emergency Medical Services. 
Of all OHCA victims since June 2005, we prospectively collect medical 
history (through hospital and general practitioner), current and previous 
medication use (through community pharmacy). In addition, we include 
DNA samples from OHCA victims with documented ventricular 
tachycardia/fibrillation during the resuscitation attempt since July 2007. 
Various study designs are employed to analyse the data of the ARREST 
registry, including case-control, cohort, case only, and case-cross over 
designs.

Conclusions

We describe the rationale, outline and potential results of the ARREST 
registry. The design allows for a stable and reliable collection of multiple 
determinants of OHCA, whilst assuring that the patient, lay-caregiver 
or medical professional is not hindered in any way. Such comprehensive 
data collection is required to unravel the complex basis of OHCA. Results 
will be published in peer-reviewed journals and presented at relevant 
scientific symposia.



The AmsteRdam REsuscitation STudies (ARREST) registry

25

Introduction

Sudden cardiac arrest is a major health problem in the affluent world, 
accounting for 15–20% of all natural deaths in adults in the United States 
and Western Europe, and for up to 50% of all cardiovascular deaths.1 In the 
vast majority, it occurs in the community (out-of-hospital cardiac arrest, 
OHCA). It is often (up to 50%) the first sign of heart disease.2,3 Survival rates 
are increasing, but remain low despite intense efforts at improving treatment 
of OHCA victims.4-6 Prevention of OHCA is clearly desirable, and requires 
elucidation of the underlying disease processes and risk factors. OHCA 
is usually caused by cardiac arrhythmias, i.e., ventricular tachycardia/
fibrillation (VT/VF). VT/VF may stem from multiple mechanisms, ultimately 
resulting in disrupted cardiac electrophysiology. On the level of an individual 
patient, multiple conditions, both inherited and acquired, interact to cause 
these disruptions and result in VT/VF.3

 Important predictors of OHCA, including heart failure, cardiac 
ischemia and diabetes, have previously been identified. However, these risk 
factors are often unrecognized prior to OHCA and are thus predictive in 
only a minority of OHCA victims. Furthermore, additional non-cardiac risk 
factors for OHCA (e.g., depression, epilepsy, environmental factors) have 
been proposed, suggesting that OHCA in the community is multi-factorial.7-10 

Moreover, various drugs have been associated with OHCA, ultimately 
leading to their withdrawal from the market.11,12 Apparently, the strict pre-
marketing safety screening systems lack the ability to identify all drugs that 
increase the risk of OHCA. Of note, this also applies to non-cardiac drugs, 
i.e., drugs prescribed for non-cardiac disease. Such drugs may cause VT/VF 
because they impact on cardiac electrophysiology by modulating cardiac ion 
channel function. Importantly, VT/VF risk from drug use often requires the 
added presence of other risk factors. For instance, VT/VF risk conferred by 
(cardiac or non-cardiac) sodium channel blocking drugs is particularly high 
in patients with heart failure and/or cardiac ischemia.13,14 Genetic factors 
may also modulate VT/VF risk. For instance, observational studies have 
indicated that sudden death of a family member is a risk factor for OHCA.15-17 
Genetic markers for increased OHCA risk in the community have started to 
be found, but the role of causative genes with large effect sizes remains to be 
established.18,19

 Recognizing the complexity of the underlying causes of OHCA in the 
community, we aimed to uncover the clinical, pharmacological, environmental 
and genetic factors, and their interactions, that may cause OHCA. To this end, 
we set up a large-scale community-based registry (AmsteRdam REsuscitation 
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STudies, ARREST) in which we prospectively include all resuscitation attempts 
from OHCA in a large study region in The Netherlands. Of all OHCA victims, 
we collect medical history, current and previous medication use, and DNA 
samples. The objective of this paper is to describe the design, rationale and 
outline of this registry, hereafter referred to as the ARREST registry.

Methods

Design and Setting

The AmsteRdam REsuscitation STudies (ARREST) is an on-going, prospective 
observational registry of all OHCAs in the study region North Holland, a 
province of the Netherlands. ARREST was set up in June 2005 to establish the 
determinants of outcome of OHCA.20-22 In July 2007, its aims were extended to 
include insight into the genetic, clinical, pharmacological, and environmental 
determinants of OHCA in the community.10,18,19 To minimize selection bias, 
data of all resuscitation attempts with involvement of emergency medical 
services (EMS) in the study region are collected and stored in the ARREST 
database. The study region covers 2404 km2 (urban and rural communities) 
and has a population of 2.4 million people. All studies with the ARREST 
registry are conducted according to the principles expressed in the Declaration 
of Helsinki. Since OHCA is an emergency situation, consent cannot be asked 
before data collection. From all participants who survive OHCA, written 
informed consent for collection and use of medical and pharmacological 
information and DNA samples is obtained after discharge from the hospital. 
The Ethics Committee of the Academic Medical Center, a teaching hospital in 
Amsterdam, approved the study protocol, and the use of data from patients 
who did not survive OHCA, and of data needed to evaluate the outcome of 
the resuscitation attempt.

EMS system in the study region

In a medical emergency, people dial the national emergency number. When 
the EMS dispatcher suspects OHCA, he/she dispatches two ambulances. 
Ambulance personnel are equipped with a manual defibrillator and qualified 
to perform Advanced Life Support. In part of the study area, the EMS 
dispatcher also sends out first responders (firefighters or police officers) 
equipped with an automated external defibrillator (AED) in the event of a 
suspected OHCA. In addition, the placements of AEDs in public areas has 
been facilitated by public and private initiatives during the study period, but 
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is not centrally controlled or directed.20 All four EMS services in the study 
region participate in ARREST.

Data collection
Resuscitation parameters
After each resuscitation attempt, EMS paramedics routinely send the conti-
nuous ECG and impedance recordings from their manual defibrillators to the 
study center by modem. When an AED is used prior to EMS arrival, ARREST 
study personnel visits the AED site shortly after the OHCA, and collects the 
AED ECG recording. All ECGs are stored and analyzed with dedicated software 
(Code Stat Reviewer 7.0, Physio Control, Redmond WA, USA), allowing for 
analysis of heart rhythm/arrhythmia during the resuscitation attempt. Data 
items concerning the resuscitation procedure are collected according to the 
Utstein recommendations.23 Ambulance personnel is obliged by protocol to 
call the study center after every OHCA to provide additional information 
on the resuscitation (e.g., whether OHCA was witnessed, whether basic life 
support was provided before arrival of ambulance personnel, whether the 
patient died at the resuscitation site or was transported to a hospital). Hospital 
files are reviewed by ARREST study personnel to retrieve data of in-hospital 
resuscitation care / treatment (i.e. therapeutic hypothermia, angiography), 
outcome and neurological status when discharged alive.
 OHCA is defined as the out-of-hospital occurrence of cessation of 
cardiac mechanical activity as confirmed by the absence of signs of circulation.23 
All arrests are deemed to result from cardiac causes unless an unequivocal 
non-cardiac cause (i.e., trauma, drowning, intoxication) is documented. All 
EMS and hospital case files are reviewed to verify the presence or absence of 
a non-cardiac cause. In addition, data items concerning medication use and 
medical history are collected. For the sake of DNA discovery studies, the best 
possible ascertainment of a cardiac cause of OHCA is achieved by collecting 
DNA samples only of patients with documented VT/VF at any time during 
resuscitation. Patients in whom only asystole (but no VT/VF) is recorded, are 
excluded, as asystole is the end stage of any cardiac arrest, and may be due to 
non-cardiac causes.24

DNA samples
In order to avoid interventions during the resuscitation attempt for research 
purposes only, DNA samples are collected as follows. Of patients who die 
on the scene and are not transported to the hospital, DNA is extracted from 
the endotracheal tube placed for ventilation during the resuscitation attempt 
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(no blood is usually drawn before hospital admission). Endotracheal tubes 
are collected at ambulance posts or emergency rooms by study personnel. 
Of patients who reach the hospital alive, DNA is extracted from blood 
lymphocytes of blood that is routinely collected and analysed in the hospital’s 
lab for patient care. Unused blood (available in >95% of the patients) is sent 
to the ARREST study center or collected by study personnel, and is used for 
DNA analysis and to determine metabolic parameters.
 If future analyses of the collected DNA material reveal pathogenic 
mutations that require medical action, the patient is contacted through his/
her general practitioner (GP) if the patient had indicated that he/she wished 
to be informed when giving informed consent. Genetic counseling is offered 
to the patient and the patient’s relatives in such a case.

Medical information
Medical information (medical history, current disease diagnosis, survival 
status and, if applicable and available, post mortem examination) is collected 
by contacting the hospital of admission, and the patient’s (GP). In the 
Netherlands, every citizen has a GP who acts as gatekeeper for all medical 
care. GP records contain information on diagnoses from GPs/specialists that 
are based on guidelines for GPs/specialists. Diagnoses in the GP files are 
recorded according to the International Classification of Primary Care (ICPC) 
system. The GPs are asked to mark in a questionnaire whether their patient 
was diagnosed prior to their OHCA with any medical condition. In addition, 
GPs are asked to send all medical correspondence with all treating medical 
specialists to the ARREST study center. 

Pharmacological information
Information regarding medication use (current medication at the time of 
OHCA and in the year before OHCA) is obtained by contacting the patient’s 
community pharmacist. Exposure to medication is determined by reviewing 
dispensing information prior to the date of OHCA. Dosage and duration of 
medication use is recorded of all medication use and is used to calculate the 
time during which a patient is exposed. 

Environmental information
To assess the influence of environmental factors on OHCA risk, we analyse 
the socioeconomic and environmental characteristics of the patient’s place of 
residency. Such data on a neighbourhood level are available from Statistics 
Netherlands, a Dutch governmental institution.



The AmsteRdam REsuscitation STudies (ARREST) registry

29

Data analysis
Data and DNA material collected by the ARREST registry can be analysed 
using various study designs. 
 We employ case-control designs, collaborating with registries and 
studies that provide suitable controls for ARREST OHCA-cases. Cases are 
matched to controls according to age, sex and OHCA date. Controls are 
drawn from a registry that contains drug dispensing records from community 
pharmacies (PHARMO Institute for Drug Outcomes Research, Utrecht, The 
Netherlands. Available from: http://www.pharmo.nl/.),25,10 and from a 
database that contains the complete medical records of >60,000 people from 
a large group of GPs in the study area (HAG-net-AMC).26,9 Genetic data of 
ARREST OHCA-cases are compared to data registries with DNA samples of 
normal control populations.18,19

 In a cohort study, we compare a group of ARREST OHCA-cases with 
a particular property to a group of cases without that property. For example, 
we study ARREST OHCA-cases with and without obstructive pulmonary 
disease, and compare their survival to hospital discharge.22

 Case-only designs are employed when studying effects of interactions 
on OHCA risk, e.g., between a particular gene profile and exposure to study 
drugs; in this way, we test the hypothesis that certain gene profiles may 
modify the risk of the study drug on OHCA.27

 In a case cross-over design, properties of the ARREST OHCA-case (e.g., 
exposure to study drug) are compared with the same property at an earlier 
time point (e.g., 6 months before OHCA), thereby reducing confounding and 
selection bias.

Results

Data collection of resuscitation parameters started in June 2005. In July 2007, 
we started collecting DNA samples. Each year, we collect data from ~1000 
resuscitation attempts, ~50% of which have VT/VF documentation. Figure 
1 shows the inclusion scheme of all VT/VF cases that we have included in 
the year 2009, the first year in which all hospitals and ambulance services 
participated in DNA collection. In this one-year period, we registered 1162 
resuscitation attempts, of which 871 had a cardiac cause without EMS 
witness. In 498 cases, VT/VF was documented. Of these VT/VF cases, 23% 
(114) died on the scene, 24% (121) died in the emergency room before hospital 
admission, while 53% (263) were admitted to the hospital. DNA samples were 
collected in 60% of cases who died on the scene, in 83% of cases who died in 
the emergency room and in 94% of cases who were admitted to the hospital. 
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Table 1 presents medication data per indication category of ARREST OHCA-
cases (n=1787, mean age 66.5, 77% male) collected in the period 2005-2009, 
and age/sex/OHCA date-matched non-OHCA controls from the PHARMO 
database (n=7698). As expected, medication use for cardiovascular diseases 
was higher among cases than controls. Drugs used for several other categories 
were also more prevalent among cases, inviting further research. 
 Figure 2 shows the inclusion rate of DNA samples in the period July 
2007- January 2014. We included 3005 cases, and continue to collect DNA 
samples at the same rate. The average yield of DNA from blood samples was 
160 μg DNA, while tubes yielded 6.9 μg DNA. Inclusion rate was stable over 
the past years. 

Table 1 | Medication use (ATC Classification system categories) of OHCA cases 
and age/sex-matched controls

ARREST

OHCA with 
documented VT/VF

PHARMO

controls

n 1787 7698
Male sex 1376 (77.0) 5939 (77.1)
Mean age (standard deviation), years 66.5 (13.7) 66.4 (13.8)
A  – Alimentary tract and metabolism 810 (45.3) 2607 (33.9)
B  – Blood and blood forming organs 925 (51.8) 2401 (31.2)
C  – Cardiovascular system 1268 (71.0) 3903 (50.7)
G  –  Genito Urinary system and sex 

hormones
221 (12.4) 911 (11.8)

H –  Systemic hormonal preparations, 
excluding sex hormones

181 (10.1) 563 (7.3)

J   – Anti-infectives for systemic use 410 (22.9) 1416 (18.4)
L  –  Antineoplastic and immunomodulating 

agents
53 (3.0) 177 (2.3)

M – Musculo-skeletal system 354 (19.8) 1420 (18.4)
N – Nervous system 557 (31.2) 1966 (25.5)
P  –  Antiparasitic products, insecticides and 

repellents
12 (0.7) 73 (0.9)

R  – Respiratory system 426 (23.8) 1524 (19.8)

Data are n (%), unless otherwise indicated. ATC, Anatomical Therapeutic Chemical; 
OHCA, out-of-hospital cardiac arrest; SD, standard deviation; VF, ventricular 
fibrillation; VT, ventricular tachycardia.
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Discussion

The pathophysiology of OHCA is extremely complex, and its causes are highly 
heterogeneous. In many patients, it is not possible to single out one individual 
cause. Instead, cardiac arrest results from various interacting causes and 
circumstances and a final trigger. This complicates community-based research 
into the etiology of OHCA to an enormous extent. Furthermore, since OHCA 
occurs in such an unpredictable manner, it is difficult to obtain consent, 
precise data on circumstances of OHCA and, most notably, DNA samples. To 
increase the chances for discovery of relevant DNA profiles, ascertainment 
of a cardiac cause of OHCA is crucial. To this end, we chose to define a clear 
and unambiguous selection criterion: documented VT/VF. We expect that 
with this precise case definition, we will create a more homogeneous cohort 
of OHCA cases for analysis, thereby increasing our ability to identify genetic 
risk factors. Our close collaboration with EMS services in the study region 
enables us to include all OHCA cases in the study region, thereby enabling 
us to also compare patients with or without VT/VF. Our study design thus 
allows us to study the full range of clinical, pharmacological, environmental 
and genetic risk factors of OHCA, and their interactions.

Figure 2 | Collection of DNA samples of OHCA victims with VT/VF July 
2007-January 2014
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 Of added importance, our study group has the ability to complement 
findings from these association studies with mechanistic studies in the 
experimental laboratory. This laboratory is equipped with a comprehensive 
range of experimental techniques, including molecular biology, molecular 
genetics, single-cell electrophysiology (patch-clamp studies), and tissue, organ, 
and in vivo electrophysiology. Moreover, our study group is also embedded 
in the cardiology and cardiogenetics departments. This organization in which 
these various domains are interwoven offers the possibility that research 
questions from one domain feed into the other domains. This allows for a 
multifaceted approach to resolve the causes of OHCA in the community.28

 Finally, the ARREST infrastructure is not only suitable to study 
the causes of OHCA, but also its outcome. The fact that data regarding the 
resuscitation attempt are collected according to Utstein recommendations 
enables us to study survival at the various stages of post-resuscitation care. 
This allows for evaluation of the effects of various interventions in the chain-
of-survival care after OHCA.

Conclusion

We describe the rationale, outline and potential results of the ARREST database. 
To our knowledge, ARREST is the first prospective population-based registry 
of patients with OHCA aimed at identifying genetic, clinical, pharmacological 
and environmental determinants of OHCA with documented VT/VF. The 
data presented here show that our study design allows for a stable and reliable 
registry of OHCA.
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Abstract

Objectives

This study sought to determine comprehensively the incidence of 
pediatric out-of-hospital cardiac arrest (OHCA) and its contribution to 
total pediatric mortality, the causes of pediatric OHCA, and the outcome 
of resuscitation of pediatric OHCA patients.

Background

There is a paucity of complete studies on incidence, causes, and outcomes 
of pediatric OHCA.

Methods

In this prospective, population-based study, OHCA victims younger than 
age 21 years in 1 province of the Netherlands were registered through 
both emergency medical services and coroners over a period of 4.3 years. 
Death certificate data on total pediatric mortality, survival status, and 
neurological outcome at hospital discharge also were obtained.

Results 

With a total mortality of 923 during the study period and 233 victims of 
OHCA (including 221 who died and 12 who survived), OHCA caused 
24% (221 of 923) of total pediatric mortality. Natural causes of OHCA 
amounted to 115 (49%) cases, with cardiac causes being most prevalent 
(n=90, 39%). The incidence of pediatric OHCA was 9.0 per 100,000 
pediatric person-years (95% confidence interval: 7.8 to 10.3), whereas the 
incidence of pediatric OHCA from cardiac causes was 3.2 (95% confidence 
interval: 2.5 to 3.9). Of 51 resuscitated patients, 12 (24%) survived; among 
survivors, 10 (83%) had a neurologically intact outcome.

Conclusions

Out-of-hospital cardiac arrest accounts for a significant proportion of 
pediatric mortality, and cardiac causes are the most prevalent causes of 
OHCA. The vast majority of OHCA survivors have a neurologically intact 
outcome.
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Introduction

There is a paucity of complete studies on incidence and causes of pediatric 
out-of-hospital cardiac arrest (OHCA), and outcome of cardiopulmonary 
resuscitation (CPR) of pediatric OHCA victims. Reported pediatric OHCA 
incidences range widely (from 6.0 to 19.7 per 100,000 pediatric person-
years),1-5 as do reported survival rates (from 0 to 19%).1-8 The only two studies 
on neurologic outcome of pediatric OHCA reported a poor neurologic 
outcome in less than half of those discharged from the hospital alive,1,6 and 
some researchers have even questioned whether CPR in children should be 
conducted at all, because neurologic outcome and cost-effectiveness may 
be poor.5,9 Clearly, many questions have not been addressed fully. First, the 
large studies that aimed at identification of incidence of pediatric OHCA 
included only OHCA cases in which emergency medical services (EMS) were 
involved,1,2 while excluding cases where EMS were not involved (coroners’ 
cases), thereby underestimating the incidence of OHCA and confounding 
efforts at determining the proportion of OHCA in total pediatric mortality. 
Second, few studies reported the contribution of the single (groups of) causes 
of OHCA, and these studies included only OHCA cases where EMS were 
involved.1,4,6 Consequently, it is unclear which causes are the most prevalent in 
pediatric OHCA, although this information may have important implications 
in prevention programs.
 We conducted a comprehensive, prospective, population-based study 
in The Netherlands using EMS and non-EMS sources to identify cases of 
pediatric OHCA to determine: (1) the incidence of pediatric OHCA and its 
contribution to total pediatric mortality; (2) the causes of pediatric OHCA; 
and (3) the outcome (overall and neurological) of CPR of pediatric OHCA 
victims.

Methods

Setting

The investigation was a prospective population-based study of persons 
younger than 21 years who had OHCA between October 1, 2005, and February 
1, 2010, in the North Holland province of the Netherlands. This study region 
covers 2,404 km2 (urban and rural communities) and has a population of 
2.4 million people, including 588,389 persons younger than 21 years (study 
population), of whom 28,069 were younger than 1 year (infants), 313,873 
were 1 to 11 years of age (children), and 246,447 were 12 to 20 years of age 
(adolescents). We included all OHCA patients with whom EMS were involved 
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(EMS cases), and those with whom coroners were involved (coroners’ 
cases). The Medical Ethics Review Board of the Academic Medical Center, 
Amsterdam, approved the study and gave a waiver for the requirement of 
(written) informed consent.

EMS cases

The ARREST (AmsteRdam REsuscitation STudies) were set up to establish the 
genetic and environmental determinants of OHCA in the general population10 
and the determinants of outcome of OHCA.11 Data from all OHCA cases with 
EMS involvement in 1 contiguous representative region of the Netherlands 
(the study region) are collected and stored in the ARREST database. In a 
medical emergency, people dial the national emergency number. When the 
EMS dispatcher suspects OHCA, he or she dispatches 2 ambulances,11 and 
a first responder (firefighters, policemen, general practitioner) equipped 
with an automated external defibrillator (AED). Ambulance personnel are 
equipped with a manual defibrillator and are qualified to perform advanced 
life support.12 After each CPR attempt, EMS paramedics routinely send the 
continuous electrocardiogram and impedance recordings from their manual 
defibrillators to the study center by modem.13 The ARREST study personnel, 
who visit the AED site shortly after OHCA, collect the AED electrocardiogram 
recording. The electrocardiograms are stored and analyzed with dedicated 
software (Code Stat Reviewer 7.0, Physio Control, Redmond, Washington). 
Rhythms are categorized as shockable (ventricular tachycardia [VT] and 
ventricular fibrillation [VF]) or nonshockable (asystole or electromechanical 
dissociation). Data items concerning the CPR procedure are collected 
according to the Utstein recommendations.14 All 4 EMS services in the study 
region participate in ARREST. The EMS cases were collected from the ARREST 
database.

Coroners’ cases

When someone dies in the Netherlands, physicians are legally obliged to 
inspect the corpse and complete a death certificate. If the physician is unsure 
whether the patient died of natural causes, a coroner (physician) is contacted 
to inspect the corpse, determine the cause of death, and judge (in consultation 
with the public prosecutor) whether judicial autopsy is required. All reports 
on corpse inspections performed by the coroners are stored digitally at 
the Departments of Forensic Medicine of the Public Health Services. This 
database contains personal details and date and cause of death. In case of a 
natural cause of death, details on the circumstances and temporal course of 
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the event also are available. Eighty percent of all coroners in the study region 
participated in this study. Coroners’ cases were collected from this database.

Identification of OHCA cases

OHCA was defined as an out-of-hospital unexpected and abrupt loss of 
consciousness with loss of vital signs (pulse, blood pressure, respiration) 
and resulting in death or, if successfully resuscitated, survival to hospital 
discharge, or out-of-hospital unexpected death of someone seen in a stable 
medical condition fewer than 24 hours previously.15 Perinatal sudden death 
and children known to have a terminal disease were excluded. During the 
study period, all patients in the ARREST database younger than 21 years of age 
were retrieved and reviewed manually and independently by 2 researchers 
(A.B. and J.B.). A patient was included if he or she: 1) was resuscitated, that 
is, underwent CPR by EMS personnel, a defibrillation attempt with an AED 
by a first responder or bystander (such defibrillation attempts were always 
followed by subsequent treatment by EMS), or both; or 2) was found dead 
by EMS personnel on arrival and fulfilled the OHCA definition. In case 
of discrepancy between the researchers, a specialized physician (H.L.T) 
arbitrated. Two researchers (C.v.d.W., Anneke Hendrix) reviewed all records 
in the coroners’ database of persons younger than 21 years to assess whether 
the definition of OHCA was met. In case of discrepancy, a specialized 
physician (A.A.M.W.) arbitrated. All cases were checked for duplicates within 
the ARREST and coroners’ databases.

Assessment of cardiac and noncardiac causes of OHCA

The included OHCA cases were classified based on the available medical 
information (by A.B., J.B., C.v.d.W) as cardiac or noncardiac. Out-of-hospital 
cardiac arrest was noncardiac when EMS rescuers, hospital physicians, or 
coroners identified a natural, noncardiac cause (e.g., asphyxia, intracranial 
hemorrhage) or nonnatural cause (e.g., traffic accident, drowning, suicide, 
violence); all other cases had a (presumed) cardiac cause and were considered 
cardiac OHCA.14,16

Death certificate data

In addition to data from the ARREST database and the coroners’ database, 
we also retrieved death certificate data from Statistics Netherlands, a Dutch 
governmental institution that collects age- and gender-specific statistics of 
all deaths in the Netherlands (national mandatory reporting system).17 This 
allowed us to ascertain total pediatric mortality and to estimate the maximum 
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number of potential OHCA cases. This served 2 purposes: 1) to establish the 
contribution of OHCA to total mortality in pediatric age groups; and 2) to gain 
insight into the completeness of our data collection. Statistics Netherlands 
records anonymous information on the site and causes of death as indicated 
on the death certificates; in case of nonnatural causes of death, information 
from the police and the public prosecutor also is used. The causes of death 
are classified according to the International Classification of Diseases-10th 
Revision (ICD-10). Deceased children in the ICD-10 diagnostic categories 
pregnancy, childbirth, and the puerperium (000-099), conditions originating 
in the perinatal period (P00-P96), and neoplasms (C00-D48) were excluded. 
Potential cardiac OHCA cases all were deaths in the ICD-10 categories that 
contained cardiovascular causes or unknown causes. Potential noncardiac 
OHCA cases were the remaining deaths in the ICD-10 categories that can occur 
suddenly (e.g., trauma, poisoning, drowning, suicide, and respiratory causes). 
We calculated the total number of potential cardiac OHCA cases by adding all 
out-of-hospital deaths in all ICD-10 categories that contained cardiovascular 
and unknown causes; to this, we added patients from the ARREST database 
who sustained cardiac OHCA, but eventually died in hospital, because these 
patients were not classified as out-of-hospital death by Statistics Netherlands. 
An analogous addition was used to calculate the total number of potential 
noncardiac OHCA cases.

Survival analysis

With the aim of establishing the outcome of CPR by EMS, we analyzed only 
OHCA that truly could be resuscitated cases by excluding OHCA victims 
who were found dead by EMS personnel on arrival, but in whom CPR still 
was initiated (e.g., for the parents’ comfort). Survival status and neurological 
outcome at hospital discharge were obtained by contacting the hospital of 
admission. We estimated the cerebral performance category of each patient 
by reviewing the hospital charts: good cerebral performance, 1; moderate 
cerebral disability, 2; severe cerebral disability, 3; coma or vegetative state, 4; 
and death, 5.18 A cerebral performance category score of 1 or 2 was classified 
as a neurologically intact outcome. 

Statistical analyses

Descriptive statistics are reported as mean + SD, median (25%, 75%), or 
number (percent) as indicated. Comparisons for continuous variables were 
made with an analysis of variance. Likelihood ratio chi-square analyses were 
used when discrete variables were compared across groups. The incidence 
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rates were calculated per 100,000 pediatric person-years. The age category 
and sex- specific rates were calculated; these rates were adjusted by age and 
sex to the European Union population. All statistical tests were 2 tailed, and 
a p value of <0.05 was considered statistically significant. All statistics were 
performed using SPSS software version 16.0 for Mac (SPSS, Inc., Chicago, 
Illinois).

Table 1 | Characteristics of out-of-hospital cardiac arrest from cardiac and  
non-cardiac causes

Characteristic All causes 
(n=233)

Cardiac cause  
(n=90)

Non-cardiac cause  
(n=143)

Age, y 10.8 ± 7.7 7.4 ± 7.6 13.0 ± 7.0
<1 years 45 (19) 35 (39) 10 (7)
1-11 years 66 (28) 25 (28) 41 (29)
12-20 years 122 (52) 30 (33) 92 (64)

Male, n (%) 162 (70) 61 (68) 100 (70)
Ethnicity known 218 (94) 87 (97) 131 (92)

Caucasian 170 (78) 68 (78) 102 (78)
Non-Caucasian 48 (22) 19 (22) 29 (22)

Arabic 17 (8) 3 (3) 14 (11)
Black 10 (5) 7 (8)  3 (2)
Turkish 11 (5) 5 (6) 6 (5)
Other 10 (5) 4 (5) 6 (5)

Site of OHCA known 216 (93) 89 (99) 127 (89)
Place of residence 111 (51) 67 (75) 44 (35)
On street 81 (38) 9 (10) 72 (57)
Public place 9 (4) 4 (4) 5 (4)
Sports or recreational facility 12 (6) 7 (8) 5 (4)
Other 3 (1) 2 (2) 1 (1)

Activity at the time of OHCA *
Infants, activity known, n 29 (83)
At rest 29 (100)
During exercise/sport 0 (0)
Children, activity known 17 (65)
At rest 16 (94)
During exercise/sport 1 (6)
Adolescents, activity known 22 (76)
At rest 15 (68)
During exercise/sport  7 (32)  

Values are mean ± SD or n (%). * only analyzed for OHCA from cardiac cause. OHCA 
= out-of-hospital arrest.
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Results

Patient characteristics and incidence of OHCA

During the study period of 4 years and 4 months, 443 possible pediatric 
OHCA cases were identified. Of these, 210 did not meet the inclusion criteria 
because there was no loss of vital signs when EMS arrived (n = 142), the event 
occurred in the perinatal period (n = 56), or the event occurred in a patient with 
a terminal illness (n=12). Thus, 233 persons fulfilled the definition of OHCA, 
including 221 who eventually died and 12 who survived. Of these 233 cases, 
83 were EMS-only cases, 100 were coroners-only cases, and 50 were registered 
by both sources. With a total mortality of 923, the 221 OHCA victims who 
died amounted to 24% of total mortality in this age group. Fifty-two percent 
of all OHCA cases were adolescents, and 70% were males (Table 1). Most 
OHCA cases occurred at the place of residence (n = 111, 51%) or on the streets 
(n=81, 38%). Ninety persons had cardiac OHCA. Among adolescents who had 
cardiac OHCA, 32% were engaged in exercise or sports at the time of OHCA. 
The adjusted incidence per 100,000 pediatric person-years of OHCA was 9.0 
(95% confidence interval: 7.8 to 10.3), whereas that of cardiac OHCA was 3.2 
(95% confidence interval: 2.5 to 3.9) (Table 2). The incidence of cardiac OHCA 
was highest among infants and similar among children and adolescents. 
According to the death certificate data, the total number of potential pediatric 
cardiac OHCA cases in the study period and study region was 103; of these, we 
registered 90 (87%) cases. The total number of potential pediatric noncardiac 
OHCA cases was 144, of which we registered 143 (99%). Figure 1 shows the 
single causes of pediatric OHCA. Half of the 233 OHCA cases (n=115, 49%) 
were the result of natural causes. Out-of-hospital cardiac arrest from cardiac 
causes was the most prevalent cause of OHCA (n=90, 39%). Traffic accidents 
were the most prevalent cause among nonnatural causes (n=60, 26%).

Table 2 | Incidences of out-of-hospital cardiac arrest from cardiac and non-cardiac 
causes

 All causes 
(n=233)

Cardiac causes 
(n=90)

Non-cardiac causes 
(n=143)

Overall 9.0 (7.8-10.3) 3.2 (2.5-3.9) 5.8 (4.9-6.8)
Age <1 years 33.8 (23.1-44.5) 25.8 (16.4-35.2) 8.0 (2.8-13.2)
Age 1-11 years 4.8 (3.6-6.0) 1.6 (0.9-2.3) 3.2 (2.2-4.2)
Age 12-20 years 11.7 (9.5-13.8) 2.7 (1.7-3.7) 9.0 (7.1-10.8)

Data are expressed as number per 100,000 pediatric person-years (95% confidence 
interval). All Incidences are adjusted by age and sex to the European Union population.
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Survival and neurological outcome of resuscitation of OHCA 
patients 

The EMS were involved in 133 (57%) of the 233 pediatric OHCA patients. 
Of these patients, 73 OHCAs were the result of cardiac causes, including 4 
that were witnessed by EMS personnel. Table 3 shows the characteristics of 
resuscitated patients. Infants were most likely to have OHCA at home (97% 
vs. 61% in children and 41% in adolescents, p < 0.001). An AED was used 
more frequently in adolescents (32% vs. 6% in children and 3% in infants, p = 
0.02). Adolescents also had the highest percentage of shockable initial rhythm 
(82% vs. 33% in children and 3% in infants, p < 0.001). Although CPR was 
initiated in 69 OHCA victims, only 51 (14 infants, 17 children, 20 adolescents) 
truly could be resuscitated. The overall survival to hospital discharge of 
these 51 patients was 24% (12 of 51). The survival rates were not statistically 
significantly different between groups (29% [4 of 14] in infants, 12% [2 of 17] 
in children, 30% [6 of 20] in adolescents, p=0.37). The overall proportion of 
neurologically intact outcomes among OHCA survivors was 83% (75% [3 of 4] 
in infants, 100% [2 of 2] in children, 83% [5 of 6] in adolescents).

Figure 1 | Causes of Out-of-Hospital Cardiac Arrest

The left group of bars represents natural causes, and the right group of bars represent 
nonnatural causes. All causes are shown as the percentage of the total number of out-
of-hospital cardiac arrest cases. Numbers above bars indicate numbers of patients
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Discussion

Every year, 9 of 100,000 children in the Netherlands have OHCA. Cardiac 
causes account for 3 OHCA cases and noncardiac causes for 6 OHCA cases 
per 100,000 pediatric person-years. Cardiac causes are the most prevalent 
single cause of pediatric OHCA (39%), followed by traffic accidents (26%). 
The overall survival of resuscitated pediatric OHCA patients is 24%; the vast 
majority of survivors (83%) are discharged with neurologically intact function. 

Comparison with other studies

Because different studies use various definitions for OHCA and include 
various age cutoffs, comparison of incidences between studies is difficult. We 
provide an overall incidence, an incidence for OHCA resulting from cardiac 
causes, and an incidence for OHCA from noncardiac causes, both unadjusted 
and adjusted for age and gender of the European Union population. Although 
our OHCA definition is comparable with that of the large population-based 
study by Kitamura et al.1, we found somewhat higher incidences of total 
pediatric OHCA (9.0 vs. 8.0 per 100,000 pediatric person-years) and cardiac 
OHCA (3.2 vs. 2.3 per 100,000 pediatric person- years). It is conceivable that 
these differences are because we also included coroners’ cases and studied a 
somewhat wider age range (subjects up to 20 years of age). We also found a 
higher OHCA incidence than 2 other recent population-based studies from the 
United States and Canada.2,3 These differences may be explained by disparities 
in definitions, because we included all causes of OHCA, whereas those studies 
excluded some nonnatural causes. Moreover, differences in socioeconomic 

Table 3 | Operational characteristics of resuscitated victims of out-of-hospital 
cardiac arrest from cardiac causes according to age group

All

(n=69)

Age  
<1 yrs
(n=29)

Age 1 to  
11 yrs
(n=18)

Age 12 to  
20 yrs
(n=22)

P-value

Witnessed collapse 41 (59) 11 (38) 14 (78) 16 (73) 0.03
Bystander CPR 52 (75) 19 (66) 14 (78) 19 (86) 0.53
Collapse at home 48 (70) 28 (97) 11 (61) 9 (41) <0.001
AED connected 9 (13) 1 (3) 1 (6) 7 (32) 0.02
Time between emergency 
call and EMS arrival, min

12.1
(8.8-14.8)

12.2
(9.8-13.9)

11.1
(8.4-15.3)

12.0
(9.0-15.6)

0.99

Shockable initial rhythm 25 (36) 1 (3) 6 (33) 18 (82) <0.001

Values are n (%) or median (25th to 75th percentile). AED= automated external 
defibrillator; CPR= cardiopulmonary resuscitation; EMS= emergency medical services.
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and ethnic composition may be relevant.19,20 For example, the incidence of 
OHCA among adults in different states of the United States and Canadian sites 
ranges from 76 to 159 per 100,000 persons, compared with an incidence of 60 
per 100,000 persons in the Netherlands.21,22 Finally, the proportion of OHCA 
among infants varies among populations and affects the overall incidence of 
pediatric OHCA. In our study, infants contributed 39% of all OHCA cases, 
comparable with other studies.2,4,6 Chugh et al.3 reported a higher proportion 
of infants (76%). The reason for this discrepancy is unknown, but sudden 
infant death syndrome is up to 5.7 times more prevalent in the United States 
than in the Netherlands.23 Biological differences and behavioral factors are 
thought to cause this disparity.
 We report an overall percentage of 36% of VT and VF in our cases, 
and an even higher percentage in adolescents (82%). Other prospective 
studies reported a lower percent- age of VT or VF, ranging from 3% to 9%,1-3,5-7 
whereas 1 retrospective study reported an incidence of 19%.24 The presence of 
VT and VF as initial rhythm is correlated with a witnessed collapse, bystander 
CPR, use of an AED, and time to arrival of the ambulance.22 In comparison 
with other studies, patients in our study were more likely to have a witnessed 
collapse, receive bystander CPR, and be treated with an AED.1,3-7 Because VT 
and VF as initial rhythm has been associated with a better survival,25 one would 
expect a low survival among infants (VT and VF: 3%) and a high survival 
among adolescents (VT and VF: 82%). However, the survival to discharge 
did not support this expectation, being similar in infants and adolescents 
(29% and 30%, respectively). This apparent inconsistency between the low 
proportion of VT and VF and the relatively high survival rates also was 
observed in a large, prospective, observational study of in-hospital cardiac 
arrests in which the survival rates in children with VT and VF as an initial 
rhythm were comparable with those found in children with asystole (29% and 
22%, respectively).26

 In another study of 47 pediatric OHCA patients, 24 had bradycardia 
at presentation, and 12 of those survived to hospital discharge.27 Although 
other studies showed a poor neurological outcome after CPR,28 all but 2 
survivors in our study were discharged with neurologically intact function. 
The outcomes observed in our study were better than those reported in 2 
recent studies by Kitamura et al.1 and Atkins et al.2 Again, the higher rates of 
bystander CPR and bystander-witnessed collapse could have contributed to 
the better outcomes found in our study.
 Resuscitation attempts in children are rare; of all OHCA patients in 
the ARREST registry in whom resuscitation was attempted, only 1.3% (51 of 
3,922) were younger than 21 years. We observed a survival rate of 24% (12 of 
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51) among OHCA patients younger than 21 years, which was not different 
from that among adult OHCA patients in the ARREST registry (688 of 3,871, 
17.9%, J. Berdowski, A. Bardai, M.T. Blom, H.L. Tan, R.W. Koster, unpublished 
data, October 2010). 

Study strengths 

A major strength of our study is that it was designed to establish the 
incidence, determinants, and outcomes of OHCA in the general population, 
allowing comprehensive and accurate data collection of all cases from the 
site of cardiac arrest until discharge from the hospital, including neurological 
outcome in OHCA survivors. Our study is the first study that aims to 
establish the contribution of OHCA to total pediatric mortality. Estimation 
of the incidence of OHCA within a particular region can be hampered by the 
fact that individuals who reside outside of this region may experience OHCA 
in the study region and vice versa. In a pediatric population, this confounder 
is probably less important, because children travel less (far) than adults. Only 
7% of children in this study resided outside the study region. Other studies on 
the incidence of OHCA do not comment on this potential confounder.

Study limitations

Because only a national mandatory reporting system for OHCA, not present 
in the Nether- lands, would ensure capture of all OHCA cases, we might 
have missed some cases. The incidences that we reported for OHCA that 
are based on EMS and coroners’ databases thus may underestimate the true 
OHCA incidence, in particular because not all coroners in the study region 
contributed to the study. Yet, by analyzing data from a national mandatory 
reporting system for all mortality in the Netherlands (Statistics Netherlands), 
we verified that the number of cases that we might have missed was relatively 
small. We identified 90 cardiac OHCA cases, including 7 cardiac OHCA cases 
that survived to hospital discharge, whereas Statistics Netherlands reported 92 
potential cardiac OHCA cases (excluding surviving OHCA victims). Similarly, 
we found 143 noncardiac OHCA cases, whereas Statistics Netherlands 
reported 137 potential noncardiac OHCA cases (excluding surviving OHCA 
victims). These findings indicate that our reported incidences are close to the 
actual incidences.
 Second, the cause of OHCA was considered cardiac when evidence 
for a noncardiac or non-natural cause was absent, as recommended14,16 and 
reported1,2 by others. Because this cardiac category is a diagnosis by exclusion, 
this may lead to an overestimation of the propor- tion of cases that were 
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considered to be the result of cardiac causes. This definition may particularly 
be problematic in case of OHCA in infants (sudden infant death syndrome). 
Only 33% of infant OHCA cases were alive when EMS arrived, allowing a 
diagnostic workup, whereas autopsy data were absent in virtually all cases 
(autopsy is not mandatory in the Netherlands). Thus, the cause of OHCA 
was unknown in most infants and was classified as cardiac, according to our 
definition.1,2,13,14 Yet, sudden infant death syndrome is believed to result often 
from respiratory causes.23,29

Conclusion

In this prospective, population-based study, we established that OHCA 
accounts for 24% of total pediatric mortality and that cardiac causes are the 
most prevalent causes of OHCA. The vast majority of survivors of pediatric 
OHCA have a neurologically intact outcome.
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Abstract

Background

People with epilepsy are at increased risk for sudden death. The most 
prevalent cause of sudden death in the general population is sudden 
cardiac arrest (SCA) due to ventricular fibrillation (VF). SCA may 
contribute to the increased incidence of sudden death in people with 
epilepsy. We assessed whether the risk for SCA is increased in epilepsy 
by determining the risk for SCA among people with active epilepsy in a 
community-based study.

Methods and Results

This investigation was part of the AmsteRdam REsuscitation STudies 
(ARREST) in the Netherlands. It was designed to assess SCA risk in the 
general population. All SCA cases in the study area were identified and 
matched to controls (by age, sex, and SCA date). A diagnosis of active 
epilepsy was ascertained in all cases and controls. Relative risk for SCA 
was estimated by calculating the adjusted odds ratios using conditional 
logistic regression (adjustment was made for known risk factors for SCA). 
We identified 1019 cases of SCA with ECG-documented VF, and matched 
them to 2834 controls. There were 12 people with active epilepsy among 
cases and 12 among controls. Epilepsy was associated with a three-fold 
increased risk for SCA (adjusted OR 2.9 [95%CI 1.1–8.0.], p=0.034). The 
risk for SCA in epilepsy was particularly increased in young and females.

Conclusion

Epilepsy in the general population seems to be associated with an 
increased risk for SCA.
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Introduction

Epilepsy affects over 50 million individuals worldwide.1 It is associated with 
a 2–3 fold risk of premature mortality compared with the general population.2 
A substantial proportion of deaths in epilepsy happen suddenly.3 If trauma, 
drowning and a documented status epilepticus are excluded and autopsy 
does not reveal an anatomical or toxicological cause for death, such deaths are 
classified as sudden unexpected death in epilepsy (SUDEP).4 In the general 
population the commonest cause of sudden death by far is sudden cardiac 
arrest (SCA) due to ventricular fibrillation (VF).5 It has been postulated that 
SUDEP at least in some may result from seizure-related SCA.6 Various possible 
causes for an association between epilepsy and SCA have been proposed.7 For 
instance, epilepsy and cardiac arrhythmias are both caused by pathological 
electrical activity, occurring in the brain and heart, respectively.8-10 If either 
epilepsy or SCA results from ion channel dysfunction, these ion channel 
isoforms may be expressed both in brain and heart, as seen in SCN1A, which 
encodes neuronal sodium channels.11 SCN1A mutations cause generalized 
seizures with febrile seizures plus.11-13 Yet, SCN1A protein products are not 
only expressed in the brain, but also in the heart.14-15 It is thus plausible that 
dysfunction in such ion channels may cause both epilepsy and SCA. It has not 
been proven, however, that epilepsy is associated with an increased risk for 
SCA, as studies aimed at systematically determining the risk for SCA among 
people with epilepsy are lacking. 
 The aim of this study was to establish whether epilepsy is associated 
with an increased risk for SCA. Our study was designed to obtain full coverage 
in the community, and provide strict confirmation of epilepsy and SCA. To 
achieve this, we used a mandatory multiple-source notification system for 
SCA. This strategy ensured the capture of all SCA cases. Every medical 
history was then rigorously reviewed for evidence of active epilepsy, so that 
all people with SCA and epilepsy were identified.

Methods

Setting and study design

This investigation was conducted in a community-based study in the 
Netherlands: the AmsteRdam REsuscitation STudies (ARREST). It was 
designed to assess the determinants of SCA in the general community.16-18 Data 
were retrieved in the study period July 2005–January 2010. It was conducted 
in accordance with the Declaration of Helsinki. Written informed consent was 
obtained from all participants who survived the SCA. The Ethics Committee 
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of the Academic Medical Center Amsterdam approved the study and the use 
of data from people who died.

Design of ARREST

ARREST is a prospective, community-based study aimed at establishing the 
genetic and clinical determinants of SCA in the population of a contiguous 
region (urban and rural communities, ~2.4 million inhabitants) of the 
Netherlands. Details of the study design are provided elsewhere.16-18 Briefly, 
the ARREST research group prospectively collects data of all cardiopulmonary 
resuscitation efforts in collaboration with all Emergency Medical Services in 
the region, using a mandatory multiple-source notification system (consisting 
of personnel at emergency dispatch centers, ambulance services and all 14 
area hospitals). This ensures a complete coverage of the study region and an 
inclusion rate of >95% of all people with out-of-hospital SCA.16 A data collection 
infrastructure is used that records all out-of-hospital SCA parameters, from 
ambulance dispatch to discharge from the hospital or to death. Case inclusion 
is as follows: after each suspected out-of-hospital SCA, the emergency 
dispatch center notifies the study office (providing information on the place 
and circumstances of SCA). Ambulance personnel are mandated to upload 
ECG recordings to the study office straight after resuscitation, and to provide 
appropriate information (e.g., whether SCA was witnessed, whether basic 
life support was provided before arrival of ambulance personnel, whether 
the patient died at the resuscitation site or was transported to a hospital). 
If an automated external defibrillator was used, the study center is notified 
by the dispatch center, ambulance personnel and the user of the automated 
external defibrillator (a label requesting notification after each use is attached 
to automated external defibrillators in the study region). The automated 
external defibrillator ECG recordings are retrieved by ARREST personnel after 
notification. ECG recordings are used to determine whether VF had occurred. 
SCA cases are defined as people who had a cardiac arrest in an out-of-hospital 
setting with ECG-documented VF. Patients with an obvious non-cardiac 
cause of VF (e.g., trauma, intoxication, drowning, suicide) or those in whom 
no ECG-documented VF was available (these patients typically had asystole 
or pulseless electrical activity) are excluded. Medical histories are obtained 
from the general practitioner (GP) and from hospital. In the Netherlands, 
every individual has a GP who acts as gatekeeper for medical care. Thus, 
GPs have a full overview of diagnoses made by medical specialists. Complete 
medication histories of the year preceding SCA are obtained from community 
pharmacies. Controls were randomly drawn from the same source community 
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as cases, using the HAG-net-AMC database of general practitioners (GPs). 
This database contains the complete medical records of ~60,000 people from 
a large group of GPs in the study area.19 Each case was matched to up to 5 
controls by age, sex, and index date (date of SCA in cases).

Definition of active epilepsy and risk factors

All GP records with the terms ‘‘epilepsy’’ or ‘‘epileptic seizure’’ in the 
diagnosis list were reviewed by two epileptologists (RDT, JWS). For all cases 
and controls, epilepsy was confirmed if the diagnosis was established by a 
neurologist, in accordance with national guidelines.20 Additional information 
was requested from the attending neurologist if needed. Only people with a 
diagnosis of active epilepsy were included in the analysis. Active epilepsy 
was defined as current treatment with antiepileptic drugs and seizure within 
the previous 2 years.21 For all cases and controls, the following established 
risk factors for SCA were assessed: ischemic cardiovascular disease, heart 
failure, hypertension, diabetes mellitus, and hypercholesterolemia. This 
was established from GP records based on a formal diagnosis, or by use of 
medication.

Table 1 | Demographics and distribution of covariates

Cases 
(n=1019)

Controles  
(n=2834)

Cases with epilepsy 
(n=12)

Sex
Male 780 (76.5) 1855 (68.5) 7 (58.3)
Female 239 (23.5) 979 (31.5) 5 (41.7)

Mean age, years (SD) 63.5 (13.7) 58.3 (14.5) 60.0 (16.0)
Covariates

Active epilepsy 12 (1.4) 12 (0.4)
Ischemic CVD 443 (43.5) 141 (5.0) 5 (41.7)
CVA or TIA 49 (4.8) 71 (2.4) 1 (8.3)
Hypertension 529 (51.9) 433 (15.3) 7 (58.3)
Diabetes mellitus 219 (21.5) 294 (10.4) 1 (8.3)
Heart failure 199 (19.5) 29 (1.0) 4 (33.3)
Hypercholesterolemia            290 (28.5) 170 (6.0) 6 (30.0)

Data are expressed as number (%) unless otherwise indicated. CVD, cardiovascular 
disease; CVA, cerebrovascular accident; SD, Standard Deviation; TIA, transient 
ischemic attack.
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Statistical analysis

The relative risk for SCA associated with epilepsy was estimated by calculation 
of the adjusted odds ratios using conditional logistic regression analyses. 
Covariates that were univariately associated with SCA (at a p<0.1 level) were 
included in the regression analyses if they changed the point estimate of the 
association between active epilepsy and SCA by >5%; the only such covariates 
were heart failure and hypercholesterolemia. In addition, the odds ratio was 
calculated by including all covariates that univariately associated with SCA (at 
a p<0.1 level) in the multivariate analysis. Subanalyses were performed using 
multivariate logistic regression, adjusting for age, gender and risk factors.

Table 2 | Epilepsy and risk for sudden cardiac arrest

OR*(95% CI) 
p-value

OR** (95% CI) 
p-value

OR*** (95% CI) 
p-value

Univariate 
analysis 
p-value

Epilepsy 3.3 (1.4-7.5)
p=0.005

2.8 (0.9-9.0)
p=0.076

2.9 (1.1-8.0)
p=0.034

Not 
applicable

Ischemic CVD 11.2 (8.8-14.3) 6.7 (5.0-8.8)
p<0.001

9 (7-11.7)
p< 0.001

p<0.001

CVA or TIA 1.7 (1.1-2.5) 0.8 (0.4-1.6)
p=0.53

Not applicable P=0.012

Hypertension 5.8 (4.8-7.0) 3.7 (2.9-4.7)
p<0.001

Not applicable p<0.001

Diabetes 
mellitus

2.0 (1.6-2.4) 0.8 (0.6-1.1)
p= 0.1

1.2  (0.9-1.5)
p=0.2

p<0.001

Heart failure 20.5  
(13.1-32.1)

9.9 (5.8-17)
p<0.001

12.9 (7.9-21.1) 
p<0.001

p<0.001

Hyper-
cholesterolemia

5.6 (4.5-7.0) 2.9 (2.2-3.9)
p<0.001

Not applicable p<0.001

Abbreviations as in Table 1.
*Odds Ratios estimated with conditional logistic regression, matched on age, sex, and 
index date.
** Model 1: Odds Ratios estimated with conditional logistic regression, matched on 
age, sex, and index date, with all covariates that were univariately associated with SCA 
(at a p<0.05 level) included in the regression analyses (ischemic cardiovascular disease, 
CVA or TIA, hypertension, diabetes mellitus, heart failure and hypercholesterolemia).
*** Model 2: Odds Ratios estimated with conditional logistic regression, matched 
on age, sex, and index date, with covariates that were univariately associated with 
SCA (at a p<0.05 level) included in the regression analyses if they changed the point 
estimate of the association between epilepsy and SCA >5%; the only such covariates 
were cardiac ischemia, diabetes, and heart failure.
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Table 3 | Distribution of epilepsy and cardiovascular characteristics in cases and 
controls

Cases (n=12) Controls (n=12)
Epilepsy type
    Symptomatic 8 (67%) 5 (42%)
    Cryptogenic 2 (16.5%) 4 (33%)
    Idiopathic 0 (0%) 2 (17%)
    Unknown 2 (16.5%) 1 (8%)
Seizure type1

   Convulsive seizures 9 10
   Complex partial seizures 3 4
   Simple partial seizures 1 1
   Absence seizures 1 0
Age at onset of epilepsy, yr (Median, Range) 46.5 (9-79) 42 (6-63)
Duration of epilepsy, yr (Median, Range) 11 (0-52) 17.5 (2-33)
Polytherapy (>1 antiepileptic drug)
   Yes 8 (67%) 2 (17%)
   No 4 (33%) 10 (83%)
Antiepileptic drug use1

   Valproic acid 7 4
   Carbamazepine 4 5
   Phenytoin 3 2
   Phenobarbital 1 1
   Topiramate 1 1
   Clobazam 1 0
   Lamotrigine 0 2
History of underlying heart disease
   Ischemic heart disease 3 (25%) 2 (17%)
   Heart failure 2 (17%) 0 (0%)
   Structural heart disease2 3 (25%) 1 (8%)
   No history 4 (33%) 9 (75%)
Cardiac medication use1

   Platelet aggregation inhibitors 5 1
   Antihypertensives3 8 2
   Antiarrhythmic agents4 1 0
   Statins 5 0
Evidence of acute myocardial infarction5

   Postmortem6 3
   Clinical7 8
   Not available 4

1 Some patients had more than one type of seizure/antiepileptic/cardiac drug. 
Therefore the number of seizure types/ antiepileptic drug used exceeds the total 
number of patients. 2 Valve abnormalities and/or aortic coarctation. 3 Diuretics, 
β-adrenoceptor blockers, calcium channel blockers, angiotensin converting enzyme 
inhibitors, angiotensin II receptor antagonists.
4 Amiodaron. 5 Patients may fall in more than one category. 6 Evidence of acute 
myocardial infarction found during autopsy. 7 Evidence of acute myocardial 
infarction found during clinical diagnosis and treatment of the sudden cardiac arrest 
(ECG, cardiac enzymes, coronary angiography).
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Results

We identified 1019 SCA cases with known medical and/or medication use 
history prior to the SCA; these cases were matched to 2834 controls. The 
mean age was 63.5 years in cases (76.5% male), and 58.3 years in controls 
(68.5% male). We confirmed that the established risk factors for SCA were 
also associated with SCA in our study (Table 1). Twelve cases (1.4%) and 12 
controls (0.4%) had a diagnosis of active epilepsy at index date. Epilepsy was 
associated with an almost three-fold increased risk for SCA (adjusted OR 2.9 
[95% CI 1.1–8.0], p=0.034, model 2, Table 2). Sub-analyses suggests that SCA 
risk is higher in people with epilepsy aged <50 years (n=4, adjusted ORyoung 
4.6, p= 0.210) compared to patients aged >50 years (n=8, adjusted ORold 2.4, 
p=0.128), and in females (n=5, adjusted ORfemales 4.6, p=0.044) compared to 
males (n=7, adjusted ORmales 2.0, p=0.309). Epilepsy characteristics of the cases 
and controls are given in Table 3.

Discussion

We provide the first systematically collected evidence from a community-
based study that epilepsy in the general population is associated with an 
increased risk for SCA. The major strength of our study is its community-
based design, which ensured that selection bias was minimal. The inclusion 
of people with epilepsy and of SCA was systematic. The point prevalence of 
active epilepsy in our control group was 0.4%. This agrees well with previous 
studies on the prevalence of active epilepsy in the general population and 
suggests that our study design captured all people with active epilepsy.22 
The design of the study and access to GPs’ medical records enabled us to 
collect comprehensive information on circumstances surrounding death, 
concomitant diseases, and potential confounders.
 We found that epilepsy increases SCA risk but that this excess risk 
is greater in the young. Given that cardiovascular diseases, by far the most 
prevalent causes of SCA,5 is less common in young persons, this observation 
supports the notion that epilepsy is likely to play an important role in SCA 
risk. Women also had greater excess risk than men, although in the population 
cardiovascular disease is more prevalent among men.
 It is very difficult to study SCA in the general population given the 
highly unpredictable way in which it occurs, its short duration before death 
ensues, and its dismal survival rate.23 ECG-documentation of VF may be the 
best possible method in a community-based study to ascertain that SCA was 
due to cardiac causes. Thus, the observed association between VF and epilepsy 
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in ARREST supports the hypothesis that cardiac causes may contribute 
to SUDEP. SUDEP most frequently occurs in people with chronic epilepsy, 
poor seizure control, antiepileptic drug polytherapy, young age of onset and 
a long history of epilepsy.24 Case-control studies, eyewitness accounts, and 
ictal recordings suggest that SUDEP is a peri-ictal event likely triggered by a 
convulsive seizure.7

 Our findings may suggest that the risk for SCA from cardiac causes 
extends to people with epilepsy patients beyond those with SUDEP. Firstly, 
SCA risk is increased in the community, i.e., in people with less severe forms 
of epilepsy. Secondly, in the SUDEP definition, the role of epilepsy as a risk 
factor for SCA may be underestimated. For instance, an individual with 
epilepsy who dies suddenly and has acute signs of ischemic heart disease at 
autopsy is not a SUDEP case, as its definition requires that clear causes for 
death are absent at autopsy.4 In this person, epilepsy would be excluded from 
further consideration as a contributing factor to sudden death. Yet, epilepsy 
or its underlying pathophysiologic mechanisms may have triggered the lethal 
cardiac arrhythmia if the susceptibility to SCA was increased by ischemic 
heart disease (multiple-hit model). Accordingly, we found that, in SCA cases 
with epilepsy, the prevalence of known SCA risk factors was similar as in SCA 
cases without epilepsy (Table 1).
 While our study supports the notion that SCA by cardiac arrhythmia 
may at least in part contribute to sudden death in epilepsy, it should be stressed 
that other proposed pathomechanisms, e.g., respiratory depression, cannot 
be excluded.4 Experimental and clinical studies provide clues in support 
of a mechanistic link between epilepsy and cardiac arrhythmias.14,15,25 The 
pathological processes that underlie both epilepsy and SCA may facilitate the 
occurrence of lethal cardiac arrhythmias, both in the presence or absence of 
seizures. In the majority of our cases (11/12) there was no evidence of seizure 
activity preceding SCA. Thus, sudden death in epilepsy may not be always 
seizure-related. Firstly, cardiac autonomic function may be impaired in both 
epilepsy patients26-28 and SCA victims,29-31 and autonomic dysfunction is 
associated with lethal cardiac arrhythmias.27 Secondly, cardiac repolarization 
disorders (e.g., prolongation or shortening of the QT interval of the ECG), 
another established risk factor for fatal cardiac arrhythmias,32 are found 
in people with epilepsy.7,33-39 Thirdly, variants in genes which encode ion 
channels that are expressed both in the brain and the heart may predispose 
for both epilepsy and cardiac arrhythmias.11,36,40-43 Fourthly, anti-epileptic 
drugs may increase SCA risk by disturbing heart rhythms. For instance, 
they may impede cardiac conduction by blocking cardiac sodium channels, 
a mechanism that may trigger lethal arrhythmias in susceptible individuals, 
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as large randomized placebo-controlled trials have indicated.44,45 These drugs 
may also act centrally affecting cardiac autonomic control. Lastly, epilepsy 
characteristics (type and frequency of seizures, severity of epilepsy) may 
modulate the risk for SCA, similar to their reported effects on SUDEP risk.7,46 
Unfortunately, due to the small number of people with active epilepsy, we 
were not able to further detail the causes of excess SCA risk in epilepsy. This 
study may, however, serve as a basis for future studies to address these issues.

Conclusion

We provide the first systematically collected evidence that epilepsy in the 
community seems to be associated with an increased risk for SCA. Future 
studies must establish the causes of excess SCA risk in epilepsy.

Acknowledgments
The authors greatly appreciate the contribution of E.C. Kanters, MD, Department 
of General Practice, Academic Medical Center, University of Amsterdam, The 
Netherlands; J.P.M. Stroucken, MD, Health Center Venserpolder, Amsterdam, 
The Netherlands; F.T.M. Smits, MD, Health Center Reigersbos, Amsterdam, The 
Netherlands. The authors greatly appreciate the contributions of Paulien Homma, 
Steffie Beesems, Michiel Hulleman, Esther Landman, and Renate van der Meer to the 
data collection, data entry, and patient follow-up at the Academic Medical Center, 
and are greatly indebted to the dispatch centers, ambulance paramedics and first 
responders of Amsterdam en Omstreken, Kennemerland and Noord-Holland Noord 
for their cooperation and support.



Epilepsy is a risk factor for sudden cardiac arrest in the general population

65

References

1.  Duncan JS, Sander JW, Sisodiya SM, Walker MC. Adult epilepsy. Lancet 
2006;367:1087–1100. 

2.  Lhatoo SD, Johnson AL, Goodridge DM, MacDonald BK, Sander JW, et al. 
Mortality in epilepsy in the first 11–14 years after diagnosis: multivariate analysis 
of a long-term, prospective, population-based cohort. Ann Neurol 2001;49:336–344. 

3.  Ficker DM, So EL, Shen WK, Annegers JF, O’Brien PC, et al. Population-based 
study of the incidence of sudden unexplained death in epilepsy. Neurology 
1998;51:1270–1274.

4.  Nashef L, So EL, Ryvlin P, Tomson T. Unifying the definitions of sudden 
unexpected death in epilepsy. Epilepsia 2012;53: 227–233. 

5.  Huikuri HV, Castellanos A, Myerburg RJ. Sudden death due to cardiac 
arrhythmias. N Engl J Med. 2001;345:1473–1482. 

6.  Nashef L Sudden unexpected death in epilepsy: terminology and definitions. 
Epilepsia 1997;(suppl 11): S6–8. 

7.  Surges R, Thijs RD, Tan HL, Sander JW. Sudden unexpected death in epilepsy: risk 
factors and potential pathomechanisms. Nat Rev Neurol 2009;5:492– 504. 

8.  Amin AS, Tan HL, Wilde AA. Cardiac ion channels in health and disease. Heart 
Rhythm 2010;7:117–126. 

9.  Rees MI. The genetics of epilepsy - the past, the present and future. Seizure 
2010;19:680–683. 

10.  McNamara JO Emerging insights into the genesis of epilepsy. Nature 1999;(suppl 
6738): A15–22. 

11.  Escayg A, MacDonald BT, Meisler MH, Baulac S, Huberfeld G, et al.  Mutations of 
SCN1A, encoding a neuronal sodium channel, in two families with GEFS+2. Nat 
Genet. 2000;24:343–345. 

12.  Sugawara T, Mazaki-Miyazaki E, Ito M, Nagafuji H, Fukuma G, et al. Nav1.1 
mutations cause febrile seizures associated with afebrile partial seizures. Neurology 
2001;57:703–705. 

13.  Wallace RH, Scheffer IE, Barnett S, Richards M, Dibbens L, et al. Neuronal sodium-
channel alpha1-subunit mutations in generalized epilepsy with febrile seizures 
plus. Am J Hum Genet. 2001;68:859–865. 

14.  Maier SKG, Westenbroek RE, Schenkman KA, Feigl EO, Scheuer T, et al. An 
unexpected role for brain-type sodium channels in coupling of cell surface 
depolarization to contraction in the heart. P Nat Acad Sci USA. 2002;99:4073–4078. 

15.  Verkerk AO, van Ginneken ACG, van Veen TAB, Tan HL. Effects of heart failure 
on brain-type Na+ channels in rabbit ventricular myocytes. Europace 2007;9:571–
577. 



66

Chapter 4

16.  Bardai A, Berdowski J, van der Werf C, Blom MT, Ceelen M, et al. (2011) Incidence, 
causes and outcome of out-of-hospital cardiac arrest in children: a comprehensive, 
prospective, community-based study in The Netherlands. J Am Coll Cardiol. 
2011;57:1822–1828. 

17.  Bezzina CR, Pazoki R, Bardai A, Marsman RF, de Jong JS, et al. Genome-wide 
association study identifies a susceptibility locus at 21q21 for ventricular 
fibrillation in acute myocardial infarction. Nature Genet. 2010;42:688–691. 

18. Arking DE, Junttila MJ, Goyette P, Huertas-Vazquez A, Eijgelsheim M, et al.  
Identification of a sudden cardiac death susceptibility locus at 2q24.2 through 
genome-wide association in European ancestry individuals. PLoS Genet 2011;7: 
e1002158. 

19. van Doormaal FF, Atalay S, Brouwer HJ, van der Velde EF, Büller HR, et al.  
Idiopathic superficial thrombophlebitis and the incidence of cancer in primary 
care patients. Ann Fam Med. 2010;8:47–50. 

20. Epilepsie. Richtlijnen voor diagnostiek en behandeling. Available: http://www. 
neurologie.nl/uploads/136/454/richtlijn_epilepsie_definief_2.pdf. Accessed 
2012 June 16. 

21. Fisher RS, van Emde Boas W, Blume W, Elger C, Genton P, et al.  Epileptic seizures 
and epilepsy: definitions proposed by the International League Against Epilepsy 
(ILAE) and the International Bureau for Epilepsy (IBE). Epilepsia 2005;46:470–472. 

22. Forsgren L, Beghi E, Oun A, Sillanpaa M The epidemiology of epilepsy in Europe 
– a systematic review. Eur J Neurol. 2005;12:245–253. 

23. Berdowski J, Berg RA, Tijssen JGP, Koster RQ Global incidences of out- of-hospital 
cardiac arrest and survival rates: systematic review of 67 prospective studies. 
Resuscitation 2010;81: 1479–1487.

24. Hesdorffer DC, Tomson T, Benn E, Sander JW, Nilsson L, et al. Combined analysis 
of risk factors for SUDEP. Epilepsia 2011;53:249–252. 

25. Stollberger C, Finsterer J. Cardiorespiratory findings in sudden unexplained/
unexpected death in epilepsy (SUDEP). Epilepsy Res. 2011;59: 51–60.

26. Druschky A, Hilz MJ, Hopp P, Platsch G, Radespiel-Troger M, et al. Interictal 
cardiac autonomic dysfunction in temporal lobe epilepsy demonstrated by [123I]
metaiodobenzylguanidine-SPECT. Brain 2001;124: 2372–2382.

27. Tomson T, Ericson M, Ihrman C, Lindblad LE. Heart rate variability in patients 
with epilepsy. Epilepsy Res. 1998; 30: 77–83.

28. Ronkainen E, Ansakorpi H, Huikuri HV, et al.  Suppressed circadian heart rate 
dynamics in temporal lobe epilepsy. J Neurol Neurosurg Psychiatry 2005;76:1382–
1386.

29. Stein PK, Kleiger RE Insights from the study of heart rate variability. Ann Rev Med. 
1999;50:249–261.



Epilepsy is a risk factor for sudden cardiac arrest in the general population

67

30. Makikallio TH, Huikuri HV, Makikallio A, Sourander LB, Mitrani RD, et al. 
Prediction of sudden cardiac death by fractal analysis of heart rate variability in 
elderly subjects. J Am Coll Cardiol. 2001;37:1395–1402.

31. Jouven X, Empana JP, Schwartz PJ, Desnos M, Courbon D, et al. Heart- rate profile 
during exercise as a predictor of sudden death. N Engl J Med. 2005:352:1951–1958.

32. Schouten EG, Dekker JM, Meppelink P, Kok FJ, Vandenbroucke JP, et al.  QT 
interval prolongation predicts cardiovascular mortality in an apparently healthy 
community. Circulation 1991:84:1516–1523.

33. Surges R, Taggart P, Sander JW, Walker MC. Too long or too short? New insights 
into abnormal cardiac repolarization in people with chronic epilepsy and its 
potential role in sudden unexpected death. Epilepsia 2010;51:738–744.

34. Surges R, Scott CA, Walker MC  Enhanced QT shortening and persistent tachycardia 
after generalized seizures. Neurology 2010;74:421–426.

35.  Surges R, Adjei P, Kallis C, Erhuero J, Scott CA, et al.  Pathologic cardiac 
repolarization in pharmacoresistant epilepsy and its potential role in sudden 
unexpected death in epilepsy: a case-control study. Epilepsia 2010;51:233–242. 

36. Johnson JN, Hofman N, Haglund CM, Cascino GD, Wilde AA, et al. Identification 
of a possible pathogenic link between congenital long QT syndrome and epilepsy. 
Neurology 2009;72:224–231.

37. Neufeld G, Lazar JM, Chari G, Kamran H, Akajagbor E, et al. Cardiac repolarization 
indices in epilepsy patients. Cardiology 2009;114:255–260. 

38. Brotherstone R, Blackhall B, McLellan A Lengthening of corrected QT during 
epileptic seizures. Epilepsia 2010;51:221–232.

39. Teh HS, Loo CY, Tan HJ, Raymond AA. The QT interval in epilepsy patients 
compared to controls. Neurology Asia 2007:68.

40. Hindocha N, Nashef L, Elmslie F, Birch R, Zuberi S, et al. Two cases of sudden 
unexpected death in epilepsy in a GEFS+ family with an SCN1A mutation. 
Epilepsia 2008; 49:360–365.

41. Aurlien D, Leren TP, Taubøll E, Gjerstad L. New SCN5A mutation in a SUDEP 
victim with idiopathic epilepsy. Seizure 2009;2:158–160.

42. Goldman AM, Glasscock E, Yoo J, Chen TT, Klassen TL, et al. Arrhythmia in heart 
and brain: KCNQ1 mutations link epilepsy and Sudden Unexplained Death. Sci 
Transl Med. 2009;1:2–6.

43. Lehnart SE, Mongillo M, Bellinger A, Lindegger N, Chen BX, et al. Leaky Ca2+ 
release channel/ryanodine receptor 2 causes seizures and sudden cardiac death 
in mice. J Clin Invest. 2008;118: 2230–2245.

44. Effect of the antiarrhythmic agent moricizine on survival after myocardial 
infarction. The Cardiac Arrhythmia Suppression Trial II Investigators. N Engl J 
Med. 1992;327: 227–233.



68

Chapter 4

45. Preliminary report: effect of encainide and flecainide on mortality in a randomized 
trial of arrhythmia suppression after myocardial infarction. The Cardiac 
Arrhythmia Suppression Trial (CAST) Investigators. N Engl J Med.1989;321:406–
412.

46. Tomson T, Nashef L, Ryvlin P. Sudden unexpected death in epilepsy: current 
knowledge and future directions. Lancet Neurol. 2008;11:1021–1031.



69

CHAPTER 5
Sudden cardIac death IS aSSocIated both wIth 
epIlepSy and wIth uSe of antIepIleptIc medIcatIonS

Bardai A, Blom MT, van Noord C, Verhamme KM, Sturkenboom MC, Tan HL

Heart, 2014



70

Chapter 5

Abstract

Objective 

Epilepsy is associated with increased risk for sudden cardiac death 
(SCD). We aimed to establish, in a community based study, whether this 
association is mediated by epilepsy per se, use of antiepileptic medications 
(AEMs), or both.

Methods 

We studied SCD cases and age/sex matched controls in a case–control 
study in a large-scale general practitioners’ research database (n=478 661 
patients). SCD risk for symptomatic epilepsy (seizure <2 years before 
SCD), stable epilepsy (no seizure <2 years before SCD), and use of AEMs 
(any indication) was determined.

Results 

We identified 926 SCD cases and 9832 controls. Fourteen cases had 
epilepsy. Epilepsy was associated with an increased SCD risk (cases 1.5%, 
controls 0.5%; adjusted OR 2.8, 95% CI 1.4 to 5.3). SCD risk was increased 
for symptomatic epilepsy (cases 0.9%, controls 0.1%; adjusted OR 5.8, 95% 
CI 2.1 to 15.6), but not with stable epilepsy (cases 0.6%, controls 0.4%; 
adjusted OR 1.6, 95% CI 0.7 to 4.1). AEM use was found in 23 cases and 
was associated with an increased SCD risk (cases 2.5%, controls 0.8%; 
adjusted OR overall 2.6, 95% CI 1.5 to 4.3) among symptomatic epilepsy 
cases (cases 0.9%, controls 0.1%; adjusted OR 6.4, 95% CI 2.4 to 17.4) and 
non-epilepsy cases (cases 1.0%, controls 0.4%; adjusted OR 2.3, 95% CI 
1.01 to 5.2). Increased SCD risk was associated with sodium channel 
blocking AEMs (cases 1.6%, controls 0.4%; adjusted OR 2.8, 95% CI 1.1 to 
7.2), but not with non-sodium channel blocking AEMs. Carbamazepine 
and gabapentin were associated with increased SCD risk (carbamazepine: 
cases 1.1%, controls 0.3%; adjusted OR 3.2, 95% CI 1.1 to 9.2; gabapentin: 
cases 0.3%, controls 0.1%; adjusted OR 5.7, 95% CI 1.2 to 27.9).

Conclusion 

Epilepsy and AEM use are both associated with increased SCD risk in 
the general population. Poor seizure control contributes to increased 
SCD risk in epilepsy, while sodium channel blockade contributes to SCD 
susceptibility in AEM users.
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Introduction

Sudden cardiac death (SCD) accounts for 50% of cardiovascular deaths 
in Western societies. Its causes are complex.1 Part of SCD is explained by 
established risk factors such as heart failure and ischaemic heart disease.2 SCD 
risk may also be increased by drugs, including those used to treat non-cardiac 
disease, because these drugs impair cardiac repolarisation (QT prolongation) 
or depolarisation (QRS widening), thereby increasing the risk for fatal cardiac 
arrhythmias (ventricular fibrillation (VF)). Such non-cardiac drugs are 
associated with QT prolongation, QRS widening, and SCD.3-5

 Similarly, it is increasingly recognised that non-cardiac disease 
may be associated with increased SCD risk, possibly by affecting cardiac 
electrophysiology. Epilepsy, in particular, is associated with increased risk for 
sudden death. Sudden death is a leading cause of death in epilepsy, especially 
among patients with poorly controlled epilepsy and recurrent seizures.6 Lethal 
cardiac arrhythmias are potential causes for sudden death in epilepsy.7 In a 
recent systematic ECG based study, we provided the first proof that epilepsy 
is associated with a threefold increased risk for VF and SCD in the general 
population.8 The causes for this association are unresolved. Two mechanisms 
may play a role. First, epilepsy per se may increase SCD risk. Case reports 
of patients with poorly controlled epilepsy in whom sudden death was 
observed support this notion.6 Secondly, use of antiepileptic medications 
(AEMs) may cause cardiac arrhythmias, as some AEMs may impede cardiac 
depolarisation by blocking cardiac sodium channels; this mechanism can 
evoke lethal arrhythmias in susceptible individuals (QT prolongation by 
AEMs has not been reported).9 So far, these potential mechanisms have not 
been systematically studied in a community based study. Our aim was to 
estimate the effects of epilepsy and AEM use on SCD risk. To probe the role 
of epilepsy, we studied whether SCD risk is more elevated in patients with 
severe epilepsy than in patients with non-severe epilepsy. To probe the role 
of AEMs, we studied whether SCD risk is increased in non-epilepsy patients 
who use AEMs (eg, for neuralgia), and whether SCD risk is more elevated in 
AEMs with sodium channel blocking properties.

Methods

Setting and study design

This investigation was a case–control study conducted in conjunction with 
the Integrated Primary Care Information (IPCI) project. IPCI is a longitudinal 
observational database that contains the complete medical records of 478 661 
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patients from a large group of general practitioners (GPs) in the Netherlands. 
In the Dutch healthcare system, the GP plays a pivotal role by acting as a 
gatekeeper for all medical care. Details of the database have been described 
elsewhere.10,11 Briefly, IPCI contains computer based records, including coded 
and anonymous data on patient demographics, symptoms (in free text), and 
diagnoses (using the International Classification for Primary Care (ICPC) and 
free text) from GPs and specialists.12

 The source population comprised all patients aged ≥18 years in the 
IPCI database with a valid database history (date of registration with GP) of 
at least 1 year. The study population comprised all SCD (see below for SCD 
definition) cases plus their controls in the source population. For each case 
of SCD, up to 20 controls were randomly drawn from the source population 
(incidence density sampling) matched by age (year of birth), gender, and SCD 
date.

Definition of SCD 

SCD in IPCI was defined according to the European Society of Cardiology 
guidelines: (1) witnessed natural death, heralded by abrupt loss of 
consciousness, within 1 h of onset of acute symptoms; or (2) unwitnessed, 
unexpected death of someone seen in a stable medical condition <24 h 
previously with no evidence of a non-cardiac cause.13 Medical and demographic 
data were screened for all deaths in the database. The medical records of all 
individuals who died were reviewed manually to assess whether death could 
be classified as SCD. Individuals were classified as SCD cases if the medical 
record indicated that death occurred within 1 h after onset of cardiovascular 
symptoms and if the following wording was found in the free text: ‘SCD’, 
‘acute cardiac death’, ‘mors subita’, ‘sudden death’, ‘died suddenly’, ‘died 
unexpectedly’ or if this was an unwitnessed, unexpected death of someone 
seen in ‘good health’ or in stable medical condition <24 h previously. 
Individuals with evidence of a non-cardiac cause (eg, suicides, pneumonia, 
convulsion, choking, or cerebrovascular accident) were not classified as SCD. 
Validation of SCD was performed independently by two medically trained 
persons blinded to exposure. A third expert arbitrated in case of a discrepancy.

Use of AEMs 

All available AEMs in the Netherlands were studied: phenytoin, 
carbamazepine, levetiracetam, vigabatrin, ethosuximide, clonazepam, 
phenobarbital, primidone, lamotrigine, oxcarbazepine, gabapentin, and 
valproic acid. AEMs were classified into two groups based on their published 
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ability to block the sodium channel (neural and/or cardiac). Sodium channel 
blocking drugs included: phenytoin, carbamazepine, oxcarbazepine, 
lamotrigine, and gabapentin.14-19

 The duration of each prescription was calculated by dividing the total 
number of units issued per prescription by the prescribed daily number of 
units. AEM use was defined as current if the SCD date fell within a period 
of use or a maximum of 28 days after the end of the last prescription (to 
deal with carryover and non-compliance effects). Past use was defined as 
discontinuation of an AEM >28 days before the date of the SCD. If patients 
had no prescription for an AEM before the SCD date, they were considered as 
non-exposed.

Definition of epilepsy 

All GP records of cases and controls using an AEM were reviewed manually to 
confirm a diagnosis of epilepsy. Patients were categorised as having epilepsy 
if the ICPC code for epilepsy was recorded in the GP record and/or epilepsy 
could be derived from the GP record (eg, seizures and use of AEMs, citation 
in the GP record of communications between GP and neurologist confirming 
epilepsy or long term use of AEMs with exclusion of other diagnoses for which 
AEMs could be used). Only cases and controls with a diagnosis of epilepsy 
and current treatment with AEMs were classified as epilepsy. Patients were 
defined as having stable epilepsy if they were seizure-free in the 2 years before 
the SCD date, or as having symptomatic epilepsy if they had at least one 
seizure in the 2 years before the SCD date, either because they were therapy 
resistant or because they had epilepsy de novo.20

Analysis of non-epilepsy patients using AEMs 

All GP records of cases and controls of patients who used an AEM, but 
had no epilepsy, were reviewed manually to retrieve the indication for 
AEM prescription (mainly chronic postherpetic neuralgia, chronic diabetic 
neuropathic pain, or restless legs).

Covariates 

Known risk factors and other covariates for SCD were gathered from the 
medical records through computerised searches and manual validation. 
Myocardial infarction, transient ischaemic attack, stroke, arrhythmia, and 
heart failure were assessed, based on the diagnoses provided by GP and 
medical specialists in the medical records.21 Use of QTc prolonging drugs, 
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antiarrhythmic drugs, digoxin, diuretics, calcium channel blockers, and 
β-blockers at the index date were considered covariates.

Statistical analysis 

The relative risk of SCD associated with AEM use was estimated by 
calculation of the adjusted ORs using conditional logistic regression analysis. 
Clinically relevant covariates that were univariately associated with SCD (at 
a level of p<0.1) were included in the regression analyses if they changed 
the point estimate of the association between AEM use and SCD by >5%.22 

Table 1 | Baseline characteristics, demographics, and distribution of covariates

Characteristic SCD cases  
(n=926)

Controls  
(n=9832)

OR* (95% CI)

Gender
 Male 574 (62.0) 6319 (64.3)
 Female 352 (38.0) 3513 (35.7)
Age in years, mean (SD) 71.7 (13.7) 66.1 (13.6)
 ≤55 121 (13.1) 2145 (21.8)
 55–65 145 (15.7) 2147 (21.8)
 66–75 248 (26.8) 2818 (28.7)
 >75 412 (44.5) 2722 (27.7)
Comorbidities
  Ischaemic cerebrovascular or 

cardiovascular disease
273 (29.5) 1448 (14.7) 2.0 (1.7 to 2.3)

 Arrhythmia 83 (9.0) 553 (5.6) 1.3 (1.0 to 1.7)
 Hypertension 364 (39.3) 3005 (30.6) 1.3 (1.1 to 1.5)
 Diabetes mellitus 169 (18.3) 833 (8.5) 2.3 (1.9 to 2.8)
 Heart failure 162 (17.5) 397 (4.0) 4.0 (3.2 to 5.0)
 Hypercholesterolaemia 137 (14.8) 1085 (11.0) 1.7 (1.3 to 2.0)
 Smoking 197 (21.3) 2024 (20.6) 1.3 (1.1 to 1.5)
 Alcohol abuse 22 (2.4) 84 (0.9) 3.5 (2.1 to 5.9)
Concomitant medication
 QT prolonging drugs 50 (5.4) 188 (1.9) 1.7 (1.2 to 2.4)
 Antiarrhythmic drugs 15 (1.6) 76 (0.8) 1.9 (1.0 to 3.5)
 Digoxin 76 (8.2) 221 (2.2) 3.2 (2.4 to 4.4)
 Diuretics 168 (18.1) 597 (6.1) 3.3 (2.7 to 4.1)
 Calcium channel blockers 87 (9.4) 604 (6.1) 1.4 (1.1 to 1.7)
 β-blockers 141 (15.2) 1082 (11.0) 1.4 (1.1 to 1.7)

Data are expressed as number (%) unless otherwise indicated.
*ORs matched for age, gender, practice, and calendar time.
SCD, sudden cardiac death.
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To study whether epilepsy was associated with increased SCD risk, we 
classified patients as having stable or symptomatic epilepsy and analysed this 
specifically. To study whether AEM use was associated with increased SCD 
risk, we examined SCD risk for patients with or without epilepsy. Among 
current users, we evaluated the effect of the duration of use, defined as the 
time between first intake and the index date. We investigated potential effect 
modification by age and gender. All analyses were performed using SPSS for 
Windows V.20.0 (Chicago, Illinois, USA).

Results

Subject characteristics 

The source population comprised 478 661 subjects. During a follow-up of 
1 905 382 person-years, 14 259 persons died, including 926 SCD cases. We 
identified 9832 controls. The mean age of cases was 71.7 years and 62.0% were 
male (Table 1).

Association between epilepsy and SCD 

Fourteen cases (1.6%) and 49 controls (0.5%) had a diagnosis of epilepsy. 
Epilepsy was associated with an almost threefold increased risk for SCD (cases 
1.5%, controls 0.5%; ORadjusted 2.8, 95% CI 1.4 to 5.3) (Table 2). Patients with 
stable epilepsy had no increased SCD risk (cases 0.6%, controls 0.4%; ORadjusted 
1.6, 95% CI 0.7 to 4.1) (Table 2), while patients with symptomatic epilepsy 

Table 2 | Epilepsy and risk for SCD

SCD cases
(n=926)

Controls
(n=9832)

OR* (95% CI) OR† (95% CI)

No epilepsy 912 (98.4) 9783 (99.5) 1.0 (reference) 1.0 (reference)
Epilepsy‡ 14 (1.5) 49 (0.5) 2.7 (1.4 to 5.3) 2.8 (1.4 to 5.3)
 Stable epilepsy§ 6 (0.6) 37 (0.4) 1.7 (0.7 to 4.2) 1.6 (0.7 to 4.1)
 Symptomatic  
 epilepsy¶

8 (0.9) 12 (0.1) 5.9 (2.1 to 16.1) 5.8 (2.1 to 15.6)

Data are expressed as number (%) unless otherwise indicated.
*ORs matched for age, gender, practice, and calendar time.
†ORs matched for age, gender, practice, and calendar time, adjusted for heart failure.
‡Patients with a diagnosis of epilepsy and use of AEMs.
§Patients with a diagnosis of epilepsy, use of AEMs, and no seizure in the 2 years 
before SCD date.
¶Patients with a diagnosis of epilepsy, use of AEMs, and seizure in the 2 years before 
SCD date.
AEM, antiepileptic medication; SCD, sudden cardiac death.
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had an almost sixfold increased SCD risk (cases 0.9%, controls 0.1%; ORadjusted 
5.8, 95% CI 2.1 to 15.6) (Table 2). In the symptomatic epilepsy group, seven 
patients had therapy resistant epilepsy, and one epilepsy de novo 4.5 months 
before SCD. The last seizure occurred 20 months (n=1 patient), 11 months 
(n=1) or within 5 months (n=6) before SCD, while median seizure frequency 
was 2.5 per 2 years. There was no statistically significant difference in age 
or sex between patients with stable epilepsy and patients with symptomatic 
epilepsy (70.0 vs 71.4 years, male sex 33% vs 63% (p=0.6), respectively). 

Association between use of AEMs and SCD 

Among cases, 23 (2.5%) were current AEM users at the SCD date, and 24 
(2.6%) were past users (Table 2). Current AEM use was associated with a 2.6-
fold increased SCD risk (cases 2.5%, controls 0.8%; ORadjusted 2.6, 95% CI 1.5 to 
4.3) (Table 3), while past use was not (cases 2.6%, controls 1.7%; ORadjusted 1.4, 
95% CI 0.9 to 2.3) (Table 3). Current AEM use was associated with increased 
SCD risk among symptomatic epilepsy patients (cases 0.9%, controls 0.1%; 
ORadjusted 6.4, 95% CI 2.4 to 17.4) (Table 3) and non-epilepsy patients (cases 
1.0%, controls 0.4%; ORadjusted 2.3, 95% CI 1.01 to 5.2) (Table 3), but not among 
stable epilepsy patients (cases 0.7%, controls 0.4%; ORadjusted 1.6, 95% CI 0.7 
to 4.1) (Table 3). All cases were on monotherapy, except for three who used 

Table 3 | Use of AEMs and SCD risk

SCD cases
(n = 926)

Controls
(n = 9832)

OR* (95% CI) OR† (95% CI)

Overall use
 Never use 879 (94.9) 9583 (97.5) 1.0 (reference) 1.0 (reference)
 Past use 24 (2.6) 1 66 (1.7) 1.5 (1.0 to 2.4) 1.4 (0.9 to 2.3)
 Current use 23 (2.5) 83 (0.8) 2.8 (1.7 to 4.6) 2.6 (1.5 to 4.3)
Use for epilepsy
 Current use 14 (1.5) 49 (0.5) 2.7 (1.4 to 5.3) 2.8 (1.4 to 5.3)
Use for stable epilepsy
 Current use 6 (0.7) 37 (0.4) 1.7 (0.7 to 4.1) 1.6 (0.7 to 4.1)
Use for symptomatic epilepsy
 Current use 8 (0.9) 12 (0.1) 6.5 (2.4 to 17.5) 6.4 (2.4 to 17.4)
Use by non-epilepsy patients
 Current use 9 (1.0) 34 (0.4) 2.7 (1.3 to 5.9) 2.3 (1.01 to 5.2)

Data are expressed as number (%) unless otherwise indicated.
*ORs matched for age, gender, practice, and calendar time.
†ORs matched for age, gender, practice, and calendar time, adjusted for heart failure.
AEM, antiepileptic medication; SCD, sudden cardiac death.



Sudden cardiac death is associated with epilepsy and use of AEMs

77

two AEMs (two patients with symptomatic epilepsy were on carbamazepine/
phenytoin and carbamazepine/valproic acid; one patient with stable patient 
was on carbamazepine/clonazepam). Patients who had used AEMs for 
>30 days had a higher risk for SCD (cases 2.3%, controls 0.8%; ORadjusted 2.6, 
95% CI 1.1 to 6.0) (Table 4) than those who had used AEMs for ≤30 days (cases 
0.2%, controls 0.06%; ORadjusted 0.9, 95% CI 0.1 to 10.7) (Table 4). Stratified 
analyses among current users showed that men (cases 1.5%, controls 0.5%; 
ORadjusted 3.3, 95% CI 1.1 to 8.5) had a higher risk than women (cases 1.0%, 
controls 0.3%; ORadjusted 1.4, 95% CI 0.3 to 6.0) (Table 4). This difference was 
not statistically significant. SCD risk in patients <65 years of age (cases 0.8%, 
controls 0.3%; ORadjusted 2.7, 95% CI 0.6 to 11.2) was not significantly different 
from those ≥65 years old (cases 1.7%, controls 0.6%; ORadjusted 1.2, 95% CI 0.3 
to 4.3) (Table 4).

Association between sodium channel blocking AEMs and SCD 

The highest SCD risk was observed among users of sodium channel blocking 
AEMs (cases 1.6%, controls 0.4%; ORadjusted 3.0, 95% CI 1.7 to 5.3) (Table 5). 

Table 4 | Effect modification of SCD risk in users of AEMs
SCD cases
(n=926)

Controls
(n=9832)

OR* 
(95% CI)

OR† 
(95% CI)

OR‡ 
(95% CI)

Never used 879 (94.9) 9583 (97.5) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Past use 24 (2.6) 166 (1.7) 1.5 (1.0 to 2.4) 1.4 (0.9 to 2.3) 1.4 (0.9 to 2.2)
Current use 23 (2.5) 83 (0.8) 2.8 (1.7 to 4.6) 2.5 (1.5 to 4.2) 2.3 (1.4 to 3.9)
Duration of use (days)
 ≤30 2 (0.2) 6 (0.06) 2.6 (0.5 to 14.3) 1.8 (0.3 to 11.0) 0.9 (0.1 to 10.7)
 >30 21 (2.3) 77 (0.8) 2.7 (1.6 to 4.6) 2.6 (1.5 to 4.5) 2.6 (1.1 to 6.0)
Effect modification
 Gender§
  Current use in females 9 (1.0) 34 (0.3) 2.7 (1.2 to 6.1) 2.7 (1.2 to 6.1) 1.4 (0.3 to 6.0)
  Current use in males 14 (1.5) 49 (0.5) 2.8 (1.5 to 5.3) 2.5 (1.3 to 4.8) 3.3 (1.1 to 8.5)
 Age (years)
  Current use in <65 7 (0.8) 27 (0.3) 4.4 (1.9 to 10.4) 3.3 (1.3 to 8.4) 2.7 (0.6 to 11.2)
  Current use in ≥65 16 (1.7) 56 (0.6) 2.2 (1.2 to 4.1) 2.2 (1.1 to 4.0) 1.2 (0.3 to 4.3)

Data are expressed as number (%) unless otherwise indicated.
*ORs matched for age, gender, practice, and calendar time.
†ORs matched for age, gender, practice, and calendar time, adjusted for heart failure.
‡ORs matched for age, gender, practice, and calendar time, adjusted for heart failure 
and epilepsy.
§There was no gender interaction among users of antiepileptic medications (p=0.88).
AEM, antiepileptic medication; SCD, sudden cardiac death.
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The association remained unchanged after correction for epilepsy (cases 1.6%, 
controls 0.4%; ORadjusted 2.8, 95% CI 1.1 to 7.2) (Table 5). The risk among users 
of non-sodium channel blocking AEMs was lower and not significant (cases 
1.1%, controls 0.5%; ORadjusted 1.7, 95% CI 0.5 to 5.3) (Table 5). Use of sodium 
channel blocking AEMs was comparable among epilepsy and non-epilepsy 
patients (stable vs symptomatic epilepsy: 43% vs 20%, (p=0.6); epilepsy vs 
non-epilepsy: 29% vs 44% (p=0.7)).

Table 5 | Current use of individual AEMs and SCD risk
SCD cases
n=926

Controls
n=9832

OR* 
(95% CI)

OR† 
(95% CI)

OR‡ 
(95% CI)

Sodium channel 
blocking AEMs§

15 (1.6) 43 (0.4) 3.0 (1.7 to 5.4) 3.0 (1.7 to 5.3) 2.8 (1.1 to 7.2)

 Carbamazepine 10 (1.1) 26 (0.3) 4.0 (1.8 to 8.9) 3.8 (1.7 to 8.5) 3.2 (1.1 to 9.2)
 Gabapentin 3 (0.3) 6 (0.06) 5.1 (1.1 to 22.3) 5.9 (1.2 to 28.5) 5.7 (1.2 to 27.9)
 Lamotrigine 0 3 (0.0) NA NA NA
 Oxcarbazepine 0 1 (0.0) NA NA NA
 Phenytoin 3 (0.3) 10 (0.1) 2.0 (0.4 to 9.1) 2.2 (0.5 to 10.2) 2.0 (0.3 to 12.7)
Non-sodium 
channel blocking 
AEMs§

10 (1.1) 51 (0.5) 2.2 (0.8 to 6.0) 1.7 (0.6 to 5.1) 1.7 (0.5 to 5.3)

 Clonazepam 4 (0.4) 14 (0.1) 2.9 (0.9 to 9.4) 2.1 (0.6 to 7.3) 2.1 (0.6 to 7.2)
 Levetiracetam 0 1 (0.0) NA NA NA
 Phenobarbital 2 (0.2) 14 (0.1) NA NA NA
 Primidone 0 4 (0.0) NA NA NA
 Valproic acid 4 (0.4) 20 (0.2) 2.2 (0.7 to 6.8) 2.0 (0.6 to 6.2) 1.8 (0.4 to 7.3)

Data are expressed as number (%) unless otherwise indicated.
We conducted only separate analyses for individual AEMs if there were at least 3 
current users.
*ORs matched for age, gender, practice, and calendar time.
†ORs matched for age, gender, practice, and calendar time, adjusted for heart failure.
‡ORs matched for age, gender, practice, and calendar time, adjusted for heart failure 
and epilepsy. 
§Because some patients used 2 AEMs concomitantly, numbers do not add up.
AEM, antiepileptic medication; NA, not analysed; SCD, sudden cardiac death.

Discussion

We found evidence that both epilepsy and AEM use were associated with 
increased SCD risk. Symptomatic epilepsy, but not stable epilepsy, was 
associated with increased SCD risk. AEM use was independently associated 
with increased SCD risk in epilepsy. SCD risk was also elevated in non-
epilepsy patients who used AEMs for chronic pain syndromes. Sodium 
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channel blocking AEMs were associated with increased SCD risk, whereas 
AEMs without sodium channel blocking properties were not, indicating that 
sodium channel blockage may contribute to increased SCD risk in AEM users.

Epilepsy is associated with SCD 

We recently provided the first evidence from a systematic ECG based study 
that epilepsy is associated with a threefold increased risk for VF and SCD in 
the general population.8 In the present study, performed in a different cohort 
from the general population, we found a similar threefold increase in SCD risk, 
confirming this association. The point prevalence of epilepsy in the control 
group in our present study was 0.5%. This agrees well with the prevalence of 
epilepsy in the general population reported by us and others, suggesting that 
we captured all people with epilepsy in our study.8,23 
 We aimed to identify the causes for the association between epilepsy 
and SCD risk, focusing on the roles of epilepsy per se (possibly mediated by a 
shared biologic basis of epilepsy and VF, eg, aberrant ion channels) and AEMs 
(possibly mediated by their cardiac sodium channel blocking properties).24 
Providing supportive evidence for the role of epilepsy per se, we found that 
SCD risk was elevated in patients with symptomatic epilepsy, but not stable 
epilepsy. 
 Thus, a history of recent seizures (in our study, resulting from therapy 
resistant seizures in almost 90% of cases) is associated with increased SCD 
risk. It has been suggested that these uncontrolled seizures in therapy resistant 
patients, particularly tonic-clonic seizures, might trigger sudden death in 
epilepsy. This view is derived from reports of sudden unexpected death in 
epilepsy (SUDEP) cases, but such cases are rarely witnessed. Almost none of 
the witnessed patients in the present study (0%) and our previous8 study (8%) 
experienced a seizure directly before SCD.
 Thus, although tonic-clonic seizures are suggested as being direct 
triggers for sudden death in epilepsy, especially SUDEP, we believe that 
this is not the case for SCD in epilepsy—that is, sudden death with a cardiac 
cause. This notion is supported by a recent study which demonstrated that 
the majority of witnessed SCD in epilepsy patients did not occur in the setting 
of a tonic-clonic seizure.25 Nonetheless, a tonic-clonic seizure may still be a 
risk factor for SUDEP, due to respiratory causes.
 A possible mechanism underlying the susceptibility for SCD in epilepsy 
might be a shared genetic cause, as suggested in various reports.24,26-28 In both 
the brain and the heart, ion channels play a critical role in the generation and 
conduction of electrical activity. Various ion channels are expressed both in the 
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brain and in the heart, albeit at different levels.29 Mutations in genes encoding 
these ion channels may lead to defective ion channel function and pathological 
electrical activity, manifesting as epilepsy in the brain and arrhythmia in the 
heart. Examples of such genes are: (1) KCNQ1,26,27 the most common long 
QT syndrome-causing gene, encoding a potassium channel; (2) SCN1A,24,28 
the gene which encodes the neuronal sodium channel; and (3) SCN5A,29 the 
most common Brugada syndrome-causing gene, encoding the cardiac sodium 
channel. As epilepsy patients are at risk for both epileptic seizures and cardiac 
ventricular arrhythmias, it becomes even more difficult to establish the true 
cause for seizures in these patients. Epilepsy may cause seizures, but (self-
terminating) ventricular tachycardias may also induce hypoxaemia related 
seizures that mimic epilepsy seizures. Moreover, ventricular tachycardias 
may not be self-terminating and convert to VF, thereby causing hypoxaemia 
related seizures and SCD. In these patients, both the seizures and SCD are not 
linked to epilepsy.

Use of AEMs is associated with SCD 

A possible role for AEMs in SCD has so far been suggested in small cohorts 
of epilepsy patients with severe epilepsy who were treated at specialised 
epilepsy institutions, and often used multiple AEMs.30 We investigated 
the role of AEMs in SCD in the general population, assessing SCD risk in 
stable and symptomatic epilepsy patients (to reduce confounding by disease 
severity), and in non-epilepsy patients (to exclude confounding by epilepsy). 
Most patients (87%) used a single AEM, thereby reducing confounding by 
polytherapy of AEMs. AEM use was associated with increased SCD risk 
among symptomatic epilepsy patients and non-epilepsy patients, but not 
among stable epilepsy patients. In stable patients, a possible proarrhythmic 
effect of the AEMs may have been outweighed by reduction in sudden death 
risk by the fact that the epilepsy was well controlled. Importantly, non-
epilepsy patients who used AEMs had increased SCD risk. This may be of 
concern, as the indications for AEM prescriptions (especially carbamazepine 
and gabapentin) have widened to include chronic pain syndromes.
 To investigate further the role of AEMs in SCD, AEMs with sodium 
channel blocking properties were tested in detail. Previous studies have linked 
cardiac drugs with sodium channel blocking properties to SCD.9 Moreover, 
patients with an inherited reduction in cardiac sodium current (eg, Brugada 
syndrome) have an increased risk for VF and SCD. Here, we showed that the 
use of AEMs with sodium channel blocking properties was associated with 
an almost threefold increased SCD risk, even after correction for confounding 
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factors and epilepsy. Conversely, AEMs without sodium channel blocking 
properties exhibited a weaker and non-significant association with SCD. We 
found carbamazepine and gabapentin, both sodium channel blockers, to be 
associated with increased SCD risk.

Strength and limitations of the study 

The major strength of our study is its population-based design, minimising 
selection bias. This enabled us to study symptomatic and asymptomatic 
epilepsy patients. Furthermore, we were able to study patients who used 
AEMs for various indications. Our access to the databases of GPs allowed us 
to collect extensive information on drug use, concomitant diseases, potential 
confounders, and circumstances surrounding death. However, our study 
also has some limitations. First, although GPs register death consistently, we 
may have missed some sudden deaths. Secondly, misclassifications of deaths 
may have occurred. To reduce misclassification, we only included cases with 
sufficient and clear information on the circumstances surrounding death. 
Finally, while GP records were accurate in registering epilepsy diagnosis and 
seizures, little additional information on epilepsy type and seizure type was 
available.
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Abstract

Introduction

Non-cardiac drugs that impair cardiac repolarization (electrocardiographic 
QT prolongation) are associated with an increased sudden cardiac arrest 
(SCA) risk. Emerging evidence suggests that non-cardiac drugs that 
impair cardiac depolarization and excitability (electrocardiographic QRS 
prolongation) also increase the risk for SCA. Nortriptyline, which blocks 
the SCN5A-encoded cardiac sodium channel, may exemplify such drugs. 
We aimed to study whether nortriptyline increases the risk for SCA, and 
to establish the underlying mechanisms. 

Methods and results 

We studied QRS durations during rest/exercise in an index patient 
who experienced ventricular tachycardia during exercise while using 
nortriptyline, and compared them with those of 55 controls with/without 
nortriptyline and 24 controls with Brugada syndrome (BrS) without 
nortriptyline, who carried an SCN5A mutation. We performed molecular-
genetic (exon-trapping) and functional (patch-clamp) experiments to 
unravel the mechanisms of QRS prolongation by nortriptyline and the 
SCN5A mutation found in the index patient. We conducted a prospective 
community-based study among 944 victims of ECG-documented SCA 
and 4354-matched controls to determine the risk for SCA associated with 
nortriptyline use. Multiple mechanisms may act in concert to increase the 
risk for SCA during nortriptyline use. Pharmacological (nortriptyline), 
genetic (loss-of-function SCN5A mutation), and/or functional (sodium 
channel inactivation at fast heart rates) factors conspire to reduce the 
cardiac sodium current and increase the risk for SCA. Nortriptyline use in 
the community was associated with a 4.5-fold increase in the risk for SCA 
[adjusted OR: 4.5 (95% CI: 1.1–19.5)], particularly when other sodium 
channel-blocking factors were present. 

Conclusions

Nortriptyline increases the risk for SCA in the general population, 
particularly in the presence of genetic and/or non-genetic factors that 
decrease cardiac excitability by blocking the cardiac sodium channel. 
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Introduction

Sudden cardiac arrest (SCA) accounts for 50% of cardiovascular deaths in 
Western societies.1 Sudden cardiac death is mostly caused by ventricular 
tachycardia/fibrillation (VT/VF),2 which is in ~50% of cases the first sign of 
heart disease, predominantly occurring out of hospital. Its survival rate is 
dismal (<10%).3 The best solution is to prevent SCA by recognizing causative 
pathophysiological processes and identifying subjects at risk. Intensive 
translational research on rare monogenic inherited arrhythmia syndromes 
(e.g. long QT syndrome) has established the role of cardiac ion channel 
dysfunction (e.g. caused by very low-frequency gene variants) in the risk 
for SCA.4 These insights may be applicable to understand the causes of SCA 
in common conditions. For instance, the risk for VT/VF and SCA may be 
increased by non-cardiac drugs (drugs for non-cardiac disease) that impair 
cardiac repolarization, thereby prolonging the QT interval.5 In some patients, 
the genetic basis of this acquired long QT syndrome was established with 
the identification of rare gene variants in ion channels that control cardiac 
repolarization.6 In conjunction with drugs that block repolarizing currents, 
these variants impair repolarization, culminating in VT/VF.7

 Impaired cardiac depolarization and excitability may also cause VT/
VF by facilitating re-entrant excitation. This possibility has so far received 
less recognition. Depolarization of the sarcolemma initiates the cardiac action 
potential, which triggers cardiac excitation (reflected on the ECG by the QRS 
complex). Accordingly, impaired depolarization reduces cardiac excitability 
and causes QRS prolongation. This may result from sodium current (INa) 
reduction due to sodium channel dysfunction,8,9 for example, by mutations 
in SCN5A, the gene that encodes the major subunit of the cardiac sodium 
channel. SCN5A-related inheritable arrhythmia syndromes include Brugada 
syndrome (BrS)4 and cardiac conduction disease.8 Sodium current reduction 
may also be acquired by drugs, particularly in the presence of concomitant 
diseases which reduce cardiac excitability. This was shown in the CAST 
trial, where class 1C cardiac anti-arrhythmic drugs (established cardiac 
sodium channel blockers) caused excess mortality in patients with increased 
susceptibility due to cardiac ischaemia or heart failure.10 Accordingly, these 
drugs may also induce VT/VF in BrS patients.11

 Suspicion is mounting that non-cardiac depolarization-blocking 
drugs may also increase the susceptibility to SCA. Small studies found 
that some antidepressant drugs (e.g. nortriptyline) may induce a BrS ECG 
pattern and SCA.12,13 These non-cardiac flanking intronic sequences was PCR 
amplified using DNA from the drugs can block the sodium channel, 14 thereby 
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increasing the risk for VT/VF, and SCA, particularly when other conditions 
that also reduce INa (perhaps inherited) are present. To explore this new 
concept, we studied nortriptyline as an example of such drugs. The causative 
mechanisms were investigated in a patient with repeated syncope and VT 
during therapeutic nortriptyline use. We performed clinical, molecular-genetic, 
and functional studies, and identified multiple mechanisms, both genetic 
and non-genetic, that conspired to unleash the pro-arrhythmic potential of 
nortriptyline. Furthermore, we conducted a prospective community-based 
study and determined the risk for SCA associated with nortriptyline use in 
the general population.

Methods

This study was approved by the local ethics committee, and conforms to 
the principles outlined in the Declaration of Helsinki. All patients gave their 
informed consent for participation. An expanded Methods description is 
provided in the Supplemental material online Methods.

Clinical studies
Study groups 
ECG analysis was performed in four groups: (i) index patient; (ii) 35 healthy 
ECG-control men (age: 42 + 1 years) without cardiac history who used no 
drugs; (iii) the nortriptyline group, including 20 otherwise healthy men (49 + 
1 years) treated with 25 – 50 mg nortrip- tyline (n = 7), 75–100 mg nortriptyline 
(n=7), 150 mg nortriptyline (n=6); (iv) the BrS group, including 24 men (43 + 
2 years) with BrS who carried an SCN5A mutation but used no nortriptyline.

ECG analysis 
Twelve-lead ECG tracings were optically magnified to facilitate manual 
analysis. Heart rates and QRS intervals (leads V5 or II) were analysed. For 
each individual the mean QRS value of five beats was calculated. ECGs were 
analysed at baseline in all groups. The index patient (Group 1), healthy ECG-
control men (Group 2), and BrS patients (Group 4) underwent a symptom 
limited treadmill test using the Bruce protocol. ECGs were analysed at 
different time points during exercise and at peak exercise.
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Molecular-genetic and functional studies
Mutation analysis 
The coding and splice-site regions of SCN5A were analysed in the index 
patient using standard methods. The presence of the identified muta- tion 
was tested in the parents of the patient and 1740 unrelated control individuals 
of European descent (DNA controls). We searched for the presence of the 
mutation in the 1000Genomes database, 15 the NHLBI Exome Variant Server,16 

and the Genome of the Netherlands Project (GoNL).17

cDNA analysis 
Blood samples from the index patient and two control individuals of European 
descent (SCN5A-controls) were collected in PAXgene tubes. Total RNA 
was isolated from blood lymphocytes. SCN5A tran- scripts were reverse-
transcribed, PCR amplified, and sequenced.

Exon trapping 
A 622 base pairs SCN5A genomic fragment containing exon 27 and flanking 
intronic sequences was PCR amplified using DNA from the index patient as 
template. Wild-type and mutant fragments were cloned and subjected to exon 
trapping for interrogation of any abnor- mal splicing events in the mutant 
(Exon Trapping System kit; Life Tech- nologies). Splicing products were 
investigated by PCR and sequencing.

Generation of expression construct 
The megaprimer approach was used to generate mutant SCN5A cDNA in 
which the final 96 base pairs of exon 27 were deleted. Wild-type and mutant 
SCN5A cDNA in the pCGI plasmid backbone were used in electrophysiological 
studies.

Cellular electrophysiology 
Using the patch-clamp technique, sodium currents were measured in HEK-
293 cells transfected with wild-type or mutant SCN5A constructs. Cardiac 
action potentials were measured in left ventricular myocytes isolated from 
healthy rabbit hearts.18
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Community-based study
Setting 
We conducted a case–control study using the Amsterdam Resuscita- tion 
Studies (ARREST) infrastructure. ARREST is an ongoing, prospect- ive, 
community-based study that we designed to establish the genetic19 and 
clinical20 determinants of SCA in the general population with a particular 
emphasis on drug use. Accordingly, we prospectively collect complete 
medical and medication data of all patients who suffer out-of-hospital SCA 
with ECG-documented VT/VF in a contiguous region of the Netherlands 
(~2.4 million inhabitants, >95% coverage).19,20 Matched controls [by age, sex, 
and index (SCA) date] are randomly drawn from the general community 
using a database of community pharmacies that contains demographic and 
complete medi- cation data (>2 million individuals, PHARMO Record Linkage 
System).21 Since nearly all patients in the Netherlands are registered at a single 
community pharmacy, independent of the prescriber, phar- macy records are 
essentially complete.22 Each case is matched to up to five PHARMO-controls. 
Data for the present study were collected from July 2005 to January 2008.

Exposure definition of nortriptyline 
All medication prescriptions of ARREST cases and PHARMO controls during 
the year before the index date were identified from computer- ized databases 
of pharmacists. Use of medication was defined current if the index date 
fell within the prescribed duration or within a maximum of 10% after the 
prescribed duration (to deal with carry-over effects).

Additional factors impairing cardiac excitability in ARREST 
For cases who used nortriptyline, we investigated whether the pres- ence of 
additional factors that impair cardiac excitability by retrieving data from the 
hospital of admission and/or the general practitioner. The following factors 
known to impair cardiac excitability were assessed: other (than nortriptyline) 
drugs that block the cardiac sodium channel, exercise prior to SCA, fever, 
(acute) cardiac ischae- mia, and heart failure. The presence of SCN5A 
mutations was assessed in cases who used nortriptyline and whose DNA was 
available.

Covariates and risk factors 
For all cases and PHARMO controls, the following risk factors for SCA were 
assessed: cardiac ischaemia, heart failure, hypertension, diabetes mellitus, 
and hypercholesterolaemia. Risk factors were derived from medication use.23 
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Use of QT prolonging drugs, anti-arrhythmic drugs, cardiac glycosides, 
diuretics, angiotensin-converting enzyme inhibitors, angiotensin receptor-
blocking agents, β-adrenoceptor blockers, and calcium channel blockers were 
considered covariates. 

Statistical analysis 
Data are mean ± SEM. Group comparisons were made with Student’s t-test 
or analysis of variance. Differences for the ECG parameters in baseline 
values were tested between groups with Student’s t-test (Figure 5A and B). 
Differences for maximum upstroke velocities were tested between groups with 
one-way repeated measures ANOVA (Figure 8C). The relative risk for VT/VF 
associated with nortriptyline use was estimated by calculating the adjusted 
odds ratio with 95% confidence interval [OR: (95% CI)] using conditional 
logistic regression analysis. Covariates and risk factors that were univariately 
associated with VT/VF (P < 0.1) were included in the regression analyses 
if they changed the point estimate of the association between nortriptyline 
use and VT/VF by >5%.24 All analyses were performed using SPSS for Mac 
(version 16.0 for Mac, Chicago IL, USA). 

Results

Clinical studies
Index patient 
The index patient, a 35-year-old Caucasian man without a cardiac history 
or family history of sudden death, presented with repeated syncope during 
running (he had started training for a marathon). His history was unremarkable, 
except for depression for which he had used nortriptyline 150 mg o.d. for 1 
year. His resting ECG while on nortriptyline displayed sinus tachycardia [102 
b.p.m.) with prolonged PR (223 ms) and QRS (131 ms) intervals and no further 
abnormalities. Physical examination, serum electrolytes, echocardiography, 
and coronary angiography were unremarkable. During exercise testing, his 
QRS interval prolonged to 180 ms and his ST segment in V1–V2 elevated 
from 0.17 to 0.58 mV at the maximum heart rate of 180 b.p.m. (Figure 1). 
At this point, he developed polymorphic VT with syncope (Figure 2). He 
recovered spontaneously, and his ECG parameters returned to pre-exercise 
levels. Nortriptyline was discontinued and exercise testing was repeated. This 
time, his resting ECG displayed sinus rhythm at a normal rate (73 b.p.m.) 
with PR (208 ms) and QRS (110 ms) intervals at the upper limit of normal. 
At the maximum heart rate of 187 b.p.m., his QRS interval prolonged to 143 
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ms and his ST segment in V1–V2 elevated from 0.06 to 0.55 mV (Figure 3), 
but no arrhythmia or syncope occurred. Because the ST-segment elevation 
during exercise was suggestive of BrS, he underwent a drug challenge with 
the sodium-channel-blocking anti-arrhythmic drug ajmaline. Ajmaline 
caused QRS prolongation from 110 to 179 ms and ST elevation from 0.17 to 
0.49 mV (Figure 4); this fulfilled the diagnostic criteria for BrS. This diagnosis 

Figure 1 | Exercise test of the index patient during the use of nortriptyline

ECG traces of leads V1 and V2 from the index patient at different heart rates during 
exercise when he used nortriptyline. The QRS interval prolongs from 131 ms at 
baseline to 180 ms at the maximum heart rate of 180 b.p.m., and the ST segment in 
V1–V2 elevates from 0.17 mV at baseline to 0.58 mV at the maximum heart rate.

Figure 2 | Ventricular tachycardia in the index patient in lead II during exercise 
and nortriptyline use

Occurrence of ventricular tachycardia in the index patient in lead V2 when the heart 
rate exceeded 180 b.p.m. during the exercise test (when he used nortriptyline).
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Figure 3 | Exercise test of the index patient after the discontinuation of 
nortriptyline

Exercise test of the index patient after the discontinuation of nortriptyline. 

ECG traces of leads V1 and V2 from the index patient at different heart rates during 
exercise testing after the discontinuation of nortriptyline. The QRS interval prolongs 
from 110 ms at baseline to 143 ms at the maximum heart rate of 187 b.p.m., and the ST 
segment in V1–V2 elevates from 0.06 mV at baseline to 0.55 mV at the maximum heart 
rate.

Figure 4 | Ajmaline testing

(A) ECG traces of lead V1 and V2 from the index patient at baseline. (B) ECG traces of 
leads V1 and V2 from the index patient after intravenous infusion of ajmaline. Ajmaline 
causes QRS prolongation from 110 to 179 ms and ST elevation from 0.17 to 0.49 mV; 
this fulfils the diagnostic criteria for BrS.
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was supported by the fact that echocardiography and exercise tests did not 
indicate alternative explanations for these typical ECG changes, e.g. ischaemic 
heart disease, heart failure, or cardiomyopathy. 

ECG analysis 
In the absence of nortriptyline the baseline ECG of the index patient exhibited 
QRS prolongation of similar magnitude as that of patients who used 150 mg 
nortriptyline, or BrS patients. QRS duration was indeed significantly longer 
in patients who used 150 mg nortriptyline and in BrS patients compared with 
ECG controls who used no nortriptyline (P < 0.001 for both comparisons). 
Nortriptyline induced additional QRS prolongation in the index patient 
(Figure 5B). The exercise testing ECG in the index patient in the absence of 
nortriptyline evoked QRS prolongation, similar to BrS patients, while exercise 
testing in the index patient during nortriptyline use induced extreme QRS 
prolongation when heart rates exceeded 150 b.p.m., followed by VT (Figure 5C). 
QRS duration during exercise remained unchanged in ECG controls. 

Molecular-genetic studies
Mutation analysis revealed a cytosine to thymine nucleotide change at 95 
base pairs from the 3′ end of exon 27 (c.4719C>T [NM_198056]; Figure 6A) in 
SCN5A, which was not found in 1740 unrelated individuals. This nucleotide 

Figure 5 | Effects of nortriptyline and exercise on the QRS interval

(A) ECG analysis at rest in the index patient, 35 healthy ECG-control men without 
cardiac history who used no drugs, nortriptyline group, including 20 otherwise healthy 
men treated with 25–50 mg nortriptyline (n=7), 75–100 mg nortriptyline (n= 7), 150 mg 
nortriptyline (n=6), and Brugada syndrome (BrS) group, including 24 men with BrS 
who carried an SCN5A mutation but used no nortriptyline. P-values are for comparison 
with ECG controls who used no nortriptyline (No nortriptyline) using Student’s t test. 
Numbers between parentheses indicate group sizes. (B) ECG analysis in the study 
groups during exercise. The nortriptyline group did not undergo an exercise test.
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change was found in his father, who tested positive for BrS during ajmaline 
testing, but not his mother, who tested negative during ajmaline testing. Other 
relatives declined investigation. The c.4719C>T mutation does not cause 
an amino acid substitution. Instead, it is expected to cause aberrant mRNA 
splicing by creating a novel premature splice site through the generation of 
a sequence within exon 27 that more closely resembles the splice donor site 
consensus sequence than the natural splice donor site in intron 27 (Figure 6C). 
Analysis of SCN5A transcripts from peripheral lymphocytes from the index 
patient identified an abnormal splicing product lacking the terminal 96 base 
pairs of exon 27, corresponding to abnormal splicing at the novel splice site 
generated by the mutation (Figure 6B and C). Only the normal splicing product 

Figure 6 | Nucleotide change c.4719C>T in SCN5A and its effect on mRNA splicing

(A) cytosine (C) to thymine (T) nucleotide change at 95 base pairs from 3′end of exon 
27 of SCN5A. (B) SCN5A splicing product from peripheral lymphocytes of the index 
patient (patient) and two SCN5A-control individuals (control). The upper band 
corresponds with the normal splicing product containing the complete exon 27. The 
lower band corresponds with the abnormal splicing product lacking the terminal 96 
base pairs of exon 27. (C) c.4719C>T mutation generates a sequence within exon 27 
that more closely resembles the splice donor site consensus sequence than the natural 
intron 27 splice donor site
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containing the complete exon 27 was identified in two SCN5A controls. To 
confirm the impact of the mutation on splicing, we constructed wild-type 
and mutant hybrid minigenes in an exon-trapping vector and analysed the 
splicing products in HEK-293 cells. The wild-type minigene consistently 
generated wild-type transcripts, while the mutant minigene generated both 
wild-type transcripts and transcripts with the terminal 96 bases of exon 27 
deleted (not shown). 

Functional studies

Deletion of the terminal 96 bases of exon 27 causes in-frame deletion of amino 
acids 1574–1605 of the channel protein, thereby disrupting the transmembrane 

Figure 7 | The predicted effect of the c.4719C>T mutation on the cardiac sodium 
channel protein

Cartoon of the cardiac sodium channel embedded in the sarcolemma. The c.4719C>T 
mutation causes an in-frame deletion of amino acids 1574–1605 that form parts of S2 
and S3 segments of domain IV (coloured red). The boxed area is enlarged to display 
the amino acid sequence of domain IV and its deleted segment parts.
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segments S2 and S3 of channel domain 4 (Figure 7). This may affect channel 
protein folding, intracellular trafficking, and/or function. HEK-293 cells 
expressing wild-type SCN5A constructs displayed typical inward sodium 
currents, but no currents could be recorded from cells expressing the construct 
in which the terminal 96 base pairs of exon 27 were deleted (Figure 8A). As INa 
through functional cardiac sodium channels triggers the initial phase of the 
cardiac action potential, we measured the maximum upstroke velocity of this 
initial phase to probe sodium channel availability (Figure 8B).25 Exposure of 
ventricular myocytes to 1 μM nortriptyline (equivalent to serum levels during 
chronic use of 150 mg nortriptyline) slowed the maximum upstroke velocity, 
indicating decreased sodium channel availability. Repetitive stimulation of 
myocytes at increasing frequencies (to mimic increasing heart rates during 
exercise) progressively slowed the maximum upstroke velocity even in the 
absence of nortriptyline. In the presence of nortriptyline, this slowing effect 
was larger (P < 0.001; Figure 8C). 

Figure 8 | Effects of mutation, nortriptyline, and stimulation frequency on sodium 
channel availability

(A) Representative current traces from HEK-293 cells expressing SCN5A (wild-type 
or c4719C>T), obtained by depolarizing cells from a holding potential of −90 to 50 
mV for 300 ms. (B) Upstroke of the initial phase of the action potential, obtained by 
stimulating a rabbit ventricular myocyte in the absence of nortriptyline. (C) Maximum 
upstroke velocities of the initial phase of the ventricular action potential at different 
stimulation frequencies without nortriptyline (blue) or with nortriptyline (red).
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Community-based studies

To determine whether an increased risk for SCA following nortriptyline use 
applies to the general population, we conducted a community-based study 
on the association of nortriptyline use and SCA. We identified 944 SCA cases 
with ECG-documented VT/VF in ARREST; these cases were matched to 4354 
PHARMO controls. The mean age was 65 years in cases (77% male) and 65 
years in PHARMO controls (77% male). To indicate that the data acquisition 
system was valid, the known risk factors for SCA were associated with SCA. 
Use of cardiovascular medication was also associated with an increased risk 
for VT/VF, as was the use of QT- prolonging drugs, confirming the established 

Table 1 | Baseline characteristics, demographics, and distribution of covariates

Characteristic Cases, 
(n=944)

Controls, 
(n=4354)

ORa, (95% CI)

Gender
 Male 729 (77.2) 3374 (77.5)
 Female 215 (22.8) 980 (22.5)
 Age in years, mean (SD) 64.8 (15.0) 64.7 (14.9)
Co-morbiditiesb

 Cardiac ischaemia 365 (38.7) 931 (21.4) 2.7 (2.3–3.2)
 Hypertension 415 (44.0) 1273 (29.2) 2.1 (1.8–2.4)
 Diabetes mellitus 163 (17.3) 428 (9.8) 2.0 (1.6–2.4)
 Heart failure 142 (15.0) 148 (3.4) 5.4 (4.2–6.9)
 Dyslipidaemia 337 (35.7) 965 (22.2) 2.1 (1.8–2.4)
Concomitant medication
 QT-prolonging drugsc 39 (4.1) 100 (2.3) 1.9 (1.3–2.7)
 Anti-arrhythmic drugsd 18 (1.9) 62 (1.4) 1.4 (0.8–2.3)
 Cardiac glycosides 86 (9.1) 104 (2.4) 4.6 (3.3–6.2)
 Diuretics 359 (38.0) 906 (20.8) 2.7 (2.3–3.2)
 Angiotensin-converting enzyme  
 inhibitors

288 (30.5) 603 (13.9) 2.9 (2.5–3.5)

 Angiotensin receptor-blocking  
 drugs

140 (14.8) 414 (9.5) 1.7 (1.4–2.1)

 β-Blockers 335 (35.5) 894 (20.5) 2.3 (1.9–2.7)
 Calcium channel blockers 163 (17.3) 427 (9.8) 2.0 (1.6–2.4)

Data are expressed as number (%) unless otherwise indicated; SD, standard deviation.
aOdds ratios matched for age, gender, and index date. 
bCo-morbidities are based on the medication use in the half year prior to the index 
date. 
cCERT List of QT prolonging drugs, www.azcert.org. 
dList derived from www.Gipdatabank.nl, a list of available anti-arrhythmic drugs in 
the Netherlands.
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pro-arrhythmic potential of these drugs (Table 1). Four cases (0.4%) and four 
PHARMO controls (0.1%) were current users of nortriptyline on the index 
date. Use of nortriptyline was associated with a 4.6-fold increased risk for 
SCA [OR: 4.6 (1.2–18.4) p=0.03, Table 2]. After evaluation of the risk factors, we 
found no relevant confounding factors/variables. In support of a multiple-hit 
model, in which multiple sodium channel-blocking factors add up to result 
in disease-causing sodium channel blockage, all cases who used nortriptyline 
at the time of SCA had one or more additional causes for sodium channel 
blockage, in addition to nortriptyline use (see Supplementary material online, 
Table S1). While one case had performed exercise immediately before SCA, 
we identified other concomitant causes for sodium-channel blockage: use 
of other cardiac sodium channel-blocking drugs (lithium14, ropinirole26), 
ischaemia and/or acute myocardial infarction,27 and heart failure.10 DNA was 
available of two cases who used nortriptyline; no SCN5A mutations were 
found in these patients. 

Table 2 | Use of nortriptyline and the risk for sudden cardiac arrest

Characteristic Cases,  
(n=944)

Controls,  
(n=4354)

ORa, (95% CI)

Non-use 940 (99.58) 4350 (99.91) 1.0 (reference)
Current use 4 (0.42) 4 (0.09) 4.6 (1.2–18.4) p=0.03

Data are expressed as number (%) unless otherwise indicated.
aOdds ratios matched for age, gender, and index date. After evaluation of the risk 
factors, we found no relevant confounding.

Discussion

We provide proof-of-concept from basic, clinical, and epidemiologic studies 
that blockage of the cardiac sodium channel by therapeutic dosages of a 
non-cardiac drug (nortriptyline) may be critical and cause life-threatening 
arrhythmias. This applies in particular when other causes of a cardiac sodium 
channel block are also present, e.g. genetic variants (loss-of-function mutation 
in SCN5A) and/or functional factors (reduction of sodium current by fast 
heart rates). Accordingly, the use of nortriptyline in the general population 
is associated with a 4.6-fold increased risk for SCA. Future studies must 
establish whether these findings also apply to other non-cardiac drugs that 
block cardiac sodium channels. If so, these findings may serve as the basis for 
development of new guidelines for the safe use of such drugs. 
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 Nortriptyline was initially proposed as an anti-arrhythmic drug, 
because its cardiac actions resemble those of Class 1A and 1C anti-arrhythmic 
drugs.28 However, later studies found that it might be associated with 
SCA,13,29 similar to Class 1A and 1C anti-arrhythmic drugs.10 Nevertheless, 
it has remained unknown why nortriptyline evokes arrhythmias at 
therapeutic dosages in some patients, but not in all. Cellular studies 
revealed that nortriptyline blocks the cardiac sodium channel.30 Ventricular 
tachyarrhythmias may occur when INa is severely reduced.10 Yet, such 
reduction is normally only achieved with nortriptyline overdosage. Thus, 
when therapeutic nortriptyline dosages are used (as by the index patient), 
other predisposing factors are required to reduce INa sufficiently to provide a 
setting that is permissive for arrhythmia occurrence. Recognizing such factors 
is crucial to prevent arrhythmias in individuals who use nortriptyline. In the 
index patient, an SCN5A loss-of-function mutation and exercise-related fast 
heart rates acted in concert with nortriptyline to reduce INa to a critical level. 
The important role of fast heart rates in causing VT in the index patient was 
supported by the observations that VT and syncope occurred only during 
exercise, while they had not occurred in the year prior to this analysis, when 
he had already used nortriptyline, but had not trained for the marathon. Our 
data are supported by a recent experimental study in isolated canine right 
ventricular wedge preparations showing that amitriptyline (another tricyclic 
antidepressant) unmasked a BrS ECG pattern and facilitated the development 
of arrhythmias only when INa was further counteracted by an increase in the 
repolarizing potassium current Ito, which opposes INa during the initial phase 
of the cardiac action potential.31

 The c.4719C>T mutation abolished INa completely (Figure 8A). In 
the index patient, who was heterozygous for this mutation, this is likely 
to result in 50% loss in the number of functional cardiac sodium channels 
(haplo-insufficiency), explaining why his resting QRS intervals in the absence 
of nortriptyline were prolonged to a similar extent as in ECG controls who 
used 150 mg nortriptyline (Figure 5A). Fast heart rates, as mimicked by 
stimulation of ventricular myocytes at high frequencies, decreased the 
availability of cardiac sodium channels because of their intrinsic opening and 
closing behaviour (Figure 8C). Opening and closing result from transitions of 
channel domains between different conformational states. Sodium channels 
open (activate) during the initial phase of the cardiac action potential, and 
inactivate within milliseconds thereafter. Before they can re-open, channels 
need time to re-enter their original conformational state (recovery from 
inactivation) during the diastolic interval that ends at the beginning of the 
next heartbeat. At faster heart rates, this interval becomes too short for full 
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recovery, causing reduction in the fraction of channels available for opening.32 
The resulting INa decrease is normally small, as reflected by the minimal 
reduction of the maximum upstroke velocity of ventricular action potentials 
at higher stimulation frequencies (Figure 8C), and the lack of change in the 
QRS duration in ECG controls during exercise (Figure 5C). However, when 
INa is already reduced at baseline (e.g. due to an SCN5A mutation), additional 
INa reduction by fast heart rates may be sufficient to reduce cardiac excitability, 
as indicated by QRS prolongation in BrS patients, including the index patient, 
during exercise (Figure 5C). In addition, fast heart rates allow nortriptyline to 
reduce the cardiac sodium current, because nortriptyline requires repetitive 
opening and closing of sodium channels to act as a blocker (use-dependent 
block),33 as it blocks these channels more effectively in their inactivated state. 
Thus, nortriptyline blocks cardiac sodium channels more potently at fast 
heart rates, when the channels enter their inactivated state more frequently. 
This was reflected by the extreme QRS prolongation in the index patient when 
heart rates exceeded 150 b.p.m. during nortriptyline use (Figures 1 and 5C), 
and by the reduction of the maximum upstroke velocity of ventricular action 
potentials in the presence of nortriptyline at higher stimulation frequencies 
(Figure 8C). 
 Having determined how nortriptyline may cause a potentially 
lethal cardiac sodium channel block, we determined whether nortriptyline 
use increases the risk for SCA in the general population. We found that this 
risk is increased 4.6-fold, in agreement with previous studies that linked 
established cardiac sodium channel-blocking drugs (Class 1A and 1C anti-
arrhythmic drugs) to SCA.12–14 Consistent with the finding in the index 
patient that multiple factors may be required to cause critical sodium channel 
blockade and potentially lethal cardiac arrhythmias, we found that all four 
SCA cases who used nortriptyline in the community-based study had at least 
one additional cause of sodium channel blockade. These causes included 
the concomitant use of other cardiac or non-cardiac drugs that block the 
cardiac sodium channel,34 ischaemia,27 and heart failure.10 Although none of 
the genotyped cases who used nortriptyline had a mutation in SCN5A, this 
does not rule out that genetic predisposition may have contributed to SCA. 
Mutations in genes that encode proteins that regulate intracellular trafficking 
and functional properties of sodium channels may also reduce INa and render 
individuals more susceptible to VT/VF. Yet, these genes were not tested here.4 
Of note, our finding that additional causes of sodium channel blockade may 
be required for nortriptyline to cause SCA is analogous to studies into the risk 
for SCA of QT-prolonging drugs. In those studies, various risk factors that are 
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associated with QT prolongation increase the risk for SCA upon use of QT-
prolonging drugs.5

 Our findings that a very low-frequency (private) genetic variant, as 
found in the index patient, contributes to SCA risk provides support to the 
growing realization that susceptibility to complex disease might stem from rare 
variants acting in concert with common acquired risk factors. Furthermore, 
our findings stress the need of finding ways to uncover the possible disease-
causing potential of mutations that are silent on the coding level.35

 In conclusion, we conducted comprehensive clinical, molecular-
genetic, functional, and community-based studies on the association between 
nortriptyline use and lethal cardiac arrhythmias. We demonstrated that 
nortriptyline at therapeutic dosages may block the cardiac sodium channel 
to a critical level and cause life-threatening arrhythmias when other genetic 
and/or non-genetic causes of a cardiac sodium channel block are also present. 
Accordingly, we found that nortriptyline use increases the risk for SCA 4.6-
fold in the community. Based on these findings, we recommend clinicians 
to be extremely careful in prescribing nortriptyline to subjects with QRS 
prolongation at baseline, subjects suspected of BrS, or subjects using other 
cardiac or non-cardiac drugs known to possess the ability to block the cardiac 
sodium channel.34 For the latter, the website ‘www.brugadadrugs.org’, which 
we have recently initiated to ensure worldwide availability of information 
on safe drug use in BrS patients, may be used. Exercise testing may serve as 
a tool to unveil a possible pre-existing deficit in conduction reserve before 
prescribing nortriptyline. However, future studies must establish which 
screening strategies are most effective to identify individuals at risk for excess 
mortality from the use of nortriptyline or other non-cardiac drugs that block 
the cardiac sodium channel. 
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Supplemental Methods

Clinical studies
Mutation analysis 
Informed consent was obtained from the index patient, and genomic DNA 
was extracted from peripheral blood lymphocytes. SCN5A exons and exon-
intron boundaries were amplified by polymerase chain reaction (PCR). 
Mutation detection was performed by denaturing high performance liquid 
chromatography, followed by sequencing of fragments with an abnormal 
elution profile. The presence of the identified mutation was tested in the 
parents of the index patient and in 1740 unrelated control individuals of 
European descent (DNA-controls). We also looked up the presence of the 
mutation in the 1000Genomes database24, the NHLBI Exome Variant Server25 
and the Genome of the Netherlands Project (GoNL)26.

Molecular genetic and biophysical studies
cDNA analysis
Blood samples from the patient and two control Caucasian individuals (SCN5A-
controls) were collected in PAXgene tubes. Total RNA was isolated from blood 
lymphocytes. SCN5A transcripts were reverse transcribed and PCR-amplified 
using primers located in exon 26 (5’TCCAAGAAGCCCCAGAAGC3’; F) 
and 28 (5’ACATCATGAGGGCAAAGAGC3’; R, also used for first-strand 
synthesis). Subsequently the PCR products were sequenced.

Exon-trapping
A 622 base pairs SCN5A genomic fragment containing exon 27 and flanking 
intronic sequences (197 base pairs upstream and 154 base pairs downstream) 
was PCR-amplified using DNA from the index patient as template. PCR 
products were subsequently cloned into the pSPL3 exon-trapping vector of 
the Exon Trapping System kit (Life Technologies), and wild-type and mutant 
recombinant clones were identified by DNA sequencing. Wild-type and 
mutant pSPL3-exon 27 plasmids were transfected into human embryonic 
kidney (HEK-293) cells using EscortV transfection reagent (Sigma). Forty-
eight hours post-transfection, cells were harvested and total RNA was 
isolated. Splicing products were reverse transcribed and PCR-amplified 
following the instructions of the manufacturer (Exon Trapping System kit; 
Life Technologies). PCR-products were analyzed using electrophoresis and 
DNA sequencing.
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Generation of expression construct
The megaprimer approach was used to generate mutant SCN5A 
cDNA in which the final 96 base pairs of exon 27 were deleted. 
The megaprimer was synthesized by PCR using wild-type SCN5A 
cDNA as template and 5’CCATGAAGAAGCTGGGCTCCA3’ (F) and 
5’ACTTCTGGATGATGTCCGAGAGCACAGTGCCTGTGAAGATGGCC 
ACAAAGAG3’ (R) as primers. The megaprimer (258 base pairs) was 
gel-purified and used in a second PCR reaction with reverse primer 
5’AGGGTGGGAAGGAAGTGGAG3’ (R) and genomic DNA as template. 
This PCR product was cloned into the pSP64T-SCN5A construct via BstEII and 
BsaAI restriction sites. Subsequently, mutant SCN5A cDNA was subcloned 
into the expression vector pCGI for bicistronic expression of the channel 
protein and GFP reporter.

Cellular electrophysiology
The effects of the mutation on sodium currents were assessed in HEK-293 
cells transfected with 0·5μg of pCGI-SCN5A (wild-type or mutant) construct 
using Lipofectamine (Invitrogen), at 48 hours post-transfection. The effects of 
nortriptyline on cardiac ventricular action potentials were measured in left 
ventricular myocytes isolated from healthy New Zealand White rabbit hearts. 
Measurements were performed with the patch-clamp technique.27

Community-based study
Setting 
We conducted a case-control study using the Amsterdam Resuscitation 
Studies (ARREST) infrastructure. ARREST is an ongoing prospective, 
community-based study aimed at establishing the genetic28,29 and clinical30 
determinants of SCA in the general population in a contiguous region (urban 
and rural communities, ~2.4 million inhabitants) of the Netherlands. Data 
were retrieved in the study period July 2005 – January 2008. Details of the 
study design are provided elsewhere.28-30 In short, the ARREST research group 
prospectively collects data of all cardiopulmonary resuscitation efforts in 
collaboration with all Emergency Medical Services in the study region, using 
a mandatory multiple-source notification system (consisting of personnel of 
dispatch centers, ambulance services and all 14 area hospitals). ARREST is 
staffed 24 hours per day and 7 days per week. This ensures complete coverage 
of the study region and inclusion of >95% of all patients with out-of-hospital 
SCA.28-30 ARREST includes all such patients. A data collection infrastructure 
is used that records all out-of-hospital SCA parameters, from ambulance 
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dispatch to discharge from the hospital or to death. Cases are included as 
follows. After each suspected out-of-hospital SCA, the dispatch center notifies 
the study center, providing information on the place and circumstances of SCA. 
Ambulance personnel are obliged by protocol to send the ECGs to the study 
center by modem directly after resuscitation, and to call the study center after 
every out-of-hospital SCA to provide extra information on the resuscitation 
(e.g., whether SCA was witnessed, whether basic life support was provided 
before arrival of ambulance personnel, whether the patient died at the 
resuscitation site or was transported to a hospital). If an automated external 
defibrillator (AED) was used before arrival of the ambulance personnel, the 
study center is notified by the dispatch center, ambulance personnel and/
or the user of the AED (most AEDs in the study region carry a label with the 
request to notify the study center after the AED is used). ARREST personnel 
visit the resuscitation site upon notification to collect the AED ECG recording. 
ECG recordings from the ambulance monitor/defibrillator or AED are used 
to determine whether VT/VF occurred during SCA.

Definition of SCA and inclusion of cases and controls in ARREST
SCA in ARREST was defined as cardiac arrest due to cardiac causes in an 
out-of-hospital setting with ECG-documentation of VT/VF. Patients with 
VT/VF in whom cardiopulmonary resuscitation resulted in their survival 
were also classified as SCA. Cases with a non-cardiac cause of VT/VF (e.g., 
trauma, intoxication, drowning, suicide) or without VT/VF (these patients 
typically had asystole or pulseless electrical activity) were excluded. Matched 
controls (by age, sex, and index date) were randomly drawn from the general 
population, using a database of community pharmacies (PHARMO Record 
Linkage System).31 This system includes the demographic details and complete 
medication histories from community pharmacies for >2 million community-
dwelling residents. Each case was matched to up to five PHARMO-controls. 
The index date was defined as the date on which VT/VF occurred in cases. 
The controls were assigned the same index date as the patient to whom they 
had been matched.

Exposure definition of nortriptyline
All medication prescriptions of ARREST cases and PHARMO-controls during 
the year before the index date were identified from computerized databases 
of pharmacists. Because virtually all patients in the Netherlands are registered 
with a single community pharmacy, pharmacy records are essentially 
complete. Prescription durations were calculated by dividing the total number 
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of units issued per prescription by the prescribed daily number of units. Use 
of medication was defined current if the index date fell within the prescribed 
duration or within a maximum of 10% after the prescribed duration (to deal 
with carry-over effects).

Additional factors impairing cardiac excitability in ARREST
For cases who used nortriptyline, it was investigated whether they had 
additional factors that impaired cardiac excitability by retrieving data from 
the hospital of admission and/or the general practitioner. The following 
established factors that impair cardiac excitability were assessed: other (than 
nortriptyline) cardiac or non-cardiac drugs that block the cardiac sodium-
channel32,33, exercise prior to SCA, fever34, (acute) cardiac ischemia35, and heart 
failure18. The presence of mutations in SCN5A was assessed in cases who used 
nortriptyline, of whom DNA was available.

Covariates and risk factors 
For all cases and PHARMO-controls, the following established risk factors 
for SCA were assessed: cardiac ischemia, heart failure, hypertension, 
diabetes mellitus, and hypercholesterolemia. Risk factors were derived from 
medication use.36 Use of QT- prolonging drugs, antiarrhythmic drugs, cardiac 
glycosides, diuretics, angiotensin converting enzyme-inhibitors, angiotensin 
receptor-blocking agents, β-blockers and calcium channel blockers were also 
considered as covariates. 

Mutation analysis
Informed consent was obtained from cases who used nortriptyline on the 
index date, and SCN5A mutation analysis was conducted as in the index 
patient. 

Statistical analysis 

Data are mean±standard error of the mean (SEM). Group comparisons were 
made with Student’s t-test or Analysis of Variance, where appropriate. The 
relative risk for VT/VF associated with nortriptyline use was estimated 
by calculating the adjusted odds ratio with 95% confidence interval (OR 
[95%CI]) using conditional logistic regression analysis. Covariates and risk 
factors which were univariately associated with VT/VF (at a p<0.1 level) were 
included in the regression analyses if they changed the point estimate of the 
association between nortriptyline use and VT/VF by >5%.37 All analyses were 
performed using SPSS (version 16.0 for Mac, Chicago IL, USA).
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Abstract

Introduction

Atrial Fibrillation (AF) is associated with sudden cardiac death (SCD). 
We aimed to study whether AF is associated with ventricular fibrillation 
(VF), the most common cause of SCD, and whether this association 
is independent of confounders, i.e., concomitant disease, use of 
antiarrhythmic or QT-prolonging drugs, and acute myocardial infarction 
(AMI).

Methods and Results

We performed a community-based case-control study. Cases were patients 
with out-of-hospital cardiac arrest due to ECG-documented VF. Controls 
were age/sex-matched non-VF subjects from the community. VF risk in 
AF patients was studied by means of (conditional) logistic regression, 
adjusting for all available confounders. 
 We studied 1397 VF cases and 3474 controls. AF occurred in 215 
cases (15.4%) and 90 controls (2.6%). AF was associated with a three-
fold increased risk for VF (adjusted OR 3.1 [2.1–4.5]). VF risk in AF cases 
was increased to the same extent across all age/sex groups, and in AF 
cases who had no comorbidity (adjusted OR 3.0 [1.6–5.5]) or used no 
confounding drugs (antiarrhythmics: 2.4 [1.4–4.3], QT-prolonging drugs: 
3.1 [1.8–5.4]). VF risk was similarly increased in AF cases with AMI-
related VF (adjusted OR 2.6 [1.4-4.8]), and those with non-AMI-related VF 
(adjusted OR 4.3 [1.9-10.1]).

Conclusions

AF is independently associated with a three-fold increased risk for VF. 
Co-morbidity, use of antiarrhythmic or QT-prolonging drugs, or AMI 
does not fully account for this increased risk.
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Introduction

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is 
associated with increased rates of mortality.1-3 The causes of death in AF are 
non-cardiac (e.g., stroke) in a minority.2 How cardiac causes contribute to 
mortality in AF remains unresolved. Sudden cardiac death (SCD) emerged 
as an important mode of death in AF patients from two recent combined 
population-based studies.4 Given that SCD in the general population is 
caused by ventricular fibrillation (VF) in most patients,5 this finding raises the 
question whether AF and VF are associated. In both studies, SCD diagnosis 
was based on clinical information, while ECG-documentation of VF was 
lacking, leaving this question unanswered. 
 An association between AF and VF may exist in three ways. First, 
AF may intrinsically increase VF risk. For instance, AF and VF may have a 
shared (inherited) molecular basis as ion channel-encoding genes may be 
expressed both in atria and ventricles. Mutations in these genes have been 
associated with both AF and VF.6,7 Additionally, the continuous exposure to 
short-long-short R-R intervals, present in AF, may be pro-arrhythmic and 
trigger VF, even in non-diseased hearts.8 Second, AF may act as “partner in 
crime” with concomitant cardiac pathology that triggers VF. For example, 
rapid heart rates caused by AF may reduce coronary perfusion in patients 
with coronary artery disease and trigger acute myocardial infarction (AMI). 
Indeed, AF is associated with increased AMI risk, and AMI is a common cause 
of VF.9,5 While VF in the general population is frequently preceded by AMI, 
studies in non-ischemic VF are needed to clarify whether increased VF risk in 
AF is explained by increased AMI risk. Third, it may be non-causal. AF often 
co-exists with risk factors for VF (e.g., ischemic heart disease, heart failure) 
and may act as confounder.10 Likewise, antiarrhythmic drugs for AF treatment 
may increase VF risk; this applies both to QT-prolonging drugs (sotalol, 
amiodarone)11 and non-QT-prolonging drugs (flecainide).12 This confounder 
may be accounted for by studying AF patients not using such drugs. 
 Thus, the suggestion that AF and VF are associated awaits confirmation. 
Furthermore, it is unknown whether this association is explained by intrinsic 
VF-provoking effects of AF, AF acting as trigger in the face of underlying 
pathology or confounding. Answering these questions may have immediate 
clinical implications, given the high incidence of AF and the often-lethal 
outcome of VF. Therefore, the primary goal of this study was to study whether 
AF is an independent risk factor for VF in the general population. The second 
goal was to study whether the association between AF and VF is explained by 
co-morbidity (in particular, AMI) and/or use of (antiarrhythmic) drugs. 
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Methods

Setting

In this community-based case-control study, cases were patients with out-of-
hospital cardiac arrest (OHCA) with ECG-documented VF in the AmsteRdam 
REsuscitation STudies (ARREST) registry in the study period 1 July 2007 - 31 
December 2011. Controls were randomly drawn non-OHCA subjects from 
the Huisartsen Netwerk Academisch Medisch Centrum (HAG-net-AMC). 
ARREST and HAG-net-AMC are ongoing, prospective, community-based 
studies.13-15

 ARREST is designed to study the clinical, pharmacological and 
genetic determinants, and outcome of OHCA in the community.13 The 
ARREST research group prospectively collects data of all cardiopulmonary 
resuscitation efforts for OHCA from cardiac causes in a contiguous region of 
the Netherlands (population >2.4 million) in collaboration with all Emergency 
Medical Services in this study region, using a mandatory multiple-source 
notification system (consisting of dispatch centers, ambulance services and all 
14 area hospitals). This ensures inclusion of >95% of all resuscitation efforts. 
Of the included patients with VF, additional information is gathered from the 
hospital of admission (cause of OHCA), general practitioner (GP) (medical 
history, risk factors), and community pharmacy (drug use).
 HAG-net-AMC contains the complete medical records (medical 
history, risk factors) of ~60,000 patients from a large group of GPs in the same 
study region as ARREST.14, 15 Data in HAG-net-AMC are representative for the 
community, because, in the Netherlands, every citizen has a GP, and GPs have 
a complete overview of all diagnoses made by medical specialists. 
 This study was conducted according to the principles expressed in 
the Declaration of Helsinki. Written informed consent was obtained from all 
subjects with aborted SCD. The Ethics Committee of the Academic Medical 
Center Amsterdam approved the use of data from patients who did not 
survive a cardiac arrest, and approved this study.

Definitions 

For all patients, AF status (AF diagnosed by GP or specialist) was retrieved 
from GP records, as were known risk factors for heart disease and VF. GP 
records contain diagnoses from GPs and specialists according to accepted 
guidelines, and recorded according to the International Classification of 
Primary Care (ICPC) system.16 The following risk factors were included in this 
study: ischemic heart disease, cerebrovascular accident (CVA) or transient 
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ischemic attack (TIA), hypertension, diabetes mellitus, dyslipidemia, heart 
failure.
 In a sub-analysis in patients of whom medication was retrieved (647 
cases), prescriptions of antiarrhythmic drugs used for AF (sotalol, amiodarone, 
flecainide) or QT prolonging drugs (class 1 or 2 according to Arizona-CERT 
classification)11 were identified from computerized databases of community 
pharmacists. We studied current use of medication, defined as VF date 
falling within the prescription duration or ≤10% after prescription duration 
(to account for carry-over effects). Medication use could not be retrieved in 
controls.

Statistical analysis

The association between AF and VF was estimated by calculation of the 
adjusted odds ratio (OR) using conditional logistic regression analysis. Risk 
factors that were individually associated with VF (at a p<0.1 level) were 
included in the regression analyses if they changed the point estimate of the 
association between AF and VF by >10%. In a second model, the OR was 
calculated by including all risk factors that were individually associated with 
VF (at a p<0.1 level) in the multivariable analysis. Age and sex were adjusted 
for in all analyses. We investigated potential effect modification by age, sex, 
presence/absence of a single risk factor, and presence/absence of all risk 
factors, by calculating interaction on a multiplicative scale and subsequent 
stratifications according to possibly confounding factors. Effect modification 
by AMI was studied in patients in whom AMI status was established and 
their matched controls. To exclude a possible confounding/mediating effect 
of antiarrhythmic or QT-prolonging drugs, we performed a sub-analysis 
excluding users of such drugs and their matched controls. Sub-analyses were 
all performed using multivariable logistic regression, adjusting for age, sex, 
and all risk factors. All analyses were performed using SPSS for Mac version 
20.0. 

Results

Subject characteristics

During the study period, 5154 persons were resuscitated, 4330 due to a 
cardiac cause, including 2509 with documented VF.  Medical information 
of 1950 patients was requested from the GP, and obtained in 1397. These 
cases comprised the final study cohort (Figure 1), and were matched to 3474 
controls. Each case was matched to up to 5 controls by age (exact age, within 
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0 years of age) and sex. More controls were available for younger cases than 
for older cases. The differential number of controls per case per age group 
is shown in Figure 2.  The mean age of cases was 63.9 years (77% male). The 
known risk factors for SCD were associated with VF (Table 1).  

Association between AF and VF

A diagnosis of AF was found in 215 cases (15.4%) and 90 controls (2.6%). AF 
was associated with a three-fold increased risk for VF after correction for 
confounding risk factors in both models (ORadjusted 3.1 [95% CI 2.1-4.5], 
Table 2). This risk was increased across all age groups and did not differ 
significantly between groups (45-64 yrs ORadjusted 5.1 [95% CI 2.2-12.0]; 
65-84 yrs ORadjusted 2.1 [95% CI 1.3-3.2]; >85 yrs ORadjusted 8.5 [95% CI 
2.7-27.1], p for interaction age groups=1.0, Table 2). VF risk was increased 
in women and men with AF, and did not differ significantly between sexes 

Figure 1 | Flowchart of case inclusion

GP, general practitioner; OHCA, out-of-hospital cardiac arrest; VF, ventricular 
fibrillation
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Figure 2 | Number of controls per case per age category

Outlier: >1.5 interquartile range (range between first and third quartile) above third 
quartile. 

Table 1 | Demographics and distribution of risk factor

Characteristic Cases (n=1397) Controls (n=3474) p value

Sex
Male 1073 (76.8) 2185 (62.9)
Female 324 (23.2) 1289 (37.1)

Mean age, years (SD) 63.9 (13.9) 59.1 (15.4)

Co-morbidities
Ischemic heart disease 522 (37.4) 174 (5.0) <0.01
CVA or TIA 138 (9.9) 92 (2.6) <0.01
Hypertension 631 (45.2) 522 (15.0) <0.01
Diabetes mellitus 274 (19.6) 294 (8.5) <0.01
Heart failure 233 (16.7) 39 (1.1) <0.01
Dyslipidemia 448 (32.0) 186 (5.4) <0.01

Data are number (%) unless otherwise indicated.
CVA, Cerebrovascular accident; SD, standard deviation; TIA, transient ischemic attack. 
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Table 2 | Atrial fibrillation and risk for ventricular fibrillation stratified to sex and 
age
Characteristic Cases

(n=1397)
Controls
(n=3474)

OR*
(95% CI)

OR†

(95% CI)
OR‡

(95% CI)

No atrial fibrillation 1182 (84.6) 3384 (97.4) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Atrial fibrillation 215 (15.4) 90 (2.6) 5.4 (4.1–7.2) 3.0 (2.1–4.4) 3.1 (2.1–4.5)

Stratification by sex
Male§ 150 (14.0) 55 (2.5) 4.3 (3.1–6.1) 2.5 (1.6–3.9) 2.6 (1.7–4.2)
Female§ 65 (20.0) 35 (2.7) 8.5 (5.1-14.2) 4.7 (2.4-8.9) 4.5 (2.3-8.6)
Interaction 0.57 (0.3–1.3), 

p=0.17

Stratification by age
45-64 years|| 52 (8.9) 16 (1.0) 8.2 (4.5-15.0) 5.6 (2.5-12.2) 5.1 (2.2-12.0)
65-84 years|| 131 (21.4) 59 (5.3) 4.3 (3.1-6.1) 2.0 (1.3-3.1) 2.1 (1.3-3.2)
>85 years|| 30 (36.1) 15 (8.9) 6.5 (2.9-14.6) 8.3 (2.6-26.2) 8.5 (2.7-27.1)
Interaction 1.0 (0.5-1.9), 

p=1.0

Data are number (%) unless otherwise indicated. Percentages do not add up, as they 
are stratified to sex or to age.
*Odds Ratios adjusted and matched for age and sex. 
†Odds Ratios adjusted and matched for age, sex and adjusted for risk factors changing 
the point estimate of association between atrial fibrillation and ventricular fibrillation 
>10%.
Included risk factors in the model: heart failure (31%), cardiac ischemia (17%), 
hypertension (11%).
‡Odds Ratios adjusted and matched for age, sex and adjusted for all risk factors 
included in Table 1 
CI, Confidence interval; OR, Odds Ratio.
§Number and percentages of cases and controls  (cases (%)/controls (%) without AF 
per stratum: “males”: 923 (86.0)/2130 (97.5); “females”:259 (80.0)/1254 (97.3).
||Number and percentages of cases and controls  (cases (%)/controls (%) without AF 
per stratum: “45-64 years”: 526 (91.1)/1589 (99.0); “65-84 years”:480 (78.6)/1048 (94.7); 
“>85 years”:53 (63.9)/154 (91.1).
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(ORadjusted 4.6 [95% CI 2.3–8.6] and 2.6 [95% CI 1.7–4.0], respectively, p for 
sex interaction=0.17, Table 2).

Association between AF and VF is not explained by concomitant 
diseases

The studied risk factors for heart disease and VF did not modify the risk for 
VF in AF patients, e.g., VF risk was similarly increased in AF patients with 
heart failure (ORadjusted 2.7 [95% CI 1.1-6.7], Table 3) and those without 
(ORadjusted 2.8 [95% CI 2.0-4.0], Table 3). Moreover, VF risk was still increased 
three-fold in apparently healthy cases, i.e., those without any of the studied 
risk factors ORadjusted 3.0 [95% CI 1.6–5.5], Table 4).

Association between AF and VF is not explained by concomitant 
use of antiarrhythmic or QT-prolonging drugs

In 647 VF cases of whom medication use was retrieved, 105 (16.2 %) had 
a diagnosis of AF. The proportion of AF in this sample was similar to the 
proportion in the total study cohort (15.4%). Of the 105 AF cases, 17 used an 
antiarrhythmic drug for AF. To study whether the association between AF 
and VF still existed in the absence of antiarrhythmic drug use, we performed 
a sub-analysis in which we excluded these 17 cases. We found that VF risk 
among AF cases who used no antiarrhythmic drugs (n=88) was similar to VF 
risk in the total study cohort with known medication (ORadjusted 2.4 [95% 
CI 1.4–4.3], Table 5). A similar sub-analysis excluding cases who used QT-
prolonging drugs (n=15) showed that VF risk was also similar to the total 
cohort (ORadjusted 3.1 [95% CI 1.8–5.4], Table 5). Stratified analysis to sex in 
both sub-analyses showed no substantial difference in VF risk.

Association between AF and VF is not explained by AMI.

To study whether the association between AF and VF was explained by AMI, 
we retrieved from hospital records, available of 970 cases (the remaining cases 
died before a diagnosis was made), whether AMI was the immediate cause 
for VF; this was so in 617 cases (64%). Of these 617 AMI-VF cases, 54 (8.8%) 
had AF, compared to 31 (2.0%) among their matched controls (ORadjusted 2.6 
[95% CI 1.4–4.8], Table 6). Among the 353 (36%) non-AMI-VF cases, 79 (22.4%) 
had AF, compared to 19 (2.0%) among their matched controls (ORadjusted 
4.3 [95% CI 1.9–10.1], Table 6). The increases in the proportions of AF patients 
were not significantly different between the AMI-VF group and the non-AMI-
VF group. 
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Table 3 | Atrial fibrillation and risk for ventricular fibrillation stratified to 
presence or absence of potential confounders

Characteristic Cases
(n=1397)

Controls
(n=3474)

*OR interaction
(95% CI)

†OR
(95% CI)

Cardiac ischemia 0.5 (0.3-1.1), p=0.07
     Present 122 (23.4) 19 (10.9) 2.1 (1.2-3.8)
     Absent    93 (10.6) 71 (2.2) 3.2 (2.2-4.7)
Heart failure 0.8 (0.3-2.0), p=0.68
     Present    97 (41.6) 10 (25.7) 2.7 (1.1-6.7)
     Absent 118 (10.1) 80 (2.3) 2.8 (2.0-4.0)
Hypertension 1.5 (0.8-2.8), p=0.25
     Present 136 (21.6) 25 (4.8) 3.9 (2.3-6.4)
     Absent    79 (5.7) 65 (2.2) 2.2 (1.4-3.4)
Diabetes 1.1 (0.5-2.3), p=0.85
     Present   69 (25.2) 20 (6.8) 3.8 (2.0-7.4)
     Absent 146 (13.0) 70 (2.2) 2.6 (1.8-3.7)
Dyslipidemia 0.7 (0.3-1.7), p=0.42
     Present   76 (17.0)   9 (4.8) 2.8 (1.3-6.1)
     Absent 139 (10.0) 81 (2.5) 2.8 (1.9-3.8)
CVA or TIA 1.3 (0.4-4.3), p=0.67
     Present   32 (23.2)   5 (5.4) 5.4 (1.7-17.9)
     Absent 183 (14.5) 85 (2.5) 2.7 (1.9-3.8)

Data are number (%) unless otherwise indicated. Percentages do not add up, as they 
are stratified by co-morbidity. *Odds Ratios for interaction between absence and 
presence of the studied risk factor, adjusted for age, sex and remaining risk factors 
included in Table 1.  † Odds Ratios adjusted for age, sex and remaining risk factors 
included in Table 1.  CI, Confidence interval; CVA, Cerebrovascular accident; SD, 
standard deviation; TIA, transient ischemic attack. 

Table 4 | Atrial fibrillation and risk for ventricular fibrillation in cases and 
controls with or without co-morbidities in Table 1

Characteristic Cases (n=1397) Controls (n=3474) OR (95% CI)

No co-morbidities n=389 n=2600
No atrial fibrillation 372 (95.6) 2565 (98.7) 1.0 (reference)
Atrial fibrillation 17 (4.4) 35 (1.3) 3.0 (1.6–5.5)*

Co-morbidities n=1008 n=874
No atrial fibrillation 810 (80.4) 819 (93.7) 1.0 (reference)
Atrial fibrillation 198 (19.6) 55 (6.3) 4.5 (3.2-6.2)†

Data are number (%) unless otherwise indicated.  *Odds Ratios adjusted for age and 
sex. †Odds Ratios adjusted for age, sex and remaining risk factors included in Table 1. 
CI, confidence interval; OR, odds ratio.
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Discussion

Main findings

We provide systematically collected evidence that AF in the general 
population is an independent risk factor for VF. The risk for VF in AF patients 
was increased to the same extent in men and women, and across various age 
categories. Co-morbidity, use of antiarrhythmic or QT-prolonging drugs, or 
AMI does not account for this increased risk.

AF is associated with VF

The pathophysiologic mechanisms underlying the association between AF 
and higher all-cause mortality rates remain incompletely understood.1 One 
study found that non-cardiac causes account for a minority of deaths in AF 
patients (stroke 7%), while cardiac causes are the most prevalent modes of 
death (ischemic heart disease 15%, heart failure 16%).2 More studies have 
associated AF with cardiovascular death.3 However, the question remained 
whether AF truly causes cardiovascular death or just marks the presence (or 
severity) of cardiovascular disease. Findings from two recent studies support 
the notion that the association of AF and cardiovascular death is causal. The 
Women’s Health Study studied the risk for cardiovascular death in apparently 
healthy women and established a six-fold increased risk for cardiovascular 
death in healthy women with AF.17 The combined Atherosclerosis Risk in 
Communities/Cardiovascular Health studies narrowed the definition of 
cardiovascular death to SCD, and studied the risk for SCD in AF patients; 
they reported an association between AF and SCD.4 Accordingly, both studies 
suggested that VF, the most prevalent cause of SCD, may underlie part of 
mortality in AF patients. However, both studies were unable to document VF 
and study its role in AF mortality. Our study is the first study to show that AF 
and VF are associated, independent of drugs most often prescribed for AF or 
co-morbidity commonly related to SCD, and that VF risk is increased across 
several subgroups, including apparently healthy subjects.

Concomitant diseases do not mediate the association between AF 
and VF

So far, most studies on cause-specific mortality in AF were confounded by 
concomitant disease, limiting conclusions on a causal link between AF and 
cause-specific mortality. The Women’s Health Study circumvented this 
problem by studying apparently healthy women.17 Furthermore, the AF-CHF 
study found evidence against the notion that AF causes death by promoting 
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heart failure. In this study, terminating AF in heart failure patients did not 
affect heart failure severity, nor reduce its mortality rate.18 In the present study, 
we assessed co-morbidity in three ways. First, we corrected for all available 
confounding factors. Second, to study the contribution of each risk factor to 
VF risk, we compared VF risk between cases with the risk factor and those 
without. Heart failure, for example, did not influence VF risk in AF patients, 
as we found that VF risk was similarly increased in AF patients with heart 
failure and those without. The same was found for remaining risk factors. 
Third, we studied VF risk in AF patients without known co-morbidities 
and found the same increased risk. Therefore, our observations support the 
hypothesis that SCD risk in AF patients is not explained by co-morbidity.

Association between AF and VF is not explained by concomitant 
use of antiarrhythmic drugs, QT-prolonging drugs or AMI

Antiarrhythmic drugs used in AF treatment have been associated with 
presumed arrhythmic death in large controlled trials19-20 or torsade de 
pointes.21 Various cardiac and non-cardiac QT-prolonging drugs have been 
associated with SCD.11 Therefore, antiarrhythmic drugs and QT-prolonging 

Table 5 | Atrial fibrillation and risk for ventricular fibrillation in patients without 
antiarrhythmic or QT-prolonging drugs

Characteristic Cases (n=647) Controls (n=1581) OR* (95% CI)

No atrial fibrillation 542 (83.8) 1538 (97.2) 1.0 (reference)
Atrial fibrillation 105 (16.2) 43 (2.8) 3.1 (1.8-5.4)

No antiarrhythmic drugs† 88 (14.4) 43 (2.8) 2.4 (1.4-4.3)
Males† 68 (10.5) 26 (2.8) 2.3 (1.2–4.6)
Females† 20 (14.1) 17 (2.8) 3.3 (1.1-10.0)

No QT-prolonging drugs‡ 90 (15.1) 43 (2.8) 3.1 (1.8-5.4)
Males‡ 68 (14.8) 26 (2.8) 3.1 (1.6-6.2)
Females‡ 22 (16.1) 17 (2.8) 3.6 (1.3-10.0)

Data are number (%) unless otherwise indicated. Percentages do not add up, as they 
are stratified to sex.
*Odds Ratios adjusted and matched for age, sex and adjusted for all risk factors 
included in Table 1. 
CI, confidence interval; OR, odds ratio.
†Number and percentages of cases and controls  (cases (%)/controls (%) without AF 
per stratum: “No use of antiarrhythmic drugs”: 524 (85.6)/1538 (97.2); “males”: 402 
(89.5)/929 (97.2); “females”: 122 (85.9)/609 (97.2).
‡Number and percentages of cases and controls  (cases (%)/controls (%) without AF 
per stratum: “No use of QT-prolonging drugs”: 507 (84.9)/1538 (97.2); “males”: 392 
(89.5)/929 (97.2); “females”:115 (83.9)/609 (97.2).
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drugs have been proposed to contribute to AF mortality.11,12,19-21 In the present 
study, we performed a sub-analysis in cases who did not use such drugs, and 
found increased VF risk even in these patients. Therefore, we conclude that 
use of such drugs does not underlie the association between AF and VF in this 
study. However, we were unable to study whether these drugs interact with 
AF or increase VF risk in patients using these drugs, as drug use could not be 
retrieved in controls. Thus, an additional VF risk in these patients cannot be 
excluded.
 A recent study associated AF with AMI, suggesting that AF may cause 
AMI.9 As AMI is strongly related to VF,5 we examined whether AMI explained 
our results. We found that the proportion of AF patients was similarly 
increased among cases in whom VF was related to AMI, and in those where it 
was not. This observation further supports the notion that AF independently 
underlies increase in VF risk. 

AF may intrinsically increase VF risk

Our study was not designed to study the pathophysiologic basis for the 
observed association between AF and VF, and we can only speculate about 
them. First, shortened ventricular refractoriness during rapid heart rates in AF 
may predispose to VF.22 Secondly, irregular ventricular rates during AF expose 
the ventricle to short-long-short RR interval sequences, which may favor the 
development of ventricular arrhythmias.8 Thirdly, atrial tachyarrhythmias 
may increase sympathetic tone and decrease parasympathetic tone due to 
their hemodynamic effects, and favor VF development.23 Lastly, AF and VF 
may have the same inherited basis. Mutations in ion channel-encoding genes 
have been associated with both AF and VF.6,7 

Strengths and limitations of the study

The major strength of our study is its population-based design, minimizing 
selection bias. This enabled us to study symptomatic and asymptomatic AF 
patients. We also collected extensive information on concomitant diseases 
and potential confounders, while ECG documentation of VF minimized 
misclassification of non-arrhythmic and/or non-cardiac death causes. Use of a 
wider SCD definition, as done in previous studies, might be a concern if used 
to study death causes in AF patients. For example, stroke is a well-known 
cause of death in AF, but the SCD definition is largely based on (presumed 
and mostly unwitnessed) death circumstances. Consequently, an AF patient 
who is unexpectedly found dead within several hours after being seen in 
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apparently stable condition is classified as SCD, while a fatal stroke might 
have been the true cause of death.
 Our study has some limitations, which are typical for observational 
studies in the general population. First, AF ascertainment was based on 
GPs’ medical records and prevalence of (paroxysmal) AF might have been 
underestimated. Also, the interval between incident AF and VF occurrence 
remains unknown. Lastly, residual bias may remain from risk factors 
unavailable for analysis in this study.

Conclusion

AF is associated with three-fold increased risk for VF. Co-morbidity, 
antiarrhythmic/QT-prolonging drugs or AMI do not fully account for this 
increased risk
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Table 6 | Atrial fibrillation and risk for ventricular fibrillation stratified to 
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Acute myocardial infarction
No atrial fibrillation 563 (91.2) 1539 (98.0) 1.0 (reference)
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No acute myocardial infarction
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Interaction 0.6 (0.2-1.5), p=0.21

Data are number (%) unless otherwise indicated.
*Odds Ratios adjusted and matched for age, sex and adjusted for all risk factors 
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CI, confidence interval; OR, odds ratio.
Odds Ratios for interaction between presence and absence of acute myocardial 
infarction.
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Abstract

Introduction 

The identification of the molecular-genetic substrate underlying the 
various forms of the congenital Long QT syndrome (LQTS) has sparked 
studies into possible genotype–phenotype correlations with the aim of 
developing genotype-tailored therapy. The onset of torsades de pointes 
(TdP) may differ among LQTS patients, being pause dependent in some 
but not all. This disparity may point to different arrhythmia mechanisms 
and may affect therapy strategies. We studied whether the proportion of 
pause-dependent TdP onset varies among LQTS genotypes.

Methods and Results

We studied all LQT1 (n=10), LQT2 (n=34), and LQT3 (n=6) patients from 
4 centers for whom ECGs of TdP onset were available and analyzed 
whether pauses preceded TdP onset (first available ECG per patient). 
Pauses preceded TdP significantly more often in LQT2 (68%) than in 
LQT1 (0%), and the interval immediately before TdP (pause interval) 
was significantly longer in LQT2 than in LQT1. The proportion of pause 
dependence in LQT3 (33%) appeared intermediate, but this group was too 
small for statistical analysis.

Conclusions 

Pause dependence of TdP onset is predominant in LQT2 but absent or 
rare in LQT1. It is suggested that disparities in pause dependence of TdP 
onset may reflect different arrhythmia mechanisms. 
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Introduction

The congenital Long QT syndrome (LQTS) is a familial heart disorder that 
is associated with a prolonged QT interval, T-wave abnormalities, and 
torsades de pointes (TdP) ventricular tachycardias that may cause syncope 
and occasionally sudden death. The diagnosis is based on clinical variables, 
including QT prolongation, a history of syncope, and/or documented TdP 
episodes.1 Molecular genetic studies have established that most congenital 
LQTS forms are caused by mutations in genes that encode cardiac ion 
channels.2 Among genotyped patients, mutations in KCNQ1 (LQT1), KCNH2 
(LQT2), and SCN5A (LQT3) are the most prevalent by far.3 KCNQ1 and 
KCNH2 both encode components of the delayed rectifier potassium current 
(IKs and IKr, respectively), with IKr being the target of several antiarrhythmic 
and nonantiarrhythmic drugs with TdP potential.4 SCN5A encodes the cardiac 
sodium channel.5

 The identification of these gene variants has sparked studies into 
possible genotype–phenotype correlations in LQTS with the aim of refining 
clinical management and providing genotype-tailored therapy.6 These studies 
have revealed that ECG patterns7 and symptom triggers8,9 are genotype 
specific, thus facilitating the establishment of a molecular genetic diagnosis 
using a candidate-gene approach.10 Similarly, therapy strategies may be 
refined because prognosis11 and the risk of cardiac events12 are genotype 
dependent. Moreover, the efficacy of β-blockers, long established as the 
mainstay of therapy in congenital LQTS,13 in preventing TdP episodes may be 
genotype dependent, being higher in LQT1 than in LQT214 or LQT3.9,13,14 This 
disparity in efficacy may be due to differences in arrhythmia mechanisms. 
Of note, TdP onset may or may not be pause dependent, ie, associated with 
pauses that immediately precede the first TdP beat.15,16 This distinction may 
reflect different electrophysiological mechanisms and affect the therapeutic 
efficacy of β-blockers. Identification of those patients who have pause-
dependent TdP gains significance because these patients may benefit from 
ancillary treatment with pacemakers,17–19 which use algorithms to prevent 
bradycardias and pauses. Accordingly, we studied whether differences exist 
in pause dependence of TdP onset between LQT1, LQT2, and LQT3.
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Methods

Patient Inclusion

We included all LQT1, LQT2, and LQT3 patients from research groups in the 
Netherlands (n=23), the International LQT Registry in the United States (n=12), 
Japan (n=9), and Germany (n=6) for whom ECGs of TdP onset were available 
that contained at least 3 RR intervals directly preceding TdP. Accordingly, 
we included 10 LQT1 patients from 10 families (7 whites, 3 Asians), 34 LQT2 
patients from 30 families (26 whites, 8 Asians), and 6 LQT3 patients from 
6 white families. ECGs were obtained from 12-lead ECGs (n=14, 28% of all 
ECG tracings), telemetry (n=32, 64%), and stored intracardiac electrograms of 
implantable cardioverter-defibrillators (n=4, 8%). Patients were included only 
if TdP occurred in the absence of other potential causes, eg, drugs with TdP 
potential and metabolic imbalances.20

ECG Analysis.

TdP was defined as a polymorphic ventricular tachycardia of ≥3 beats with a 
QRS axis that revolved around the baseline (the latter was not required when 
only intracardiac electrograms of tachycardia were available). In 22 patients, 
multiple TdP episodes were available. For primary analysis, we studied 
only 1 episode per patient to avoid overrepresentation of patients for whom 
an excessive number of TdP episodes were available (in 1 LQT2 patient, 
151 episodes during 1 admission were available); moreover, we elected to 
analyze only the first TdP episode to minimize the risk that any intervention 
instituted after the first TdP episode may have modified the mode of onset of 
subsequent TdP episodes. Being conscious of this latter possible confounder, 
we also analyzed subsequent TdP episodes in a secondary analysis to obtain 
an impression about the reproducibility of these findings. The mode of TdP 
onset was analyzed as shown in Figure 1. RR intervals were numbered with 
respect to the last supraventricular beat before TdP onset (designated 0). Thus, 
a short-long-short sequence15 initiating TdP involves intervals I(-2)-I(-1)-I(1). The 
last 3 consecutive RR intervals preceding TdP were measured, along with the 
TdP cycle length (from the first 3 TdP beats, ie, averaged from I(2) and I(3)). In 
addition, we analyzed the rate of the preceding sinus rhythm. This analysis 
was thwarted by the facts that bigeminy often preceded TdP and that ECGs 
were not always recorded for sufficiently long periods surrounding TdP 
episodes. Thus, analysis of the rate of the sinus rhythm that preceded TdP was 
possible in only 32 of 50 patients (LQT1, 9; LQT2, 18; LQT3, 5). Sinus beats were 
analyzed if they occurred within 10 seconds before TdP onset. No generally 
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accepted quantitative criteria to define TdP onset as pause dependent exist. 
Here, we considered TdP onset to be pause dependent when the duration of 
I(-1) exceeded that of I(-2) by ≥50% (arbitrary cutoff).

Statistical Analysis.

Data are mean±SD. Group comparisons were made with the Fisher exact 
test (proportions) or the Mann-Whitney test (averages) when appropriate. 
Statistical significance was defined as P<0.05. The authors had full access to 
and take full responsibility for the integrity of the data. All authors have read 
and agree to the manuscript as written.

Figure 1 | Method of ECG analysis. RR intervals I(-4) through I(3) are numbered 
with respect to last supraventricular beat (designated 0) before the TdP episode

Results

Patient Characteristics

Demographic variables were not significantly different between the LQTS 
groups (Tables 1 through 3). There was a marked preponderance of female 
patients (41 female, 9 male). The proportion of patients taking β-blockers 
(maximally tolerated doses) was similar among the LQTS groups: LQT1, 4 of 
10 (40%); LQT2, 16 of 34 (47%); and LQT3, 1 of 6 (17%).

Pause Dependence of First TdP Episode

ECG analysis is summarized in Tables 1 through 3. When we analyzed the first 
TdP episode in each patient, we found that pause dependence of TdP onset 
was genotype dependent, being significantly more prevalent in LQT2 (23 of 
34, 68%; Figure 2) than in LQT1 (0 of 10, 0%; P=0.0001; Figure 3). Accordingly, 
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analysis of average RR intervals revealed that the I(-1) interval (the “long” or 
“pause” interval) was significantly longer in LQT2 (1044 ± 296 ms; Figure 
4) than in LQT1 (590 ± 142 ms; Figure 5) (P<0.001). Moreover, the increase 
in cycle length between the I(-2) and I(-1) intervals was significantly larger in 
LQT2 than in LQT1 (479 ± 364 versus 32 ± 94 ms; P<0.001; Figure 6). TdP cycle 
length in LQT1 (276 ± 52 ms) was significantly shorter than in LQT2 (353 ± 
59 ms; P=0.001), but sinus rhythm cycle length was not significantly different 
between groups (613 ± 138 and 822±321 ms, respectively; P=0.14). In LQT3, 
the prevalence of pause dependence appeared to be intermediate (2 of 6, 33%), 
as were the duration of the I(-1) intervals (859 ± 279 ms) and the cycle length 
increase from I(-2) to I(-1) (153 ± 290 ms; Figure 7). Because of the relatively small 
number of LQT3 patients, we did not conduct statistical comparisons between 
LQT3 and the 2 other LQT groups.

Influence of Gender and the Use of β-Blockers on First TdP Episode 

Pause dependence was not sex dependent because it occurred in similar 
proportions in male patients (4 of 9, 44%) and female patients (20 of 41, 49%). 
The proportion of patients with pause-dependent TdP despite the use of 
β-blockers was lower in LQT1 (0 of 4, 0%) than in LQT2 (12 of 16, 75%; P=0.01). 
Nevertheless, the use of β-blockers did not modify whether pause dependence 
was present or absent because the proportion of pause dependence among 
LQT1 and LQT2 patients was similar among those who used β-blockers and 
those who did not, as follows: LQT1—pause dependence with β-blockers, 0 
of 4 (0%), without β-blockers, 0 of 6 (0%); LQT2—pause dependence with 
β-blockers, 12 of 16 (75%), without β-blockers, 11 of 18 (61%).

Reproducibility of Pause Dependence 

To study the reproducibility of pause dependence, we analyzed subsequent 
TdP episodes in the 22 patients with multiple TdP episodes. Results are 
summarized in Tables 1 through 3. Four LQT1 patients had multiple TdP 
episodes (range, 2 to 5); consistent with their first TdP episode, all subsequent 
TdP episodes were not pause dependent. In LQT2 patients, pause dependence 
was generally reproducible, as follows: All 17 LQT2 patients with multiple 
TdP episodes had pause-dependent TdP onset (2 to 91 episodes each). In 
8 patients, all subsequent TdP episodes also were pause dependent. In 5 
of the remaining 9 LQT2 patients with multiple episodes, subsequent TdP 
episodes were generally consistent with the first episode, being mostly pause 
dependent in 4 patients (3 to 151 episodes) and not pause dependent in 1 
patient. However, in 4 LQT2 patients, subsequent TdP episodes were not 
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generally consistent with the first. One LQT3 patient had 2 TdP episodes; both 
were not pause dependent.

Discussion

We found that pause dependence of TdP onset in congenital LQTS was 
genotype specific, being predominant in LQT2 but absent in LQT1. In contrast 
to previous studies,21 we did not find that the proportion of pause dependence 
was greater in female than male patients.

Proposed Arrhythmia Mechanisms and Therapy Implications 

The disparity in pause dependence of TdP onset between LQT1 and LQT2 
may point to different arrhythmia mechanisms. Clinical22 and experimental23 
studies have provided evidence that pause-dependent TdP is triggered by 
early afterdepolarizations (EADs) carried by L-type Ca+ channels. Numerical 
analysis has revealed that a pause (after a relatively fast heart rate) leads to 
enhanced Ca2+ release from intracellular Ca2+ stores.24 Subsequently, Ca2+-
dependent transmembrane currents (electrogenic Na+/Ca2+ exchanger, IKs) 
are altered in such a way as to allow L-type Ca+ channels to recover more 
readily from inactivation and to reactivate before repolarization is complete, 
thus generating EADs. Of note, a critical duration of the pause is required 
for EADs to occur,24 comfortably supporting a beneficial role of pause-
preventing pacemaker algorithms. At the same time, the absence of pause 
dependence in LQT1 suggests that EADs are not the predominant mechanism 

Figure 2 | Typical example of TdP onset in an LQT2 patient (pause dependent)
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Figure 3 | Typical example of TdP onset in an LQT1 patient (not pause 
dependent)

Figure 4 | RR intervals (shortest-average-longest) surrounding TdP episodes in 
LQT2 patients. Designation of intervals I(-3) through I(1) as in Figure 1. Note that the 
ordinate scale is different from that in Figures 5 and 7 to include high values of the 
longest RR intervals. SR indicates sinus rhythm
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of TdP initiation here. Conversely, the relatively fast heart rate preceding 
TdP in LQT1 may be compatible with delayed afterdepolarizations (DADs) 
secondary to intracellular Ca2+ overload,25 although it does not fully exclude 
EADs.26 Accordingly, experimental studies have shown that IKs blockade 
(LQT1) causes DADs but not EADs.27 Conversely, experimental IKr blockade 
(LQT2) causes EADs, predominantly at slow heart rates.28 Either way, the 
proposed involvement of both DADs and pause-dependent EADs provides 
a rationale for the use of β-blockers in that these drugs counteract loading of 
intracellular Ca2+ stores by cAMP-dependent processes, notably Ca2+ influx 
through L-type Ca+ channels.29 Ca2+ loading as a leitmotiv for TdP was further 
substantiated by experimental models of LQT2, which revealed the therapeutic 
efficacy of interventions to reduce intracellular Ca2+ loading through other 
pathways, eg, calmodulin-dependent pathways.30 Analysis of QT duration (as 
a measure of action potential duration) would have the potential of providing 
more mechanistic insights. Increased Ca2+ loading, occurring in parallel 
with QT prolongation, would facilitate DADs and DAD-dependent TdP. 
Unfortunately, we were unable to investigate a possible relationship between 
QT duration and pause dependence. In a large proportion of patients, analysis 
of QT duration was impossible because multiple ventricular premature beats 
preceded TdP onset and ECGs were not recorded for sufficiently long periods 
surrounding TdP episodes. Still, other mechanisms also may explain the 
therapeutic effects of β-blockers, in particular, β-adrenergic modulation of IKs

31 
and IKr.

32–35 Normally, β-adrenergic stimulation increases IKs and may mediate 
action potential shortening at fast heart rates. However, when physiological 
regulation of IKs by β-adrenergic signaling is disrupted, eg, by mutations in the 
IKs complex, action potential duration alternans at fast heart rates may occur, 
a phenomenon associated with susceptibility to reentrant tachyarrhythmias.31 
β-Adrenergic regulation of IKr may be more complex (reviewed elsewhere32). 
Some studies showed that acute33 and chronic34 β-adrenergic stimulation 
reduces IKr. From these studies, β-adrenergic blockade would be expected 
to increase IKr and shorten action potential duration, which would explain 
its beneficial effects. However, other studies35 showed that β-adrenergic 
stimulation increases IKr.
 When these proposed electrophysiological mechanisms are considered 
for genotype-specific therapy, it is predicted that β-blockers alone have great 
efficacy in preventing non–pause-dependent TdP (LQT1), whereas β-blockers 
and pacemakers may work in a complementary fashion in pause-dependent 
TdP (LQT2). These predictions are supported by previous observations that 
β-blockers are less effective in preventing TdP in LQT2 than in LQT1.14 Thus, 
LQT2 patients not only are likely to respond the best to pacemaker therapy 
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but also may require it the most. Still, it must be emphasized that β-blockers 
remain the cornerstone of congenital LQTS treatment (at least in LQT1 and 
LQT2) and that pacemaker therapy must be considered an ancillary treatment 
mode, particularly in LQT2.
 Our findings also may provide further rationale for the management 
of acquired (drug-induced) LQTS. The predominant pause dependence of 
TdP onset in LQT2 found here corresponds with observations that drug-
induced TdP in acquired LQTS is usually pause dependent20 because these 
drugs generally block IKr.

4 Accordingly, (temporary) pacing is also highly 
effective in acquired LQTS.

Study Limitations

We have defined pause dependence by a clear, yet arbitrary, ≥50% increase of  
I(-1) duration over I(-2) duration. Previous studies have used other arbitrary cutoff 
values, ie, any increment,15 a 20-ms increment,36 or a 40-ms increment21 over 
I(-2). To study whether the choice for any particular cutoff value may confound 
our primary analysis, we also analyzed the proportions of pause-dependent 
TdP onset in LQT1 and LQT2 when cutoff values other than 50% were used 
to define “pause dependence” (Figure 8). We found that the proportions of 
pause-dependent TdP onset remained significantly higher in LQT2 than in 
LQT1 when cutoff values of 0% (P=0.04), 20 ms (P=0.04), 40 ms (P=0.004), 10% 
(P=0.001), 25% (P=0.001), 75% (P=0.003), and 100% (P=0.007) were used. This 
analysis provided further support for our conclusion that pause-dependent 
TdP onset is far more common in LQT2 than in LQT1.
 Although LQT1 and LQT2 are equally prevalent (each estimated 
to account for 40% to 45% of genotyped patients3), we found that ECG 
documentation of TdP onset was far more prevalent in LQT2. The reasons 
are a matter of speculation. For instance, it may relate to the fact that TdP 
in LQT1 occurs mostly during exercise.8,9 Thus, TdP is less likely to recur 
and be documented during hospital admission. In contrast, TdP in LQT2 
may be triggered by anxiety, which may continue during admission.37 Also, 
because β-blocker treatment is less effective in LQT2, TdP may still be readily 
observed during admission. Whatever the cause, the difficulty in obtaining 
ECG documentation of TdP onset in LQT1 may explain why the reported 
proportion of pause-dependent TdP onset in congenital LQTS is as high as 74% 
in some studies,21 although it should be only a little over 50%, given that TdP 
is rarely pause dependent in LQT1 and that LQT1 constitutes almost 50% of 
congenital LQTS. This discrepancy may be caused by underrepresentation of 
LQT1 patients because these patients are less easily included in such analyses. 
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Figure 5 | RR intervals surrounding TdP episodes in LQT1 patients. SR indicates 
sinus rhythm

Figure 6 | Duration of pause expressed as percentage increase in RR interval from 
I(-2) to I(-1) and calculated as (I(-2)-I(-1))/I(-2)×100. Shown are individual patients and 
mean±SD for each LQT group. *P<0.05 for LQT1 vs LQT2
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Figure 7 | RR intervals surrounding TdP episodes in LQT3 patients. SR indicates 
sinus rhythm

Figure 8 | Proportion of pause-dependent TdP onset in LQT1 () and LQT2 () at 
various definitions of pause dependence
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How the reported proportion of pause dependence could be confounded 
by overrepresentation or underrepresentation of LQT3 patients is unclear 
because it is unresolved whether TdP onset in LQT3 is pause dependent or 
not. Of note, the quantitative effect of possible confounding by LQT3 is likely 
to be small, given the low prevalence of LQT3 (8% among genotyped LQTS 
patients and 5% of all LQTS patients3). In any case, these observations indicate 
that caution must be exercised when these studies and ours are interpreted 
because selection bias may result from the limited and disparate (between 
genotypes) availability of ECG documentation of TdP onset in congenital 
LQTS. Similarly, we cannot exclude that our findings apply mostly to severe 
LQTS patients who seek medical attention because of frequent TdP recurrences 
and that less severe cases may be underrepresented in this analysis.

Conclusion

Pause dependence of TdP onset is predominant in LQT2 but rare or absent in 
LQT1. This disparity may point to genotype-specific arrhythmia mechanisms 
and affect treatment strategies.
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Abstract

Objectives

This study sought to identify electrocardiographic (ECG) criteria that are 
associated with initiation of torsades de pointes (TdP) in patients with 
acquired (a-) and congenital (c-) long QT syndrome (LQTS).

Background

Electrocardiographic criteria used as risk predictors for TdP commonly 
rely on a prolonged QT interval but rarely consider abnormal T–U waves.

Methods

We analyzed ECG recordings with TdP from 35 LQTS patients (15 
c-LQTS and 20 a-LQTS) and compared them with premature ventricular 
complexes (PVCs) from 40 patients with normal QT intervals and with 
PVCs in 24 of the 35 LQTS patients not related to TdP.

Results

Abnormal T–U waves (6.2 ± 0.9 mm) directly preceded TdP in 34 of 35 
LQTS patients and were larger than T-wave amplitude (2.8 ± 0.2 mm) in 
control patients and larger than the largest T–U-wave in LQTS without 
TdP (4.7 ± 0.8 mm). The TdP-initiating beat emerged from a T–U-wave 
in 27 of 35 LQTS patients and in none of 40 control patients. The QRS 
duration of the first TdP beat (175 ± 12 ms) was longer than in control 
PVCs (145 ± 4 ms) and in PVCs in LQTS patients not related to TdP (138 ± 
22 ms). The QRS angle was less steep before TdP than in other PVCs (all 
p < 0.05).

Conclusions

Abnormal, giant T–U waves separate TdP initiation in LQTS patients 
from PVCs in other heart disease and from other PVCs in LQTS patients. 
These ECG analyses suggest that early afterdepolarizations initiate TdP 
and, if present, may help to identify an imminent risk for TdP.
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Introduction

The acquired long QT syndrome (a-LQTS) and congenital long QT syndrome 
(c-LQTS) predispose patients to torsades de pointes arrhythmias (TdP). The 
mechanisms that initiate TdP in LQTS patients are not well understood. 
Although abnormal prolongation of the QT interval identifies patients at 
increased risk for TdP,1-3 many patients tolerate marked QT prolongation 
without TdP. Thus, there must be other factors that cause TdP. In experimental 
settings, early afterdepolarizations (EADs) initiate TdP,4-6 which may be 
reflected by abnormal T–U waves in the electrocardiogram (ECG).5,7,8 
 A common feature of drug-induced TdP and of TdP in long QT 
syndrome type 2 (LQT2) is that the TdP- initiating beat is preceded by a 
premature beat followed by a pause. Often, this pattern of premature beats 
and pauses, or short-long-short interval, repeats for several cycles in an 
incremental fashion, with TdP occurring when the pause has reached a critical 
length.9 A comprehensive publication from 2 decades ago5 reviewed these 
ECG features from both experimental and clinical observations and suggested 
an eminent role of abnormal T–U waves in the triggering of TdP. In that and 
other subsequent studies, the use of monophasic action potential recordings 

Figure 1 | Flow chart of study patients and analysis

Shown are the electrocardiographic (ECG) tracings available for analysis and the 
number of ECG tracings per group used for analysis after the initial ECG quality 
check. See text for details. All numbers indicate numbers of patients. LQTS = long QT 
syndrome; PVC = premature ventricular complex; TdP = torsades de pointes.
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showed that the U-wave in LQTS patients closely correlated with early EADs 
at the cellular level.10 This not only makes correct measurements of the QT 
interval more difficult but may also in itself contain relevant information 
that is more directly linked to the effects that initiate TdP than QT interval 
analysis alone. These considerations and occasional observations suggest 
that giant T–U waves in LQTS not only are an important ECG criterion for 
imminent TdP, but also constitute one of the actual pathophysiologic trigger 
mechanisms for TdP. To study the relevance and clinical usefulness of T–U 
waves for identification of imminent pro-arrhythmia, we therefore compared 
ECG parameters before TdP with ECG recordings before other premature 
ventricular complexes (PVCs).

Methods

ECG data collection

 We analyzed ECG recordings in 35 patients with a- and c-LQTS and TdP 
(from the Academic Medical Centre, Amsterdam, collected from 1991 to 2006) 
and compared them with ECGs from 40 patients with normal QT intervals 
and PVCs on Holter or routine ECG (from University Hospital Münster) and 

Figure 2 | ECG analysis

Examples of a representative 2-lead ECG recording in a control patient (top) and an 
a-LQTS patient (bottom) with colored lines and measurement parameters inserted 
to illustrate the analyzed intervals, amplitudes, and QRS angle. The color code 
matches the bar graphs in later figures. a-LQTS = acquired long QT syndrome; other 
abbreviations as in Figure 1.
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with ECGs from 24 of the above-mentioned LQTS patients (10 c-LQTS, 14 
a-LQTS) without TdP but with PVCs (Figure 1).

ECG analysis

After a quality check assessing recording speed (>25 mm/s), continuous 
recording of the initiation of TdP or of a PVC with at least 1 normal beat before 
this episode, and availability of at least 2 ECG leads, all ECGs were analyzed 
by 2 independent observers (Figure 1). If independently measured parameters 
differed (generally <5% for continuous parameters), the mean value was used 
for final analysis. Analysis was performed in an ECG with high-amplitude T 
waves. We analyzed: 1) RR

prec
: the RR interval preceding the last normal beat 

before the arrhythmia; 2) QT
prec : the QT interval in the last normal beat before 

the arrhythmia; 3) T
prec: the T-wave amplitude in the last normal beat before 

the arrhythmia; 4) TU
any

: the largest T–U-wave amplitude in any beat of the 
recording strip with the exception of the beat that initiated the arrhythmia; 5) 
TU

TdP
: the T–U-wave amplitude of the T–U-wave from which the arrhythmia 

was initiated; 6) QRS
PVC: the QRS duration of the first beat of the arrhythmia 

(TdP or PVC without TdP (as an indirect measure of propagation velocity); 
and 7) QRS

angle
: the angle of the first QRS upstroke (or downstroke) of the  

first beat of the arrhythmia (as a measure of premature activation velocity) 
(Figure 2).

Table 1 | Clinical characteristics of the study patients

Age 
(yrs)

Sex 
(Male)

Other Cardiac Disease QT-Prolonging 
Medication

Congenital 
LQTS  
(n = 20)

44 ± 5 2 1 aortic valve replacement, 
1 atrial fibrillation

NA

Acquired 
LQTS  
(n = 15)

67 ± 3 5 12 atrial fibrillation, 
5 atrial flutter, 
1 dilative cardiomyopathy, 
1 coronary artery disease, 
1 aortic insufficiency, 
1 aortic stenosis

7 sotalol, 
3 amiodarone, 
2 dofetilide, 
1 almokalant, 
1 cisapride, 
1 haloperidol

Control 
patients  
(n = 40)

56 ± 3 26 2 coronary artery disease, 
2 hypertrophic cardiomyopathy, 
2 dilative cardiomyopathy, 
1 arrhythmogenic right 
ventricular cardiomyopathy, 
1 aortic regurgitation, 
1 cardiac sarcoidosis, 
1 tetralogy of Fallot

LQTS = long QT syndrome; NA = not applicable.
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 Because most recordings (often from monitor strips or in an emergency 
room setting) provided neither a 12-lead ECG nor voltage calibration, we 
compared all measurements in millimeters rather than millivolts (TU

TdP
-

wave) and also normalized TUTdP to the amplitude of the “normal” T-wave 
(TU

TdP
/T

prec ratio) and to the largest T- or U-wave in the entire recording 
(TU

TdP
/TU

any
). 

Statistical analysis

 Continuous parameters were normally distributed and compared between 
groups using unpaired Student t tests and within groups using paired t 
tests. No corrections were made for multiple comparisons. A 2-sided value 
of p < 0.05 was considered significant. All values depicted in bar graphs are 
indicated as mean with standard error of the mean.

Results

Abnormal T–U waves precede TdP

Clinical data are shown in Table 1. Figure 3A, a single-monitor lead, shows 
giant, abnormal T–U waves directly preceding a TdP episode. In Figure 
3B, a 12-lead ECG, the TdP-initiating beat arises from the end of the giant 
T–U-wave complex with deep inverted T–U waves (even when the R-wave 
is mostly positive). The TdP-initiating beat arising from the abnormal T–U 
shows a slow rise velocity and wide QRS complex. The amplitude of the T–U-
wave preceding TdP was more than 3 times larger in LQTS patients with TdP 
compared with the largest T–U-wave in LQTS patients without TdP (Figure 
4A). Control patients had no U waves or only very small ones (Figs. 2A and 
4A). The T–U-wave ratios also were higher before TdP than in other recordings 
(Figs. 4B and 4C) (ratio of T–U

prec divided by T–U
any

= 1.8 ± 0.4, p < 0.05 vs. both 
control groups). The T–U-wave preceding PVCs in patients with a normal QT 
interval was not different from other T–U waves (T–U

prec
/T–U

any
= 1.0 ± 0.3). 

The T–U-wave before a PVC without TdP in LQTS patients was even smaller 
than other T–U waves in the same ECG recording (T–U

prec
/T–U

any
= 0.4 ± 0.1) 

(Figure 4B).

QRS duration and rise angle

One of our hypotheses was that a premature beat taking off from a U-wave 
(an EAD at the tissue level) should have a lower action potential upstroke 
velocity and thus translate into a slower initial QRS rise (or descent) angle, as 
well as a longer QRS duration. Indeed, QRS duration of the first TdP beat was 
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longer, and QRS angle lower, before TdP than that of PVCs in patients with 
LQTS or in patients with a normal QT interval (Figure 5).

Pause dependency of TdP 

The RR intervals and QT intervals preceding either TdP or PVC were longer in 
LQTS patients than RR intervals preceding PVCs in patients with other heart 
disease. Of note, neither RR interval nor QT interval were more prolonged 
before TdP than RR interval or QT interval before PVCs not inducing TdP in 
LQTS patients (Figure 6).

Figure 3 | Examples of ECG tracings with giant T–U waves and TdP
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(A) A 12-lead ECG recording of a normal beat (left) and during the initiation of an 
episode of TdP. Arrows indicate T-wave morphology in the normal beat and the 
markedly larger abnormal T–U waves in leads III and aVL. The T–U-wave amplitude 
is higher directly before the TdP episode compared with the prior beat that initiated 2 
PVCs. Both are larger than the normal T-wave. Similar changes can be found in other 
ECG leads. (B) Monitor strip of a patient with a-LQTS. Arrows indicate giant (negative) 
T–U waves in beats after a pause. The lower tracing (consecutive to the upper) shows 
the onset of TdP from the nadir of the giant T–U-wave. The giant T–U waves are 
almost as large as the abnormal T waves after ventricular paced beats. (C) The 12-lead 
ECG and monitor strip of 2 different patients that exemplify the slowness of the QRS 
rise angle of the first TdP beat arising from giant T–U-wave. RESP = respiration; other 
abbreviations as in Figure 1 and Figure 2.
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Figure 4 | Amplitudes and ratios of T–U waves

(A) The T–U-wave amplitude before TdP in LQTS patients, before PVC in patients 
with other heart disease (control subjects), and before PVCs that did not initiate TdP 
in LQTS patients. The amplitude of the largest T–U-wave immediately preceding TdP 
was more than 3 times larger in LQTS patients with TdP when compared with the 
largest T–U-wave in LQTS patients without TdP. Control patients had no U waves 
or only very small ones. (B) The ratio of T–U-wave amplitude and T-wave amplitude 
and (C) ratio of T–U-wave preceding a PVC over the largest T–U-wave. This ratio is 
markedly higher than 1 before TdP in LQTS patients, whereas it is equal to 1 before 
PVCs in patients with other heart disease. Of note, the T–U-wave before PVCs not 
resulting in TdP is actually smaller than the preceding T–U waves (ratio <1) in LQTS 
patients. Color schemes reflect caliper colors in Figure 2, with mixed colors reflecting 
ratios of parameters. Asterisks denote significant differences of the mean of the 
marked versus unmarked columns at p < 0.05. The same applies to Figures 5 and 6. 
Abbreviations as in Figure 1.
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Discussion

Main findings

 Our ECG analysis in a prospectively collected ECG database of LQTS patients 
identified several ECG characteristics before imminent TdP: 1) Giant T–U 
waves directly precede TdP. The first TdP beat emerges from an abnormal 
T–U-wave. Abnormal T–U waves are larger than any other repolarizing wave 
in the available ECG recording and are not found before other types of PVCs. 
2) The QRS duration of the first TdP beat was longer and the QRS angle was 
lower compared with QRS duration of other PVCs. Although it may seem 
evident to some, the first finding has never been analyzed systematically. The 
second finding is, to the best of our knowledge, novel.

Figure 6 | RR and QT intervals preceding TdP or PVCs

The RR intervals (A) and QT intervals (B) preceding TdP episodes in LQTS patients 
compared with PVCs in patients with other heart disease and with PVCs not initiating 
TdP in LQTS patients. Both TdP and PVCs are preceded by a pause, and both TdP and 
PVCs show an equally prolonged QT interval in LQTS patients. See Figure 4 legend 
for a description of the color scheme and significance of asterisks. Abbreviations as in 
Figure 1.
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Giant T–U waves initiate TdP

 Our analysis suggests that the T–U-wave plays a critical role in the precipitation 
of TdP. A marked increase in T–U-wave amplitude (3-fold higher amplitude 
compared with ECGs without TdP, 80% increase compared with the largest 
repolarizing wave in the entire ECG recording) was specific for imminent 
TdP. Often, the blinded analyzers could not differentiate between T- and 
U-wave in the TdP recordings. Therefore, we chose the term T–U-wave for this 
phenomenon that has not been systematically studied before. We believe that 
both an increase in T-wave amplitude and the appearance of a closely timed 
abnormal U-wave added up to create giant T–U waves. Abnormal U waves 
have been appreciated by many clinicians and investigators before.5 A similar 
ECG phenomenon was described as post-extrasystolic U-wave augmentation 
in patients who survived ventricular fibrillation in a prior ECG analysis.11 To 
the best of our knowledge, this is the first systematic quantification of giant 
T–U waves directly before TdP.

QT interval prolongation and TdP

The LQTS patients with a prominent prolongation of the QT interval are 
prone to TdP.2,12 This was confirmed in our analysis. Interestingly, the degree 
of QT interval prolongation in LQTS patients was not different between ECGs 
with TdP and ECGs with PVCs but without TdP. Hence, prolongation of the 
QT interval did not identify an imminent TdP episode.

Pause dependency

Facilitation of TdP onset by a preceding pause has been recognized 
previously.5,9,13 In this study, the initiation of a TdP episode was preceded by 
a longer RR interval than the prior beats, consistent with a previous report 
of the pause dependency of TdP in LQTS2 that had ECG traces that in part 
(some of the c-LQTS patients) overlapped with the ECGs used in this study.3 
Interestingly, the RR interval was equally long before PVCs not initiating TdP 
and before the first TdP beat in the LQTS patient ECGs in this study (Figure 6). 
Pause dependency therefore does not discriminate imminent TdP from other 
types of PVCs in this set of LQTS patients.

Normal U waves, abnormal U waves, and abnormal T–U waves 
before TdP

Different types of U waves may have different relevance.5,14 Small, orthotopic 
U waves are a normal variant in young adults, especially in the precordial 



162

Chapter 9

leads. These normal U waves may reflect intrinsic potential differences in the 
terminal part of the action potential14 or mechanoelectrical feedback with a 
prolonging effect on late myocardial repolarization.15

 Abnormal U waves, for example, those found in myocardial ischemia 
or left ventricular hypertrophy, are less well separated from the T-wave, and 
often show reversed polarity compared with the T-wave.5,16 These abnormal U 
waves may be caused by either (but not limited to) EADs, regional contractile 
dysfunction and subsequent stretch-induced depolarizations, regional 
inhomogeneities in repolarization (e.g., during regional acute ischemia), or 
spontaneous activity in the Purkinje network.
 Abnormal intracellular calcium release and a subsequent increased 
activity of the sodium–calcium exchanger may trigger early-coupled 

Figure 5 | QRS duration and rise angles

QRS duration (A) and QRS rise (or descent) angle (B) of the TdP-initiating beat in 
comparison with PVC-QRS rise angles in patients with other heart disease (control 
subjects) and in LQTS patients without TdP. The QRS duration was longer and the 
QRS angle was smaller in the first beat of a TdP episode compared with other PVCs. 
See Figure 4 legend for a description of the color scheme and significance of asterisks. 
Abbreviations as in Figure 1.
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depolarizations.17-20 Given the largely epicardial potentials that are recorded in 
the surface ECG,21 giant T–U waves are unlikely to originate from the Purkinje 
network. Long QRS durations of the first TdP beat in this study also suggest 
an origin of the first TdP beat distant from the specialized conduction system.

Giant T–U waves may trigger TdP in LQTS: a hypothetical 
mechanism

Occasional invasive electrophysiological recordings in patients with TdP 
have found that EADs correspond to abnormal T–U waves at the myocardial 
tissue level.10,22–24 The EADs are most likely a regional phenomenon,4,25–30 
hence explaining why EADs were not found in all patients. We suggest that 
abnormal T–U waves on the surface ECG reflect regional EADs, supported by 
their exclusive presence before TdP. Initiation of TdP by EADs, that is, by a 
slowly rising activation wave that arises in an incompletely repolarized region 
of the heart, is supported by the, albeit indirect, finding that QRS duration is 
long and QRS angle is small in the first beat of TdP. 

Study limitations

Although we had access to a sizeable number of ECG recordings during TdP, 
our analysis was confined to the available ECG recordings, often monitor 
strips of 2-lead ECGs and occasionally 12-lead ECGs. We could not analyze 
longer periods (minutes to hours) before TdP. Furthermore, we did not study 
subtle beat-to-beat changes in the QT interval in these ECGs. Nonetheless, 
the T–U-wave that preceded TdP was markedly higher in amplitude than 
any other T–U- or T-wave found in the TdP recordings or in recordings of 
ECGs with PVC, either in LQTS or in control patients. Published data suggest 
that EADs are the underlying myocardial electric event. We cannot conclude 
on mechanisms of EADs nor even prove that EADs are indeed the biological 
event reflected by abnormal T–U waves in this study. Because of the early take-
off of the first TdP beat, we could not measure the full extent and duration of 
the last T–U-wave that triggered the TdP episode.

Conclusions

The onset of TdP is linked to abnormal giant T–U waves. Abnormal T–U 
waves and a slow QRS upstroke separate initiation of TdP from early PVCs in 
other heart diseases and in LQTS. Abnormal T–U waves support the notion 
that EADs are the trigger for TdP in LQTS. If found, they may be an indicator 
for imminent risk of TdP.
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Abstract

Objective

The electrocardiographic (ECG) characteristics and mode of onset of 
torsades de pointes (TdP) are well described. Less is known about the 
site of onset of this arrhythmia. This study was conducted to determine 
if arrhythmias in the long QT syndrome (LQTS) have a predominant site 
of origin.

Design

A retrospective analysis of all episodes of LQTS-related arrhythmias 
recorded in two university hospitals.

Patients

Patients with LQTS and no structural heart disease, for whom 
simultaneous 6–12 leads ECG recording of the onset of TdP was available, 
were included.

Main outcome measures

 The site of origin of TdP was defined according to the morphology of the 
initiating ventricular complex based on validated criteria. Multiple-lead 
recordings of 1025 LQTS-related arrhythmias, including 151 episodes of 
TdP and 874 QT-related extrasystoles (impending TdP) were available for 
50 patients.

Results

The site of origin of TdP was not homogeneously distributed (p< 0.001). 
Instead, the majority of episodes of TdP (56%) and most QT-related 
extrasystoles (70%) originated from the outflow tract. There was no 
correlation between site of origin and the aetiology of LQTS or the QT 
duration. On a given patient, multiple episodes of TdP tended to originate 
from the same area and the site of origin of QT-related extrasystoles 
correlated with the site of origin of TdP.

Conclusion

The most frequent site of origin of TdP is the outflow tract. Further studies 
are needed to understand why this relatively small area of the ventricle is 
a predominant site of origin of diverse ventricular arrhythmias.
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Introduction

Torsades de pointes (TdP) is a polymorphic ventricular tachycardia (VT) that 
occurs in the setting of a long QT syndrome (LQTS).1 Prolongation of the QT 
interval may be due to an inherited disorder (congenital LQTS)2 or may be 
acquired (secondary to metabolic abnormalities, bradyarrhythmias or due 
to drugs that prolong ventricular repolarisation).1 The electrocardiographic 
(ECG) characteristics3–5 and mode of onset4,6–8 of TdP have been well described. 
Specifically, drug-induced4,6 and bradycardia-induced TdP9 are essentially 
always ‘pause-dependent’ (ie, they are preceded by heart rate deceleration or 
‘short-long’ sequences),4,6 whereas TdP in the congenital LQTS may be ‘pause-
dependent’ or ‘tachycardia-dependent’ depending on the genotype.7,8 Less is 
known, however, about the site of origin of TdP.
 Determining the site of origin of TdP is of scientific interest. Tissue 
models of LQTS show that the abnormal prolongation of the action potential 
(the hallmark of the LQTS) creates the trigger (early after-depolarisations) and 
the substrate (abnormal dispersion of repolarisation) that start and perpetuate 
TdP.10 Yet, it is unknown if some areas of the human cardiac ventricle are 
more sensitive to this process than others. In this regard, it is intriguing to 
determine if TdP predominantly begins at the ventricular outflow tract. The 
right ventricular outflow tract (RVOT) is not only the site of origin of the most 
common form of idiopathic monomorphic VT,11 but has also been described as a 
predominant site of origin for malignant polymorphic ventricular arrhythmias 
like catecholaminergic polymorphic VT,12 Brugada syndrome13,14 and some 
cases of idiopathic ventricular fibrillation.15,16 Furthermore, determining 
the site of origin of TdP has potentially important clinical implications. 
Radiofrequency ablation of the site of arrhythmia origin is the first line of 
therapy for idiopathic monomorphic VT and has also been used successfully 
to treat polymorphic ventricular arrhythmias.15,16 In fact, radiofrequency 
ablation of the zone triggering TdP has already been performed in isolated 
cases of LQTS.14 We therefore performed the present study to determine if TdP 
has a predominant site of origin and if this region is disease-specific (ie, differs 
according to the aetiology of LQTS) or patient-specific (if multiple episodes of 
TdP in the same patient originate from the same region).
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Methods

We reviewed all the traces of TdP collected over the years in the Tel-Aviv 
Medical Center (Israel) and the Academic Medical Center of Amsterdam (The 
Netherlands), and selected for this study those traces showing the onset of TdP 
in 6–12 leads in patients without structural heart disease affecting ventricular 
function. Absence of ventricular dysfunction was specified as part of the 
inclusion criteria because the criteria for correlating QRS morphology with 
the site of origin of a VT differ for patients with and without ventricular scar. 
TdP was a polymorphic VT lasting three or more beats occurring in a patient 
with congenital or acquired LQTS. QT-related extrasystoles were ventricular 
extrasystoles originating from the terminal part of the obviously prolonged 
QT interval (mostly in sinus complexes following post-extrasystolic pauses). 
Such extrasystoles were saved to our archives because they were recorded 
shortly before the onset of TdP and were considered signs of ‘impending 
TdP’.1 Most of the patients in this study have been described in previous 
studies reporting the mode of onset of TdP.5,7–9

 The site of origin of all episodes of TdP of each patient was defined 
according to the morphology of the ventricular complex initiating the 
tachyarrhythmia in accordance with well-established criteria that have used 
endocardial mapping for validation,17 and was then differentiated to three 
distinct areas: (1) The outflow tract was the area superior to the tricuspid 
and mitral annulus and inferior to the pulmonary and aortic valve, including 
a number of essentially contiguous structures, namely, the right and left 
ventricular outflow tract (RVOT and LVOT), the para-Hisian region, the right 
ventricular segment above the anterior (superior) aspect of the tricuspid 
annulus and above the anterolateral (superior) aspect of the mitral annulus. 
Since accurate distinction of true right-sided from left-sided arrhythmias 
originating in the outflow tract (a septal structure with complicated three-
dimentional anatomy) requires detailed intracardiac mapping, we made 
no attempt to differentiate RVOT from LVOT origin. (2) The inferior wall 
of the left ventricle (including the inferior, posterior and apical wall of the 
left ventricle as well as the posterior and posteroseptal aspect of the mitral 
annulus).18 (3) The inferior wall of the right ventricle (including the inferior 
and apical wall of the right ventricle as well as the mid and posterior aspects 
of the tricuspid annulus).19

 Only recordings showing the onset of the arrhythmias on multiple 
leads simultaneously were used for this analysis. Simultaneous recordings 
of TdP were available in 12 leads, seven leads and six leads in 38%, 39% and 
23% of episodes, respectively (all seven-lead recordings include simultaneous 
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recording of leads I to aVF plus V1). Whenever none of the precordial leads 
was available in six-lead recordings, the ‘right versus left’ allocation was 
made according to the morphology in aVR.20–22

Statistical analysis

All data were summarised and displayed as mean ± SEM or SD for continuous 
variables with normal distribution and as median and IQR for continuous 
variables that have non-normal distribution and as number and percentage 
in group for categorical variables. The comparison of continuous variables 
between groups was done using independent Student’s t test for two groups 
and using one-way analysis of variance when comparing more than two 
groups. The comparison of categorical variables was done using χ2. All above 
analyses were considered significant at p< 0.05 (two tailed). The 19.0 SPSS 
statistical package was used to perform all statistical evaluation.

Results

A total of 1025 episodes of LQTS-related arrhythmias—recorded on multiple 
leads—were available for analysis. These recordings are from 50 patients 
(14 men and 36 women, aged 62 ± 22 years). Of these 50 patients, 12 (24%) 
have congenital LQTS (LQT1, LQT2 and LQT3 in two, nine and one patients, 
respectively) and 38 (76%) had acquired LQTS related to QT-prolonging 
medications (22 patients), bradyarrhythmias (14 patients), electrolyte 
disturbance (four patients); two patients with acquired LQTS shared more 
than one possible aetiology. Their QTc interval was 522 ± 67 msec and their 
median (IQR) number of events was seven (3–17) arrhythmias per patient.
 LQTS-related arrhythmias included 151 episodes of TdP and 874 
QT-related extrasystoles (impending TdP) recorded on multiple leads. The 
number of TdP episodes per patient ranged from one to 27 (median (IQR) three 
(1 – 5) episodes per patient). The number of captured QT-related extrasystoles 
per patient ranged from 0 to 381 (median (IQR) 6 (2 – 14) PVCs per patient).

Site of origin of torsade de pointes (table 1)

A total of 151 episodes of TdP, for which the onset of arrhythmia was recorded 
in multiple leads were available for analysis: the distribution of the site of 
origin of TdP across the heart was not homogeneous (p< 0.001). Instead, the 
outflow tract area was the most common site of origin of TdP (figures 1 and 
2): 84 (56%) episodes originated in the outflow tract, 48 (32%) started in the 
inferior wall of the left ventricle, and 19 (12%) started in the inferior wall of 
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Table 1 | Distribution of the site of origin of long-QT related arrhythmias

LQTS-related arrhythmias, n=1025 
Impending torsade, n=874 Torsades de pointes, n=151

Outflow tract area 611 (70%)* Outflow tract area 84 (56%)*
LV-inferior wall area 152 (17%) LV-inferior wall area 48 (32%)
RV-inferior wall area 111 (13%) RV-inferior wall area 19 (13%)

*p<0.001.
LQTS, long QT syndrome; LV, left ventricle; RV, right ventricle.

Figure 1 | 

Top panel. Simultaneous 12-lead recordings of three different episodes of QT-related 
arrhythmias in a 35-year-old woman with congenital long QT syndrome (LQTS) (LQT2). 
She has an implanted dual chamber defibrillator but her atrial electrode is broken and 
the device is programmed as VVI 40/min. All the arrhythmias are pause-dependent, 
with typical long-short sequences (marked ‘L’ and ‘S’). The long cycle is created by sinus 
bradycardia eventually leading to ventricular pacing (marked*) with a bizarre giant 
T-wave (arrowhead). Note that the 12-lead morphology of the first beat of QT-related 
arrhythmias (arrow) is almost identical in all the three episodes. In fact, the second 
and third beats of torsade de pointes (TdP) of all episodes are also similar (note the 
very subtle difference in V3). All these QT-related arrhythmias presumably originate in 
the right ventricular outflow tract. Bottom panel. Simultaneous seven-leads telemetry 
recording of QT-related extrasystoles (impending TdP) initiating a short–long-sequence 
culminating in TdP in a 50-year-old female patient with drug-induced TdP. Note that 
the R waves of the extrasystoles are truncated in leads II, III and aVF (so they are 
actually taller than the recorded R-waves). Also, note that the R-wave morphology of 
the complex initiating the torsade is very similar (albeit not identical) to the morphology 
of the extrasystoles. The morphology of the beat initiating TdP, with tall R waves in 
the inferior leads, rS in lead I and RBBB pattern in V1, suggests that the arrhythmias 
originated from the left ventricular outflow tract
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the right ventricle. When comparing the most frequent site in each patient, we 
found that the most common site of origin of TdP was the outflow tract in 24 
patients, followed by the left ventricular free wall and the right ventricular 
free wall in 21 and five patients, respectively. Limiting our analysis only to the 
57 TdP episodes recorded in 12 leads gave similar results (albeit with smaller 
numbers). The outflow tract area was the most common site of origin of 
TdP with 25 (44%) of episodes originated in that area, whereas 22 (39%) TdP 
episodes started in the inferior wall of the left ventricle, and 10 (18%) started 
in the inferior wall of the right ventricle (p=0.039).

Site of onset of QT-related extrasystoles (impending TdP)

A total of 874 QT-related extrasystoles (impending TdP) recorded on multiple 
leads were available for analysis: their site of origin was not homogeneously 
distributed across the heart (p< 0.001). Again, the outflow tract area was 
the most common site of origin of QT-related extrasystoles: 611 (70%) PVCs 
originated from the outflow area, 152 (17%) originated from the inferior wall 
of the left ventricle, and 111 (13%) from the inferior wall of the right ventricle. 
The outflow tract was the most common site of origin of LQTS-related 
arrhythmias (including TdP) both for arrhythmias recorded in Tel Aviv and 
for arrhythmias recorded in Amsterdam.
 Limiting our analysis to the QT-related arrhythmias recorded 
simultaneously in 12 leads led to similar results. A total of 216 episodes of 
QT-related arrhythmias (57 TdP episodes and 159 impending TdP episodes) 
recorded in 12 leads were available for analysis: the outflow tract area was the 
most common site of origin of QT-related arrhythmias: 103 (48%) episodes 
originated in the outflow tract, whereas 89 (41%) started in the inferior wall of 
the left ventricle, and 24 (11%) started in the inferior wall of the right ventricle 
(p< 0.001).

Disease-specific site of origin of TdP

There was no statistical correlation between the aetiology of LQTS and the 
site of arrhythmia origin (p=0.607). Also, there was no statistical significant 
correlation between the QTc interval or the patient’s gender and the site of 
arrhythmia origin (p=0.083).

Patient-specific site of origin of TdP

Thirty-four patients had two or more episodes of TdP. In 22 (65%) of these 
patients all the episodes of TdP originated from the same area (2.4 ± 1.4 
episodes of TdP per patient, median (IQR)= 2 (1 – 3.3)). In the remaining 12 
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(35%) patients, the TdP episodes originated from two sites (8.3 ± 6.9 episodes 
of TdP per patient, median (IQR)= 6.5 (3.3 – 11)). Forty-five patients had two 
or more QT-related extrasystoles figure 2. In 21 (47%) patients all extrasystoles 
originated from the same site (6.2±6.8 extrasystoles per patient, median 
(IQR)=3 (1–8)); in 19 (42%) patients all the extrasystoles originated from two 
sites (16.0 ± 20.4 extrasystoles per patient, median (IQR)= 6 (4 – 16)). Only five 
(11%) patients had three different sites of origin (87.8 ± 164 extrasystoles per 
patient, median (IQR)= 17 (11.5 – 200)).

Coupling interval and site of origin

We found no correlation between the site of origin of QT-related arrhythmias 
and the coupling interval of the initiating beat. The coupling interval of QT 
related arrhythmias originating from the outflow tract, inferior left ventricle 
and inferior right ventricle were 657 ± 111, 654 ± 1096 and 631 ± 155 ms, 
respectively (p=0.297).

Discussion

The clinical predictors,23 ECG characteristics4,5,24 and mode of onset of 
TdP6–8,25 are well described. We report on the site of origin of this intriguing 
arrhythmia by analysing multiple-lead recordings of 1025 episodes of LQTS-
related arrhythmias, including 151 episodes of TdP for which the arrhythmia 
onset was recorded in at least six leads simultaneously. We show, for the first 
time, that the sites of onset of QT-related arrhythmias are not homogeneously 
or randomly distributed along the heart; instead, there is a statistically 
significant predominance of the outflow tract area as the site of origin of TdP. 
Only 77% of the QT-related arrhythmic episodes were captured in seven leads 
or more simultaneously and our grouping of sites of origin into only three 
areas provides a rather rough classification (albeit similar to the classification 
used by others).12 Thus, our conclusions should be viewed with caution. 
Nevertheless, this is the largest series of TdP captured in multiple-lead 
recordings. Moreover, limiting our analysis to only those episodes recorded 
in 12 leads gave similar results.

Why is the outflow tract so arrhythmogenic?

Considering that the ion-channels that malfunction in congenital 
channelopathies are present across the whole ventricular wall, one would 
expect the arrhythmias caused by these diseases to have a randomly 
distributed site of origin. Consequently, our observation that TdP tends to 
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originate preferentially from the outflow tract is somehow unexpected. 
However, other studies have shown that the outflow tract is particularly 
arrhythmogenic in other channelopathies. For example, Sumitomo12 reported 
that in 20 (74%) out of 27 patients with catecholaminergic polymorphic 
VT, this triggered arrhythmia originated from the outflow tract. Similarly, 
limited data showing the onset of polymorphic VT of Brugada syndrome 
in multiple leads also suggest that the RVOT is predominantly involved 
in the onset of arrhythmias occurring spontaneously,14 or in response to 
drug challenge tests26 or programmed ventricular stimulation.26,27 Finally, 
the RVOT is an important site of origin of focal polymorphic ventricular 
arrhythmias of unclear aetiology like the ‘malignant idiopathic VT’16,28,29 and 

Figure 2 | 

Simultaneous 12-lead recording of QT-related extrasystoles (impending torsade de 
pointes (TdP)) (panel A) and of the onset of TdP (panel B) in a 30-year-old male 
patient with long QT syndrome (LQTS) complicating complete atrioventricular block. 
This patient had acute bacterial endocarditis (in the setting of normal heart) following 
an animal bite. He required mitral valve replacement and developed surgical complete 
AV block with a stable and narrow-complex escape rhythm but with progressively 
long QT interval.9 Note that the QRS of the escape rhythm are narrow and have a 
normal morphology, indicating the absence of significant scar in the ventricle. Also, 
note that the QRS morphology of the extrasystoles (panel A) is very similar to that 
of the complex initiating TdP (panel B). The morphology of the triggered complexes, 
with tall R waves in the inferior leads, rS in lead I and LBBB pattern in the precordial 
leads, suggest that the arrhythmias originated from the right ventricular outflow tract. 
Note the giant T-waves, clearly exceeding the amplitude of the flutter waves, best 
appreciated in leads V4–V6 (arrows)
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idiopathic ventricular fibrillation.15 It is tempting to speculate that the RVOT 
is arrhythmogenic because of a relatively higher proportion of M-cells or 
because a thinner surrounding myocardium lessens the electrotonic effects 
that inhibit arrhythmia propagation. It remains to be established if the unique 
three-dimentional structure or differential ion-channel architecture of the 
outflow tract are responsible for its arrhythmogenic potential.

Limitations

(1) This is a retrospective analysis of multiple-lead recordings of LQTS-related 
arrhythmias. The aim of defining the site of onset of TdP was not considered 
at the time of the original recordings. Therefore, it is possible that not all 
episodes of LQTS-related arrhythmias were captured or saved. However, no 
pre-selection of events by site of origin was performed either and the outflow 
tract was the most common site of origin of TdP both in Tel Aviv and in 
Amsterdam. Therefore, our results are likely to be representative of ‘real-life 
TdP.’ (2) The ECG provides only an approximation of the site of origin of a 
ventricular arrhythmia and confirmation by intracardiac mapping was not 
performed in this study. However, the ECG criteria used in our study have 
been validated by intracardiac mapping studies.17 Importantly, our definition 
of ‘site of origin’ is based on ECG criteria derived from patients without 
organic heart disease, and thus our findings cannot be extended to patients 
with organic heart disease. Moreover, such idiopathic arrhythmias rarely 
develop from the free wall of the left and right ventricle. Therefore, those 
areas may have remained under-represented in our study. It should be noted, 
however, that none of the QT-related arrhythmias remained unclassified. (3) 
Patients with more recordings had more sites of origin. Although this is a 
retrospective study, the ECGs were prospectively collected by two authors 
(SV and AW) and all efforts were made to collect and store all the arrhythmic 
events. Nevertheless, potential for selection bias exists. However, it should be 
emphasised that in 76% of patients with TdP, the site of origin of the TdP was 
identical to the patient’s most frequent PVC site of origin.

Clinical implications

Diagnostic implications

The vast majority of ventricular extrasystoles recorded in patients without 
organic heart disease originate from the outflow tract. Since idiopathic 
monomorphic VT originating from this area is a benign arrhythmia, patients 
with outflow-tract extrasystoles are not necessarily treated. However, our study 
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shows that extrasystoles originating from the outflow area also predominate 
in the LQTS. This is important because—except for the QT prolongation—the 
ECG is normal in essentially all patients with congenital LQTS and in many 
patients with drug-induced LQTS. Moreover, the QT-prolongation may not be 
obvious,30 may be missed during ventricular bigeminy1 or may not be noticed 
by the inexperienced physician.31 Consequently, LQTS-related extrasystoles 
may be misdiagnosed as ‘benign arrhythmias’ and such error may have 
serious consequences because the LQTS is highly lethal when left untreated.

Therapeutic implications

The fact that patients with recurrent TdP have a predominant area of origin 
suggests that radiofrequency ablation of a patient-specific site may be an 
alternative therapeutic strategy for patients with arrhythmic storms refractory 
to conventional therapy in whom a single or highly-predominant site of 
origin is carefully documented. Such therapeutic approach has already been 
proposed.14

Research implications

The statistically significant predominance of the outflow tract, as site of origin 
of such diverse forms of benign and malignant ventricular arrhythmias, is an 
intriguing and so far unexplained finding. Studies are needed to determine 
why the outflow tract is so arrhythmogenic.
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Abstract

Sudden cardiac death from ventricular fibrillation (VF) during acute 
myocardial infarction (MI) is a leading mode of death. We report the first 
genome-wide association study addressing this problem. Genome-wide 
association analysis in a set of 972 patients with a first acute MI, 515 of 
whom had VF and 457 did not, identified SNPs at 21q21, in moderate 
to complete linkage disequilibrium (LD), associated with VF. The most 
significant association was found for rs2824292 and rs2824293 in complete 
LD (Odds ratio=1.78; 95% CI, 1.47-2.13; P=3.3x10-10). The association 
of rs2824292 with VF was replicated in an independent case-control set 
consisting of 146 out-of-hospital cardiac arrest patients with MI and 
VF and 391 MI survivor controls (Odds ratio=1.49; 95% CI, 1.14-1.95; 
P=0.004). The closest gene is CXADR, encoding a viral receptor implicated 
in myocarditis and dilated cardiomyopathy, and which has recently 
been identified as a modulator of cardiac conduction. This locus has not 
previously been implicated in arrhythmia susceptibility.
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Introduction

Sudden cardiac death (SCD) accounts for 15 – 20% of all natural deaths in 
adults in the United States and Western Europe and also for up to 50% of 
all cardiovascular deaths.1 Ventricular fibrillation (uncoordinated contraction 
of the ventricles) is the most common underlying cardiac arrhythmia.2 It 
arises through multiple mechanisms, depending on the affected individual’s 
underlying cardiac pathology.3 In the last decade, considerable progress has 
been made in understanding the genetic, molecular and electrophysiological 
basis of SCD in the uncommon (monogenic) familial arrhythmia syndromes 
affecting structurally normal hearts and the rare inherited structural disorders 
associated with increased SCD risk.4,5 However, the overwhelming majority 
(~80%) of SCDs in adults are caused by the sequelae of coronary artery 
disease, namely myocardial ischemia or acute myocardial infarction,6,7 and 
SCD is the first clinically identified expression of heart disease in up to 
one-half of the instances of SCD8. Progress in understanding the genetic 
and molecular mechanisms that determine susceptibility to these common 
arrhythmias, affecting a much greater proportion of the population, has 
been limited.3,9,10 The identification of genetic variants associated with these 
phenotypes is challenging due to difficulties in ascertaining individuals with 
these diseases.  Epidemiological studies have previously indicated that 
sudden death of a family member is a risk factor for SCD, suggesting a genetic 
component in susceptibility.11,12 Recently, we also identified family history 
of sudden death as a strong risk factor for cardiac arrest during myocardial 
infarction in the AGNES study, in which we compared individuals with 
and without ventricular fibrillation during the early phase of a first acute 
myocardial infarction.13

 Accordingly, in the present study, we sought to identify common 
genetic factors underlying susceptibility to ventricular fibrillation during 
myocardial infarction by conducting a genome-wide association study 
(GWAS) in the AGNES case-control set. The strategy of selecting this highly 
specific arrhythmia phenotype allowed us to avoid the problem of loss 
of statistical power inherent in analyzing cases or controls with multiple 
pathophysiologies. In particular, confining the case group to those with a first 
myocardial infarction minimizes the inclusion of individuals with extensive 
preexisting myocardial scarring from previous myocardial infarctions, in 
whom ventricular fibrillation may also arise from other mechanisms such as 
scar-related reentry.
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Method

Study samples

All individuals studied were Dutch and of self-declared European descent. 
The medical ethics committees of the hospitals participating in the study 
approved the study protocols, and all participants gave written informed 
consent.

The AGNES sample

The AGNES case-control set consisted of individuals with a first acute 
ST-elevation myocardial infarction13. AGNES cases had ECG-registered 
ventricular fibrillation occurring before reperfusion therapy for an acute and 
first ST-elevation myocardial infarction. AGNES controls were individuals 
with a first acute ST-elevation myocardial infarction but without ventricular 
fibrillation. All cases and controls were recruited at seven heart centers in The 
Netherlands from 2001–2008. We excluded individuals with an actual non–
ST-elevation myocardial infarction, prior myocardial infarction, congenital 
heart defects, known structural heart disease, severe comorbidity, electrolyte 
disturbances, trauma at presentation, recent surgery, previous coronary artery 
bypass graft or use of class I and III antiarrhythmic drugs. Individuals who 
developed ventricular fibrillation during or after percutaneous coronary 
intervention were not eligible. Furthermore, because early reperfusion limits 
the opportunity of developing ventricular fibrillation, potential control 
subjects undergoing percutaneous coronary intervention within 2 h after onset 
of myocardial ischemia symptoms were not included. This time interval was 
based on the observation that >90% of cases developed ventricular fibrillation 
within 2 hours after onset of the complaint of symptoms.

The ARREST-MI sample

 The ARREST-MI sample was drawn from the ARREST study. ARREST is an 
ongoing prospective population-based study aimed at establishing the genetic, 
clinical and environmental determinants of SCD in the general population. 
Dutch out-of-hospital cardiac arrest patients of European ancestry in the 
ARREST dataset presenting with myocardial infarction at hospital admission 
and with ECG-documented ventricular fibrillation were included in the 
replication analysis. The diagnosis of myocardial infarction was established at 
hospital admission by a cardiologist based on ECG abnormalities and cardiac 
enzymes and these data were retrieved retrospectively from hospital records. 
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At the time of this study (August 2009), 146 such individuals were retrieved 
and all were included in the replication study.

The GENDER-MI sample

The GENDER-MI sample included individuals with a history of myocardial 
infarction drawn from the GENDER study,14 a study aimed at investigating 
the association between genetic polymorphisms and clinical restenosis. The 
GENDER study comprises consecutive individuals who underwent successful 
PTCA for treatment of stable angina, non–ST-elevation acute coronary 
syndromes or silent ischemia at four referral centers for interventional 
cardiology in The Netherlands. The inclusion period lasted from March 1999 
until June 2001 and in total, 3,104 consecutive individuals were included in 
this prospective, multicenter, follow-up study. Approximately 40% of subjects 
included in the GENDER study had a history of myocardial infarction.
 A sample of 941 GENDER subjects was genotyped on the Illumina 
Human 610-Quad Beadchips.32 The GENDER-MI sample used in the current 
study consisted of 391 of these genotyped cases, and all of these 391 individuals 
had a history of myocardial infarction.

Random sample of the Dutch general population

The random sample of the Dutch general population constituted the 
European descent component of the Surinamese in The Netherlands: Study 
on Ethnicity and Health study, a cross-sectional study that aimed to assess the 
cardiovascular risk profile of three ethnic groups in The Netherlands: Creole, 
Hindustani and individuals of European ancestry.33 It was based on a sample 
of 35–60-year-old, noninstitutionalized people from southeast Amsterdam. 
A random sample of 2,000 Surinamese individuals and approximately 1,000 
Dutch individuals of European ancestry were drawn from the Amsterdam 
population register between 2001 and 2003. People were classified as Dutch 
if they and both of their parents were born in The Netherlands. The overall 
response rate was 61% among these Dutch individuals. Those who responded 
to the oral interview were invited for a medical examination, at which time 
blood for DNA extraction was drawn. The response rate at this stage among 
the Dutch individuals was 90%, resulting in a total of 508 subjects with DNA 
samples available. DNA samples from these 508 subjects were used for 
genotyping in the current study.
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Genotyping

Genome-wide genotyping of SNPs on the 515 AGNES cases and 457 AGNES 
controls was done using the Illumina Human610-Quad v1 array. The analysis 
was performed with the BeadStudio software and the Genotyping module 
version 3.2.33 using the cluster file provided by Illumina (Human610-
Quadv1_B.egt). The GenCall score cutoff was 0.15 and the average call rate 
was 99.45%.
 Multiple quality control measures were implemented. The estimated 
sex for each individual determined by genotyping was compared with their 
phenotypic sex. Exclusion criteria included deviation from Hardy-Weinberg 
equilibrium at P < 10−4 (in controls), sample call rate <0.95 and SNP call rate 
<0.98.
 For GENDER-MI, genotypes at rs2824292, rs1353342 and rs12090554 
were extracted from previously obtained genotypes using the Illumina 
Human 610-Quad Beadchip.32 Quality control criteria for the genotypic data 
for the GENDER study were the same as those applied in the AGNES study.
 For ARREST-MI and for the sample of the Dutch European descent 
population, genotypes at rs2824292, rs1353342 and rs12090554 were 
determined by means of a Taqman assay (Applied Biosystems).

Statistical analysis and imputation

Differences in continuous phenotypic variables between cases and controls 
were tested using an independent t-test when data were normally distributed 
or a Mann-Whitney U test otherwise. Values are presented as means ± s.d. 
or median and interquartile range, respectively. Differences in categorical 
variables were compared using a Fisher exact test, and values are presented 
as number and percentages.
 Genotype imputation was done using the Markov-chain Monte Carlo 
method implemented in MACH1.0.34 An r2 threshold of 0.3 was implemented 
in the program to identify and discard low-quality imputations.
 Each SNP was analyzed for association with ventricular fibrillation 
using logistic regression assuming an additive genetic model with adjustment 
for age and sex, using the ProbABEL analysis package.35 SNPs with a 
minor allele frequency > 0.05 were analyzed. The P value for genome-wide 
significance was set at P < 5 × 10−8, corresponding to a target α (or P value) 
of 0.05 with a Bonferroni correction for 1 million independent tests.36 The P 
values were corrected for the genomic control factor. A two-sided P value of 
P < 0.017 (Bonferroni-corrected P value for the three independent SNPs) was 
considered as significant in the replication study.
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 In the multifactor analysis, we adjusted for age, sex, 
hypercholesterolemia, diabetes, ST segment deviation, maximal CK-MB, 
body mass index and family history of sudden cardiac death.

Results

A GWAS was performed in 515 AGNES cases (individuals having myocardial 
infarction with ventricular fibrillation) and 457 AGNES controls (individuals 
having myocardial infarction without ventricular fibrillation); all cases and 
controls were self-declared Dutch and of European ancestry. The clinical 
characteristics of AGNES cases and controls are presented in Table 1. 
Genotyping was carried out using the Illumina Human610-Quad v1 array. 
All but three DNA samples passed quality control criteria (Online Methods). 
Excluding the sex chromosome and mitochondrial DNA, this left 507,436 
SNPs available for analysis. We next imputed nongenotyped SNPs from the 
HapMap European CEU reference panel (release 22). The association of each 

Table 1 | Baseline characteristics of the AGNES case-control set
Characteristic N# Total

(n=972)
Cases
(n=515)

Controls
(n=457)

P
value*

Sex (male)§ 783 (80.6) 412 (80.0) 371 (81.2) 0.68
Mean age at MI‡ 56.4 ± 11 55.9 ± 11.2 56.9 ± 10.8 0.17
Median ST segment
deviation-mm (IQR)

735/379/356 17 (19) 22 (22) 14 (14) <0.0001

MI location§ 962/505/457
   Inferior MI 408 (42.4) 203 (40.2) 205 (44.9) 0.14†

  Anterior MI 554 (57.6) 302 (59.8) 252 (55.1)
Median CK-MB 
(μg/l) (IQR)

786/359/427 215 (299.2) 225.6 (365.2) 211.4 (257.7) 0.02

Family history of 
sudden death§

909/459/450 291 (32.0) 174 (37.9) 117 (26.0) <0.0001

Beta blocker usage§ 936/482/454 85 (9.1) 50 (10.4) 35 (7.7) 0.17
Cardiovascular risk factors§

   Current smoking 914/473/441 565 (61.8) 303 (64.1) 262 (59.4) 0.15
   Diabetes mellitus 893/462/431 62 (6.94) 21 (4.6) 41 (9.5) 0.004
   Hypertension 294 (30.2) 149 (28.9) 145 (31.7) 0.36
   Hypercholesterolemia 297 (30.6) 127 (24.7) 170 (37.2) <0.0001
   BMI (kg/m2 ± SD) 879/439/440 26.5 ± 3.9 26.1 ± 3.8 26.9 ± 4.0 0.004

IQR, interquartile range; CK-MB, creatine kinase-MB. #In case of missing values, 
the sample sizes of the total, case and control sets (total, case, control) for whom 
information was available are given. *P value for comparison of cases and controls for 
each item. §Number (%). ‡Age (years) ± s.d. †P value for comparison of inferior and 
anterior myocardial infarction between cases and controls.
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SNP with ventricular fibrillation was evaluated using a logistic regression 
model assuming an additive genetic model with adjustment for age and 
sex. The genomic control factor was small (λ = 1.026), indicating that overall 
inflation of genome-wide statistical results due to population stratification was 
minimal. There was an excess of SNPs associated with ventricular fibrillation 
compared to the number expected under the null hypothesis of no association 
(Supplementary Figure 1).
 The distribution of P values for the associations of SNPs with 
ventricular fibrillation is shown in Figure 1, and SNPs displaying the strongest 
associations (chromosome (chr.) 21q21, chr. 9q21 and chr. 1q25) are presented 
in Table 2 and Supplementary Table 1. Eight SNPs on chr. 21q21, all in moderate 
to complete linkage disequilibrium with each other (r2 = 0.4 – 1.0), surpassed 
our preset threshold for genome-wide significance of P < 5 × 10−8. Of these, the 
most significant associations were found for rs2824292 and rs2824293, which 
are 338 base pairs apart (r2 = 1.0) and are situated 98 kb from CXADR (odds 
ratio = 1.78 per G allele, 95% CI, 1.47 – 2.13, P = 3.3 × 10−10). After adjustment 
for the main association signal (rs2824292), we saw a marked reduction in 
the association between ventricular fibrillation and the other seven SNPs on 
chromosome 21, indicating that these SNPs do not represent independent 
secondary association signals. The genotype frequencies for rs2824292 in 
AGNES cases and controls, as well as for rs1353342 (9q21) and rs12090554 
(1q25), are presented in Supplementary Table 2, together with the genotype 
frequencies in a sample of the general Dutch population of European descent. 
As expected, the frequencies of the risk and protective alleles for each SNP 
in the general population were between those of AGNES cases and AGNES 
controls.
 Because AGNES cases and controls differed in some characteristics, 
including risk factors for coronary artery disease and peak creatine kinase 
muscle-brain isoenzyme (CK-MB) levels, we carried out multifactor analysis 
to assess whether the rs2824292 was an independent predictor of ventricular 
fibrillation. Multifactor analysis for the association of rs2824292 with 
ventricular fibrillation adjusted for those baseline characteristics that were 
significantly (P < 0.05) different between AGNES cases and controls (Table 
1) resulted in an odds ratio (OR) of 1.51 per G allele (95% CI 1.13 – 2.01, P = 
0.005), indicating that this SNP is an independent risk factor for ventricular 
fibrillation. This was also the case for rs1353342 and rs12090554 (respectively, 
OR = 0.48, 95% CI 0.30 – 0.76, P = 0.002 and OR = 0.58, 95% CI 0.41–0.82, P = 
0.002). Nevertheless, future research will be required in order to provide more 
evidence of the independent effects of these SNPs.
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Figure 1 | 

Results of genome-wide association analysis in the AGNES case-control set. (A) 
Overview of the genome-wide association scan in the AGNES case-control population. 
P values corrected for age, sex and inflation factor are shown for each SNP tested. 
Within each chromosome, the results are plotted left to right from the p-terminal end. 
The horizontal red line indicates the preset threshold for genome-wide significance, P 
< 5 × 10−8. (B) Locus-specific association map, generated from genotyped and imputed 
SNPs, centered at rs2824293, located at 338 base pairs from rs2824292 and in complete 
linkage disequilibrium with it. Imputed SNPs are in gray; rs2824293 is depicted in 
blue; SNPs in red have r2 ≥ 0.8 with rs2824293; SNPs in orange have r2 = 0.5–0.8; SNPs 
in yellow have r2 = 0.2–0.5; and SNPs in white have r2 < 0.2 with the leading SNP. 
Superimposed on the plot are gene locations (green) and recombination rates (blue). 
Chromosome positions are based on HapMap release 22 build 36.2 and b was prepared 
using SNAP31
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 We next validated the association of the leading SNPs at the 21q21, 
9q21 and 1q25 loci in an independent set of cases and controls (Online 
Methods and Table 3). Our P value threshold for this analysis was set to 
P < 0.017 (calculated as 0.05/3). Cases for the replication study (using the 
Amsterdam Resuscitation Study-Myocardial Infarction (ARREST-MI) 
cohort, n = 146, of which 80.1% were male with an average age ± standard 
deviation of 63.12 ± 13.10 years) were drawn from ARREST, a study aimed 
at establishing the genetic, clinical and environmental determinants of SCD 
in the general population. Dutch out-of-hospital cardiac arrest individuals 
of European ancestry in the ARREST dataset presenting with myocardial 
infarction at hospital admission and with electrocardiogram (ECG)-
documented ventricular fibrillation were included as cases in the replication 
analysis. Controls for the replication analysis (from the Genetic Determinants 
of Restenosis-Myocardial Infarction study (GENDER-MI), n = 391, of which 
79.5% were male with an average age of 61.7 ± 10.1 years) were myocardial 
infarction survivors drawn from the GENDER study,14 which comprises 
individuals who underwent percutaneous transluminal coronary angioplasty 
(PTCA) at a time remote from a myocardial infarction. As observed in the 
AGNES case-control set, the risk G allele of SNP rs2824292 at chr. 21q21 was 
more abundant and the protective A allele was less abundant in the ARREST-
MI cases compared to the GENDER-MI controls (Supplementary Table 2). 
The odds ratio per G allele in this case-control set was 1.49 (95% CI 1.14 – 
1.95, P = 0.004), which is comparable to that found in the AGNES discovery 
set. rs12090554 at chr. 1q25 showed a trend for association with a direction of 
effect similar to that found in the AGNES discovery set (OR = 0.70 per copy of 
the A allele, 95% CI 0.49 – 1.01, P = 0.057). In contrast, rs1353342 on chr. 9q21 
was not associated with ventricular fibrillation in the ARREST-MI compared 
to the GENDER-MI analysis (OR = 0.84, 95% CI 0.53 – 1.34, P = 0.46).
 The AGNES study did not include individuals who died before 
hospital arrival, and it is likely that some of these individuals died from 
ventricular fibrillation arising immediately or very soon after the initiation 

Table 3 | Replication results for the three loci

SNP Odds ratio (95% CI)† P value

rs2824292 1.49 (1.14–1.95) 0.004
rs1353342 0.84 (0.53–1.34) 0.460
rs12090554 0.70 (0.49–1.01) 0.057

ARREST-MI cases, n = 146; GENDER-MI controls, n = 391.
†Odds ratios are per copy of minor allele and are adjusted for age and sex.
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of chest pain and before the arrival of medical help. Thus, we cannot assert 
that the genetic association identified in this study also holds for the group of 
individuals who die immediately after the onset of symptoms. Nevertheless, 
an initial comparison of individuals presenting with ventricular fibrillation 
occurring within 5 min of onset of chest pain (n = 119) compared with those 
presenting with ventricular fibrillation occurring after more than 30 min of 
onset of chest pain (n = 204) showed no significant difference in the distribution 
of genotypes for rs2824292 (Supplementary Table 3).

Discussie

The SNPs most strongly associated with ventricular fibrillation in this study 
appear to be located in an intergenic area that lacks linkage disequilibrium to 
SNPs within genes (Supplementary Figure 2). These SNPs are not necessarily 
the functional variants for the observed effect, but they may serve as proxies 
for the actual functional variant(s). Thus, these SNPs, or functional SNPs 
in linkage disequilibrium with them, are likely to modulate ventricular 
fibrillation risk by exerting long-range effects on gene expression.15 Inspection 
of a 1-Mb region spanning rs2824292 identified three genes all located within 
the area 0.5 Mb downstream of this SNP.
 The gene closest to rs2824292 (located 98 kb away) is CXADR, 
encoding the coxsackievirus and adenovirus receptor (CAR) protein, a type 
I transmembrane protein of the tight junction.16,17 CAR has a long-recognized 
role as viral receptor in the pathogenesis of viral myocarditis and its sequela 
of dilated cardiomyopathy.18,19 Notably, active coxsackie B virus infection has 
been reported at a high frequency in a group of individuals with myocardial 
infarction who died suddenly.20 More recently, two studies have reported a 
physiological role for CAR in localization of connexin 45 at the intercalated 
disks of the atrioventricular node cardiomyocytes as well as its role in 
conduction of the cardiac impulse within this cardiac compartment.21,22 Thus, 
CXADR is a candidate gene for the association reported here.
 Two other genes are located within 0.5 Mb of rs2824292. BTG3, located 
179 kb from rs2824292, encodes B cell translocation gene 3, a member of the 
PC3, BTG and TOB family of growth inhibitory genes.23 Its mRNA expression 
level is relatively high in the testis, lung and ovary but is low in heart.23 
C21orf91, located 374 kb from rs2824292, encodes the human ortholog of the 
chicken C21orf91 (also known as EURL, encoding the early undifferentiated 
retina and lens protein), which is known to be expressed in the developing 
chick retina and lens and has been suggested to play a role in the development 
of these structures.24,25 Further studies, such as exploration of expression of 
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these genes in human heart as a function of genotype at rs2824292 (or other 
linked SNPs), and functional studies are next steps.
 SNPs in the NOS1AP locus, associated with variability in the heart 
rate–corrected QT (QTc) duration in the general population,26–28 have recently 
been implicated as predictors of SCD risk in candidate SNP analyses.29,30 In 
our GWAS, however, there was no association between SCD risk and SNPs at 
this locus.
 Predicting and preventing SCD remains a major challenge for which 
new strategies are needed, and understanding the underlying molecular 
mechanisms of SCD represents a crucial step in this process. Although much 
of the focus on genetic influences on SCD risk in common diseases has been on 
variants that directly or indirectly influence ion channel function, the results 
of the current GWAS suggest new and possibly complementary biological 
pathways that may be implicated in ventricular fibrillation.
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Supplementary data

Supplementary Table 1 | Most significant associations between single nucleotide 
polymorphisms (SNPs) and ventricular fibrillation in the AGNES case-control set

* Based on Build 36.2. † Allele Frequency was based on the total AGNES sample. _ Odds 
ratios are adjusted for age and sex. ‡ The P-values are corrected for genomic control 
factor. Rsq estimates the squared correlation between imputed and true genotypes.

Supplementary Table 2 | Genotype distributions in the patient samples studied 
and in a sample of the general population



198

Chapter 11

Supplementary Table 3 | Genotype frequencies and Odds Ratio (95% CI) for 
rs2824292 based on time-to-VF from onset of complaints

† VF occurring within 5 minutes of onset of chest pain 
‡ VF occurring after more than 30 minutes of onset of chest pain 
* Compares early onset or late onset VF against controls adjusted for age and sex 
§ Compares early onset vs. late onset VF; adjusted for age and sex.

Supplementary Figure 1 | 

Quantile-Quantile Plot of Test Statistics (P-values) for the Associations of Single- 
Nucleotide Polymorphisms with Ventricular Fibrillation in the AGNES Population. 
Under the null hypothesis of no association, the data points would be expected to fall 
on the black line. P-values corrected for possible population stratification by means of 
the genomic control method are presented (λ=1.026)
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Abstract

Background 

Drug-induced long-QT syndrome (diLQTS) is an adverse drug effect 
that has an important impact on drug use, development, and regulation. 
We tested the hypothesis that common variants in key genes controlling 
cardiac electric properties modify the risk of diLQTS.
 Methods and Results In a case-control setting, we included 176 
patients of European descent from North America and Europe with 
diLQTS, defined as documented torsades de pointes during treatment 
with a QT-prolonging drug. Control samples were obtained from 207 
patients of European ancestry who displayed <50 ms QT lengthening 
during initiation of therapy with a QT-prolonging drug and 837 
control subjects from the population-based KORA study. Subjects were 
successfully genotyped at 1424 single-nucleotide polymorphisms (SNPs) 
in 18 candidate genes including 1386 SNPs tagging common haplotype 
blocks and 38 nonsynonymous ion channel gene SNPs. For validation, 
we used a set of cases (n= 57) and population-based control subjects 
of European descent. The SNP KCNE1 D85N (rs1805128), known to 
modulate an important potassium current in the heart, predicted diLQTS 
with an odds ratio of 9.0 (95% confidence interval, 3.5 – 22.9). The variant 
allele was present in 8.6% of cases, 2.9% of drug-exposed control subjects, 
and 1.8% of population control subjects. In the validation cohort, the 
variant allele was present in 3.5% of cases and in 1.4% of control subjects.

Conclusions 

This high-density candidate SNP approach identified a key potassium 
channel susceptibility allele that may be associated with the rare adverse 
drug reaction torsades de pointes.
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Introduction

Unexpected marked prolongation of the QT interval after initiation of 
drug therapy associated with risk of a morphologically distinct pattern 
of polymorphic ventricular tachycardia (torsades de pointes) has been 
recognized since the 1960s.1–3 The most common class of drugs causing drug-
induced long-QT syndrome (diLQTS) is the membrane-active antiarrhythmic 
drug category, with an incidence approaching 8% in some reports.1–3 However, 
diLQTS can occur, albeit more rarely, during treatment with various drugs, 
including many that are not prescribed for cardiovascular indications.1–3 
diLQTS has been a major cause for drug relabeling and withdrawal, creating 
obstacles for drug development and uncertainties during drug approval and 
regulatory processes.1–3

 Clinical studies have identified risk factors for diLQTS such as 
hypokalemia4–6 or female sex,7 but the phenomenon remains unpredictable 
in a given individual. Moreover, the congenital long-QT syndromes, usually 
caused by mutations in ion channel or associated genes, are characterized by 
the same pattern of torsades de pointes. Because the congenital LQTS may 
have variable penetrance8 and some mutation carriers may display normal 
QT intervals, this finding has lead to the hypothesis that the drug-induced 
“acquired” LQT syndromes are conditions predisposed by heritable variants in 
QT-controlling genes. Indeed, screening the common disease genes associated 
with the congenital syndrome has identified mutations in 5–15% of subjects 
with diLQTS.9–14 One recent study reported congenital LQTS mutations in 8 of 
20 (40%) Japanese cases.15

 A second hypothesis is that common genetic variants modulate 
diLQTS risk, and small studies have identified such variants.12,14 In addition, 
1 study reported that the extent of QT prolongation among first-degree 
relatives of subjects with diLQTS was greater than that seen in first-degree 
relatives of subjects who tolerated QT-prolonging drugs without relevant QT 
prolongation.16 In the present study, we tested the second hypothesis, using a 
large cohort of cases drawn from multiple collaborating sites and interrogating 
common variants across ion channel and other high-priority candidate genes.
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Methods

Subject Sample

The 176 diLQTS patients who constituted the case cohort, defined as 
documented torsades de pointes during treatment with a drug having 
known QT-prolonging potential, were from North America or Europe, and 
all were of self-identified European descent. The diagnosis was ascertained 
by cardiologists who specialize in clinical electrophysiology at 7 participating 
centers. The case definition required documented torsades de pointes, 
associated with any reversible QT prolongation during the drug exposure. 
Covariates sought included age, sex, self-reported ethnicity, arterial 
hypertension, history of atrial fibrillation, serum creatinine, and culprit drug, 
as well as information on serum potassium concentrations (with particular 
emphasis on hypokalemia) at the time of the index arrhythmia. Written 
informed consent to participate in the study including the collection and use 
of DNA samples for genetic analysis was obtained with institutional review 
board approval at each center.
 The drug-exposed control subjects consisted of 207 self-identified 
European ancestry subjects derived from a clinical study at Vanderbilt University 
Medical Center, under appropriate institutional review board–approved 
protocols. The study used electronic medical record–based surveillance to 
identify inpatients in whom QT-prolonging antiarrhythmics were being 
initiated. Patients consenting to participate (91% of those approached) agreed 
to allow collection of clinical data, including drug-associated QT interval 
duration changes, as well as DNA samples. For this study, the drug-exposed 
control cohort was defined by the absence of qualifying arrhythmias, <50 ms 
increase in QTc interval using the Bazett formula for heart rate correction, and 
no QTc interval exceeding 500 ms during drug treatment.
 We also used control subjects from the general population. These 
were recruited from the population-based KORA Study (Cooperative Health 
Research in the Region of Augsburg),17 and were all of European descent. In 
brief, 4856 subjects in 10 subsets of equal size, stratified according to sex and 
age, underwent a survey in 1994–1995 (KORA S3) and again in 2004–2005 
(KORA F3). From among the KORA population, we included 837 randomly 
selected subjects as control subjects, maintaining the original sex distribution. 
The study was approved by the ethics committee of the Bavarian Medical 
Association. 
 Finally, we used cases with diLQTS from the Drug-Induced 
Arrhythmia Risk Evaluation (DARE) Study, who met the inclusion criteria 
above, for a validation cohort.18 These validation cases were compared with 
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healthy population control subjects recruited by DARE from the primary care 
practices of cases to achieve geographical matches, aiming for a 2:1 to 4:1 
ratio of control subjects to cases. Control subjects were excluded if there was 
any history of ventricular arrhythmia, drug-induced arrhythmia, syncope, or 
congenital LQTS. All validation control subjects underwent digital 12-lead 
ECGs and were excluded if there was significant abnormality.

Genotyping

Eighteen candidate genes were studied. These included genes reported to 
be disease-causing in cardiac arrhythmia syndromes, functionally important 
subunits of these genes, and genes significantly associated with the QT interval 
in the general population, based on the results of genome wide association 
studies (Table 1).19,20 

Table 1 | Candidate gene based SNP selection
Gene Chr Gene position Tagged Region Tag 

SNPs
NS 

SNPs

AKAP9 Isoform 1 7 91,214,843–91,384,640 91,104,000–91,700,000 16 4
ANK 2 Isoform 1 4 114,328,474–114,662,489 114,160,000–114,690,000 114 4
CACNA1C 12 2,032,725–2,672,368 1,900,000–2,820,000 173 3
NOS1AP 1 158,771,239–159,071,471 158,680,000–159,170,000 130 -
CASQ2 1 115,954,685–116,023,312 115,810,000–116,130,000 66 4
CAV3 3 8,750,496–8,763,450 8,700,000–8,840,000 62 1
FKBP1B 2 24,184,279–24,198,199 24,134,278–24,248,198 13 -
GPD1L 3 32,123,148–32,185,205 31,980,000–32,230,000 50 -
KCNE1 21 34,740,858–34,805,483 34,640,000–34,930,000 68 3
KCNE2 21 34,658,193–34,665,310 34,640,000–34,930,000 28 -
KCNH2 / HERG 7 150,079,697–150,112,662 149,930,000–150,200,000 65 2
KCNJ2 17 65,677,271–65,687,776 65,610,000–65,765,000 42 -
KCNQ1 11 2,422,797–2,826,915 2,260,000–2,900,000 150 1
RYR2 1 233,531,743–234,323,329 233,427,218–234,427,217 232 8
SCN1B 19 40,213,374–40,223,192 40,140,000–40,270,000 24 -
SCN4B 11 117,509,302–117,528,745 117,350,000–117,620,000 47 -
SCN4A 17 59,369,646–59,404,010 59,220,000–59,520,000 24 1
SCN5A 3 38,564,557–38,666,167 33,843,000–38,790,000 82 7
Subtotal 1386 38
Total 1424

Basic information on the 18 genes under investigation and the number of investigated 
SNPs are shown. All data are based on human genome built hg 17, NCBI built 35. 
SNP indicates single-nucleotide polymorphism; Chr, chromosome; tag SNP, haplotype 
tagging SNP; and NS SNP, nonsynonymous coding SNP (for detailed information per 
SNP, see online-only Data Supplement Table I).
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 Haplotype tagging SNPs (tagSNPs) were selected to systematically 
analyze each gene using Tagger,21 based on HapMap22 data release No. 20/
phase II using the March 2006 NCBI B35 genome assembly and dbSNP 
build 125 data. The following criteria were applied for tagSNP selection: 
HapMap CEU population, pairwise-only tagging with r2≥0.8, and a minor 
allele frequency (MAF) ≥10%. To account for genetic variation in regions 
surrounding each gene, we considered upstream and downstream genetic 
data in the tagging procedure. Included regions were defined by linkage 
disequilibrium (LD) blocks, as previously reported.23 We included at least 50 
kb of both upstream and downstream information. A total of 1386 SNPs were 
selected for genotyping using this method. In addition, we included all 38 
nonsynonymous SNPs with MAF ≥1%, previously reported in the 18 candidate 
genes. A summary of all 1424 SNPs chosen for study is presented in Table 1, 
and detailed information including a complete SNP list is presented in online-
only Data Supplement Table 1. Genotyping of all cases, drug-exposed control 
subjects, and KORA population-based control subjects was performed using 
a custom Illumina GoldenGate assay (Illumina OPA GS0007558) according to 
the manufacturer’s recommendations, using the Illumina Beadstation 500GX 
(Illumina Inc, San Diego, CA) in a single laboratory (Genome Analysis Center, 
Helmholtz Zentrum München, Germany). The Illumina BeadStudio software 
clustering algorithm was used for initial data analysis. Thereafter, intensity 
plots of all variants were examined individually, and manual genotype calling 
was performed if necessary.
 Monomorphic SNPs or those with a MAF <1% and SNPs, as well 
as samples with call rates <90%, were excluded from the analysis. A total of 
70 SNPs were removed before analysis. Hardy Weinberg equilibrium was 
calculated for the remaining SNPs, and deviations from Hardy Weinberg 
equilibrium expectations were noted but not excluded from analyses (online-
only Data Supplement Table 1). After filtering, the overall genotyping call rate 
was 97.1%, and a total of 1354 SNPs had sufficient quality for analysis. Details 
of SNPs as well as their clustering relative to the 18 selected genes can be 
found in Table 1. Clusterplots for SNPs selected for replication are shown in 
online-only Data Supplement Figure 1.
 For validation of rs1805128, 57 additional diLQTS cases from the 
DARE cohort and 211 control subjects were genotyped for KCNE1 D85N 
(rs1805128), using standard direct Sanger sequencing of the PCR amplicon 
in both directions. We also used the DARE set to examine whether an initial 
finding with rs7295250 would replicate. For this experiment, samples were 
genotyped using the Illumina Infinium Human CVD 50K Bead Array,24 
analyzed with the Illumina platform 500GX (the Biomics Centre, St George’s 
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University of London, United Kingdom). Of 138 individuals, 2 had >10% 
missing genotypes and were excluded. Another 3 control subjects were 
excluded, having an overall genotype pattern suggestive of non-European 
descent despite self-report. Thereafter, 47 cases and 86 control subjects were 
available with 100% genotyping call rate for rs7295250.

Statistical Analysis

All subjects included in the study were of European descent. We attempted 
the STRUCTURE25,26 and EIGENSTRAT27 methods to account for population 
stratification, but no relevant stratification was identified. In particular, the 
first 5 principal components were nonsignificant.
 All tests of association were performed with the use of PLINK.28 Each 
SNP was tested for association to diLQTS between cases and control subjects, 
using logistic regression adjusted for age and sex in 2 different analyses: 
diLQTS cases versus drug-exposed control subjects, and diLQTS cases versus 
population control subjects. In addition, we attempted sex-stratified analyses 
adjusted for age in each analysis group. Bonferroni correction for multiple 
comparisons would have required an uncorrected probability value of 3×10−5. 
Given our sample size and the fact that ours presumably represents already 
one of the largest collections of diLQTS cases, we applied less stringent 
criteria for identifying SNPs to be evaluated by replication. We planned to 
take forward to the DARE follow-up set any SNP with a probability value of 
<0.01 for both drug–drug-exposed and drug–control population comparisons.
 The validation stage associations in the DARE cohort for rs1805128 
and rs7295250 were assessed among cases and control subjects only, assuming 
an additive genetic model adjusted for age and sex.

Results

The clinical characteristics of the cohorts are presented in Table 2. Among 
the 176 diLQTS cases, 128 (73%) were female, and the mean age was 63 ± 
17 years. The single most common drug associated with torsades de pointes 
was sotalol (n= 52); other common culprit antiarrhythmic drugs included 
quinidine (n= 18) and amiodarone (n= 17). Cumulatively, antiarrhythmics 
(n= 107), antipsychotics (n= 14), and antibiotics (n= 12) were associated with 
diLQTS in 133 (76%) of the cases. In 28 cases, combinations of 2 or more culprit 
drugs were implicated.
 Serum potassium was available in 119 cases at the time of the event 
and was below the laboratory specific reference range in 34 (19.3%) cases. 
Resting heart rate was different between cases (70.0 ± 17.4/min), drug-
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exposed control subjects (80.7 ± 23.9/min), and population control subjects 
(69.0 ± 11.2/min). Atrial fibrillation was more prevalent in the drug-exposed 
control group (88.9%) compared with the population control group (1.7%) 
and with the diLQTS cases (53.4%). Quantitatively analyzable 12-lead resting 
ECG measurements were available in 135 cases, 205 drug-exposed control 
subjects, and 824 population control subjects. ECG measurements were 
included before the event or at steady-state postevent and after culprit drug 
withdrawal. Baseline QT intervals as well as corrected QT intervals using 
multiple formulas was prolonged at baseline in cases compared with both 
control groups.
 Single SNP tests of association assuming an additive genetic model 
were performed for 1354 variants across all 18 genes of interest between 
diLQTS cases and drug-exposed control subjects (Figure 1). The association 
results for all SNPs at a significance threshold of P ≤ 0.01 are shown in Table 3, 
and the results for all associations are shown in online-only Data Supplement 
Table 1. All tests of association used a logistic regression model adjusted for 
age and sex. SNP rs7295250, a variant on chromosome 12 in the genomic 

Figure 1 | Manhattan-plot illustrating the genotyping results

-log10 p-values plotted against the SNPs’ chromosomal location. diLQTS cases vs. drug-
exposed controls in black; diLQTS cases vs. population controls in gray. The horizontal 
line indicates threshold of p=0.01 for SNP replication. Arrows mark associations with 
p≤0.01 in both comparisons.
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region of the L-type calcium channel gene CACNA1C, was associated with 
the smallest probability value among all tests of association. This variant 
conferred an odds ratio of 1.88 (95% confidence interval (CI), 1.30 – 2.71; P= 
7.62 × 10−4). The strongest effect size within this data set was detected for 
rs1805128, which is a nonsynonymous coding (missense) SNP in exon 1 of 
the cardiac ion channel gene KCNE1. This variant leads to an amino acid 
substitution from aspartic acid to asparagine at position 85 of the translated 
protein (Asp 85 Asn; D85N). The variant was significantly associated with 
diLQTS, with an odds ratio of 9.92 (95% CI, 2.36 – 41.80; P= 1.77 × 10−3). The 
SNP showed a marked difference in allele frequency between diLQTS cases 
and drug-exposed control subjects: 8.6% versus 2.9%.
 In parallel, we performed an analysis comparing diLQTS cases 
with population control subjects (Figure 1). Tests of association results with 
P≤0.01 are shown in Table 3, and the complete results are shown in online-
only Data Supplement Table 1. The most significantly associated variant at 
this stage was the previously detected rs1805128/D85N, with an odds ratio of 
8.88 (95% CI, 3.26 – 24.17; P= 1.95 × 10−5). The difference in allele frequencies 
between cases and population-based control subjects was 8.6% versus 1.8%. 
SNP rs7295250 showed weaker but significant association in the analysis 
versus population control subjects: odds ratio, 1.56 (95% CI, 1.18 – 2.07; P= 
1.77 × 10−3). Other SNPs showed strong associations but were not (or not as 
significantly) associated in the parallel analysis comparing diLQTS cases and 
drug-exposed control subjects.
 To validate the association between diLQTS and SNPs rs1805128/
D85N and rs7295250, we assessed the relationship in the independent DARE 
sample consisting of 57 diLQTS cases and 211 population-based, matched 
control subjects. Clinical characteristics of this validation sample are provided 
in Table 2. Cases displayed a higher proportion of cardiovascular disease 
than control subjects, and hypokalemia at the time of the index arrhythmia 
was identified in 25% of those cases for whom admission potassium levels 
were available. Amiodarone (51%) and sotalol (26%) were the 2 most 
common culprit drugs. Six patients (11%) were receiving diuretics, usually in 
combination with another drug. In 12 patients (21%), more than 1 culprit drug 
was implicated. 
 The effect of rs1805128/D85N in the validation analysis showed a 
trend in the same direction as observed in the discovery analysis (Table 3). 
We identified 1 homozygote and 2 heterozygotes among diLQTS cases and 6 
heterozygotes among control subjects. The minor allele frequencies of cases 
and control subjects in this data set were 3.5% and 1.4%, respectively, which 
translated into an odds ratio of 1.5 (95% CI, 0.35 – 6.57; P= 0.58).



KCNE1 D85N as a possible modulator of drug-induced torsades de pointes

213

 In an analysis of rs1805128 stratified by sex, we found similar effect 
estimates and significance levels for both men and women suggesting no major 
effect modification by sex. In each subgroup, the results were comparable to 
the main age- and sex-adjusted analysis (data not shown). SNP rs7295250 
failed to replicate in the DARE cohort, with a nonsignificant effect estimate in 
the opposite direction (Table 3).

Discussion

In the present study, we tested the hypothesis that common genetic variants 
modulate the risk for diLQTS. We observed that the KCNE1 variant 
rs1805128, resulting in D85N, confers substantially increased risk for drug-
induced torsades de pointes. The key resources that allowed us to identify this 
variant as a risk allele were the accumulation of a large set of cases through an 
international collaboration, large control sets of subjects with drug response 
phenotypes, and availability of population control subjects.
 The D85N variant has been implicated previously as a modulator 
of QT interval19,29,30 and T-wave morphology.31 In addition, D85N had been 
described as a rare variant in a small study of 32 diLQTS cases.12 One recent 
study reported that coexpression in heterologous cells of KCNE1 D85N with 
genes encoding potassium channel pore-forming subunits (KCNQ1 and 
KCNH2) impaired IKr and IKs, 2 key repolarizing potassium currents, and 
suggested it contributed to the variable penetrance of the congenital LQTS.32

 Life-threatening adverse drug reactions are rare by their nature 
because high-risk drugs are not generally widely prescribed. Further, many 
such adverse reactions occur in an unpredictable fashion, and sudden death 
caused by this mechanism may not be recognized clinically. Thus, the impact 
of culprit drugs on the balance between risk and benefit of drug therapy in an 
individual patient has not been predictable a priori. Contemporary genomic 
approaches to analyze human phenotypes, such as common diseases, rely 
on discovery and replication cohorts, often accumulating tens of thousands 
of subjects to validate the predictive power of variants with odds ratios <2. 
Accumulating such large numbers of cases is by definition impossible for 
rare adverse drug effects.33,34 Hence, the expectation with the use of either 
an intensive candidate gene interrogation or even a genome-wide approach 
is that common contributory variants can be identified only if they confer 
relatively high odds ratios. Further, demonstration of biological plausibility, 
as in this study, bolsters an argument that a variant identified in this fashion 
contributes to the phenotype under study. Other examples of rare adverse 
drug effects analyzed using genomic approaches include statin-related 
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myopathy35 and abacavir-related skin reactions.36 In both cases, individual 
genetic variants with strong effects on risk and with biological plausibility 
arguments have been identified.
 We studied cases of diLQTS caused by a wide range of drugs and drug 
classes, although the majority was antiarrhythmic-related. Atrial fibrillation 
was most prevalent in the drug-exposed control group compared with the 
population control group and with the diLQTS cases. The reason for this 
distribution pattern was the fact that many diLQTS cases and drug-exposed 
control subjects received culprit drugs for atrial fibrillation treatment. It is 
widely accepted that culprit drugs all share a common proximate mechanism, 
which is inhibition of the rapid component of the cardiac delayed rectifier 
potassium current, IKr.1–3 This common mechanism justifies the inclusion in 
this analysis of multiple culprit drugs. High concentrations of offending drugs 
are also clinical risk factors for diLQTS, although mechanisms producing such 
elevations are drug-specific. Thus, the analysis we report did not consider 
variability in drug concentrations. Although the phenotype that we studied 
required documented torsades de pointes, this arrhythmia has the potential 
to degenerate to ventricular fibrillation and thus cause sudden cardiac death. 
Indeed, use of QT-prolonging antipsychotics37 and of other high potency IKr 
blockers38 has been associated with an increased risk of sudden cardiac death.
 Electrophysiological experiments using a range of approaches, from 
whole hearts39–41 to single mammalian cells42 to computational simulations,43 
support the concept that variability in the extent to which IKr block prolongs 
QT interval is determined not only by this specific current but also by 
multiple other currents whose integrated activity generates normal cardiac 
repolarization. A framework for analyzing diLQTS susceptibility suggests 
that multiple mechanisms control normal cardiac repolarization. Thus, 
loss of a single component in this system is unlikely to cause marked QT 
derangement; this redundancy has been referred to as “repolarization 
reserve.”44 As a consequence, individuals with a reduced repolarization 
reserve, due to common genetic variants or other risk factors such as sex, 
may display entirely normal QT intervals until drug challenge eliminates 
the remaining reserve, resulting in marked QT prolongation and torsades de 
pointes. Recent studies have implicated a second key repolarizing current, IKs, 
as a major contributor to repolarization reserve.41–43 Our finding that a variant 
in KCNE1 is a risk factor for diLQTS is entirely consistent with this view 
and supports the idea of using such a “system” approach45 to analyze the 
physiological underpinnings of other rare, previously unpredictable adverse 
drug effects. Our diLQTS cases presented with significantly prolonged QTc 
measurements compared with control subjects. We attribute this finding in 
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part to the fact that many ECGs in cases unavoidably were collected when 
the patients were not entirely off the QT-prolonging drugs. Our findings 
demonstrate the power both of multi-institutional collaborations to study rare 
adverse drug effects and of contemporary genomic approaches as a first step 
to definitive studies to directly test the value of “preprescription genotyping” 
to optimize drug therapy. Further studies will be required to determine 
whether preprescription genotyping at this site can reduce the incidence of 
diLQTS.

Limitations and Conclusions

Restricting our study to participants of European descent does not allow us 
to make any conclusion with regard to other ethnicities. Although we did not 
detect relevant population stratification in our cohort, diLQTS cases were of 
European descent but all population control subjects were Germans only. 
Current standards in genetic association studies generally require rigorous 
standards regarding adjustment for multiple comparisons and independent 
replication. As outlined above, the rarity of our phenotype prevented us from 
collecting higher numbers of participants to meet this standard. However, the 
clinical importance of the phenotype justified the acceptance of a trade-off 
in requirements. In addition, we aimed to minimize false-positive results by 
using 2 control groups, different in nature, and an independent validation 
step, which showed consistent but not significant results. As particularly 
the sample size of the case group was small, we attribute this finding to a 
limitation of statistical power. In addition to the sample size, also the low 
frequency of the D85N risk allele is of importance when interpreting the 
nonsignificant validation. However, the D85N variant is known to modulate 
potassium current and prolong repolarization. Data attributing risk to this 
variant in our study and previous work is creating a portfolio of evidence 
that supports the idea of genotyping subjects at risk before drug exposure. At 
present, such an option might be still distant but will become more interesting 
once further supporting replication evidence is available. How much evidence 
is required to act on a specific variant in this fashion remains controversial and 
is likely to evolve as genotyping costs and very large databases evolve.46 We 
submit that the clarity of our findings would have benefited from additionally 
adjusted models including ECG measurements such as the QTc interval or 
other clinical covariates such as potassium levels or concomitant diseases. 
Because of an excess of missing data in our case samples, we were restricted 
to a limited adjustment as presented. Future investigations will be required 



216

Chapter 12

to gain further insight regarding the effect of other factors on the association 
between D85N and diLQTS.
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Sudden cardiac death (SCD) is a major health problem and accounts for a 
substantial part of all natural deaths in the Western world. Ventricular 
arrhythmias, of which ventricular fibrillation (VF) is the most common, 
underlie most of SCDs in the general population. Therefore, understanding, 
predicting and preventing VF seems to be the most successful solution to 
reduce SCD incidence. In this thesis I studied mainly ECG-documented 
potentially lethal ventricular arrhythmias and aimed to distillate their clinical, 
electrocardiographic and genetic determinants. Clearly, identifying such 
determinants is the first step towards uncovering mechanisms underlying 
lethal cardiac arrhythmias, while mechanism-specific preventive strategies 
are the most effective in SCD prevention.

Part I: Sudden cardiac death in the general population

Chapter 2 describes the rationale and outline of the ARREST registry, a study 
that was set up to establish the determinants of outcome of OHCA and 
extended in 2007 to study genetic, clinical and pharmacological determinants 
of SCD. In Chapter 3 the ARREST registry was used to identify pediatric out-of-
hospital cardiac arrests (OHCA) and determine its incidence and contribution 
to total pediatric mortality, the causes of pediatric OHCA, and the outcome 
of resuscitation of pediatric OHCA patients. We conducted this study because 
there was a paucity of complete studies on incidence and causes of pediatric 
OHCA and on outcomes of cardiopulmonary resuscitation (CPR) of pediatric 
OHCA victims.
 We found that a quarter of the total pediatric mortality was caused 
by OHCA. Every year, 9 of 100,000 children in the Netherlands sustain an 
OHCA. Cardiac causes accounted for 3 OHCA cases and non-cardiac causes 
for 6 OHCA cases per 100,000 pediatric person-years. Cardiac causes were 
the most prevalent single cause of pediatric OHCA (39%), followed by 
traffic accidents (26%). The overall survival of resuscitated pediatric OHCA 
patients was 24%; the vast majority of survivors (83%) were discharged with 
neurologically intact function. 
 In order to estimate the contribution of OHCA due to cardiac causes to 
the total of OHCA and to total pediatric mortality, we used a broad definition 
of OHCA and included natural and non-natural causes of OHCA. We also 
defined children as subjects of 20 years of age or younger, in order to be able to 
compare our results to other studies. Surprisingly and comparable to adults, in 
children, too, SCD was the single most common cause of natural deaths. This 
might be not so surprising if taking into account that most sudden deaths in 
the young are due to inherited cardiac diseases (e.g., primary rhythm disease 
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and cardiomyopathy), while death causes due to inherited heart diseases are 
more common at young age. Although we identified 90 cases of SCD in the 
young in Chapter 3, we were not able to determine the etiology (e.g., primary 
arrhythmia syndromes, congenital structural heart diseases) underlying SCD 
in these SCD victims. However, with the availability of DNA samples in 
ARREST, the underlying substrate for SCD might be uncovered by genetic 
testing in the future, while retrieving a more comprehensive medical history 
of the young SCD cases will further help to unravel the heterogeneous causes 
of SCD. Such a study is now ongoing.
 We found also, unlike the suggestion in previous literature, that 
outcome of resuscitated pediatric OHCAs (both survival and neurologic 
recovery) was excellent and comparable to the outcome in adult OHCA. 
Striking was the high rate of VT/VF in adolescents (86%), which is probably 
due to high rates of witnessed collapse, bystander resuscitation and the 
wide availability of AEDs in combination with rapid response times of 
EMS. However, it is also tempting to speculate about the ability of VF to 
last longer in an adolescent’s heart and to extinguish earlier in a diseased 
(myocardial ischemic) adult heart. Also intriguing are the equal survival rates 
(approximately 30%) among adolescents and infants, while VT/VF as initial 
rhythm was found in virtually all the adolescents and almost in none of the 
infants. Clearly, VT/VF as initial rhythm is associated with a better survival 
in adults, as VT/VF is treatable by defibrillation and asystole is not. Future 
studies are warranted to explain a higher survival than expected in children 
with an asystole. 

Part II: Clinical risk factors for sudden cardiac death in the 
general population

Coronary artery disease and heart failure are the most established risk factors 
for SCD and VF in the general population. In this part, we have identified two 
additional non-cardiac risk factors (epilepsy and non-cardiac sodium channel 
blocking drugs). Furthermore, we have identified atrial fibrillation (AF) as 
a cardiac risk factor for SCD. Identifying such cardiac and non-cardiac risk 
factors may uncover new mechanisms underlying SCD.

Epilepsy (Chapters 4 and 5)

Non-cardiac disorders that are associated with SCD may serve as a tool 
to identify mechanisms that underlie both the non-cardiac disorder and 
SCD. In this thesis, we chose to study epilepsy. Epilepsy is associated with 
sudden death, while epilepsy and cardiac arrhythmias are both caused by 
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pathological electrical activity, occurring in the brain and heart, respectively.1,2 
The question that remained open was whether the reported sudden deaths 
in epilepsy represented SCD or other non-cardiac causes of sudden death 
(e.g., respiratory arrest due to epilepsy).1 In chapter 4, we conducted the 
first population-based case-control study addressing this issue. Cases were 
patients with ECG-documented VF and controls without VF were drawn 
from the general population. Epilepsy diagnosis was ascertained in cases 
and controls. We found epilepsy to be independently associated with a more 
than three-fold increased risk for VF. In chapter 5 we further explored this 
association and studied whether epilepsy patients were at increased risk 
for SCD due to epilepsy itself or due to use of (potentially) pro-arrhythmic 
antiepileptic medications (AEMs). Of note, some AEMs may impede cardiac 
depolarization by blocking cardiac sodium channels; this mechanism can 
evoke lethal arrhythmias in susceptible individuals.3 Therefore, we conducted 
a population-based case-control study. Cases were subjects with clinically 
ascertained SCD from the general population and controls were living subjects 
that were also drawn from the general population. Epilepsy status and use 
of AEMs was ascertained in cases and controls. Also in this independent 
study we confirmed the three-fold increased SCD risk in epilepsy patients. 
Interestingly, patients with stable epilepsy (seizure free due to effective 
treatment) were not at risk for SCD, while patients with symptomatic epilepsy 
had an almost six-fold increased SCD risk. 
 Use of AEMs was associated with an almost three-fold increased SCD 
risk in epilepsy patients and a two-fold increased SCD risk in non-epilepsy 
patients. Sodium channel blocking AEMs were associated with a threefold 
increased SCD risk, even after additional adjustment for epilepsy, while non-
sodium channel blocking AEMs were not associated with an increased SCD-
risk.
 Interestingly, epilepsy predisposes for SCD when it is in its active 
form, but not when it is well-controlled by medication. This may indicate that 
epileptic seizures themselves initiate SCD, for example, through impairment in 
autonomic function. However, SCD and epilepsy may have a shared molecular 
basis (e.g., mutations in ion-channels genes expressed both in the brain and 
the heart), while uncontrolled epilepsy acts as trigger for arrhythmias. Long 
QT syndrome type 2 (LQT2) provides an elegant illustration of the interaction 
of an autonomic trigger with an underlying pro-arrhythmic substrate. The 
cause of LQT2 lies in cardiac mutations in the KCNH2 gene, which encodes 
a cardiac potassium channel, while the trigger, among others, is provided by 
the sympathetic system; torsades de pointes (TdP) arrhythmias are typically 
triggered by sympathetic activation in response to emotional stress.4-7 
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Approaches directed at attenuation of sympathetic nervous system activity 
(β-adrenoceptor blockers, left cardiac sympathetic denervation) are effective 
in preventing SCD in LQT2 patients.8.9 
 At the present moment, no tools are available for preventing SCD in 
patients with uncontrolled epilepsy.4 A randomized-controlled trial evaluating 
the effect of β-adrenoceptor blockers on prevention of SCD in patients with 
uncontrolled epilepsy may be considered.  This hypothesis is underscored by 
unpublished data from ARREST indicating that diabetes (severe diabetes is 
comparable with cardiac denervation) protects epilepsy patients from VF. 
 Interestingly, besides epilepsy, other “brain diseases” are also 
associated with SCD in the general population. A recent population-based 
study indicated that severe depression is associated with an independent 
SCD risk of 1.8, while less severely depressed subjects have a 1.3-increased 
risk compared to healthy controls. Alteration of the imbalance between 
sympathetic and parasympathetic resulting in decreased heart rate variability 
in patients with depression is proposed as potential pro-arrhythmic 
mechanism.10 Furthermore, high rates of sudden death are also reported in 
patients with schizophrenia, while a recent report describes an increased 
prevalence of the Brugada syndrome ECG (that is associated with VF) among 
individuals with schizophrenia. This association was not explained by the 
use of sodium channel–blocking medication (which may also unmask the 
Brugada ECG).11 Also recent, high rates of sudden death were reported in 
patients with Parkinson’s disease. This association is awaiting confirmation 
in a SCD study.12 Future studies will have to investigate whether these brain 
diseases (epilepsy, depression, schizophrenia and Parkinson’s disease) have a 
shared pathophysiology with SCD, act as triggers of SCD or both. 
 The second finding of our study is that non-cardiac sodium channel 
blocking drugs are associated with SCD in epilepsy patients. This is further 
explored in chapter 6. 

Non-cardiac sodium channel blockers (Chapter 6)

The role of cardiac and non-cardiac potassium channel blocking drugs in 
SCD-risk is well established. The mechanism by which these drugs predispose 
for SCD (impairment of cardiac repolarization by IKr blockade leading to a 
prolonged QT interval and TdP) is well studied, while TdP triggers that add 
up to this mechanism (hypokalemia, bradycardia, heart failure) are identified. 
This has inspired the formulation of the “repolarization reserve” hypothesis 
by dr. Roden, stating that multiple challenges to the myocyte’s repolarization 
mechanisms are required to produce clinical QT interval prolongation and/
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or TdP.13 This hypothesis is established and appeared to be useful in clinical 
practice.14 Consequently, it’s intriguing to ponder whether, analogous to 
repolarization reserve, depolarization reserve also exists. In chapter 6 we 
illustrate mechanisms underlying the depolarization reserve.  
 Cardiac sodium channels generate the sodium current and initiate 
cardiac depolarization. Mutations in the gene encoding the cardiac sodium 
channel (SCN5A) may result in an impaired sodium current and depolarization. 
Loss-of-function SCN5A mutations are associated with the Brugada syndrome, 
while the Brugada syndrome is associated with lethal cardiac arrhythmias.5 
The CAST trial initially indicated the role of cardiac sodium channel blocking 
drugs in SCD, where class 1C cardiac anti-arrhythmic drugs (established 
cardiac sodium channel blockers) caused excess mortality in patients with 
increased susceptibility due to cardiac ischemia or heart failure.3 
 In chapter 6 we studied whether non-cardiac sodium channel 
blocking drugs could also increase the SCD-risk in the general population. 
For this purpose, we used nortriptyline (an anti-depressant) as a model 
drug. We performed clinical, molecular-genetic, and functional studies, and 
identified multiple mechanisms that depleted the depolarization reserve and 
predisposed in an additive manner to VF-susceptibility. 
 Firstly, we established that nortriptyline impairs cardiac 
depolarization. We found that healthy subjects using nortriptyline had a longer 
QRS interval than non-users. Second, we described a Brugada syndrome 
patient with impaired depolarization due to a mutation in SCN5A, in which 
nortriptyline further impaired the depolarization, but (transient) potentially 
lethal arrhythmias only occurred if a third depolarization impairing factor 
was added. For this patient, the third depolarization-impairing factor was 
exercise. Using patch-clamp experiments we demonstrated how and when 
exercise (fast heart rates) interacts with the cardiac sodium channel and leads 
to a reduced sodium current and impairs depolarization. Third, we conducted 
a population-based case-control study to probe the effect of nortriptyline use 
on VF risk in the general population. Cases were drawn from ARREST and had 
ECG-documented VF, while controls were drawn from the general population. 
Use of nortriptyline was identified in cases and controls. Nortriptyline use 
was associated with a 4.5-fold increase in the risk for VF, particularly when 
other sodium channel-blocking factors (use of other cardiac sodium channel-
blocking drugs, cardiac ischemia, heart failure) were present.
 Thus, non-cardiac sodium channel blocking drugs are capable of 
impairing cardiac depolarization and triggering SCD, especially if present 
with other factor that further decrease the depolarization reserve. In chapter 
5 we have associated AEMs that block the sodium channel with SCD in 
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epilepsy and non-epilepsy patients. We assume that AEMs use in these 
patients predispose for SCD in the same manner as described for nortriptyline 
in chapter 6. It is therefore important to identify additional factors in users 
of AEMs that also impair cardiac depolarization. For example, in case of 
epilepsy patients, use of AEMs, other depolarization impairing factors 
(e.g., SCN5A and SCN10A mutations, concomitant drug use, heart failure, 
cardiac ischemia) in combination with fast heart rates may impair cardiac 
depolarization and trigger VF. Epilepsy is associated with sinus tachycardia, 
which sometimes precedes the onset of seizures.15 Therefore, fast heart rates 
may be the required critical factor that depletes the depolarization reserve 
and triggers potentially lethal cardiac arrhythmias. Of note, fast heart rates 
in epilepsy patients are known to precede the onset of seizures.15 Thus, fast 
heart rates, that are present before the seizure begins, may critically impair 
cardiac depolarization and induce fatal cardiac arrhythmias in susceptible 
epilepsy patients, even before the patient sustains a seizure. This may explain 
why SCD in epilepsy is typically not triggered by a seizure.16 It may therefore 
be contemplated, as proposed before in this discussion, to explore the use of 
β-adrenoceptor blockade in patients with epilepsy and use of AEMs as they 
may eliminate pre-seizure induced fast heart rates and prevent arrhythmias. 
 For clinical practice, clinicians should be careful in prescribing 
sodium channel blocking drugs to subjects with QRS-prolongation at baseline, 
subjects suspected of Brugada Syndrome, or subjects using other cardiac or 
non-cardiac drugs known to possess the ability to block the cardiac sodium 
channel. Finally, exercise testing, as is performed by protocol in all patients 
in which flecainide is prescribed, can be used as a tool to unveil a possible 
pre-existing deficit in depolarization reserve when sodium channel blocking 
drugs are prescribed. A list of such drugs is provided on the website www.
brugadadrugs.org. 

Atrial fibrillation (chapter 7)

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. Its 
incidence is predicted to double in the coming decades.17 AF is associated 
with increased rates of mortality.18 However, the understanding of specific 
mechanisms underlying death in AF remains limited. The Randomized 
Evaluation of Long-Term Anticoagulant Therapy (RE-LY) study, which 
compared dabigatran with vitamin K antagonists in 18,000 patients with AF, 
showed recently that stroke- and hemorrhage-related deaths represented less 
than 10% of the total mortality among anticoagulated AF patients. The study 
concludes that future improvements in antithrombotic treatment may add 
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little to further reductions in overall AF mortality.19 Interestingly, the same 
study found that cardiac deaths accounted for almost 40% of the total AF 
mortality.19 Recently, the combined Atherosclerosis Risk in Communities /
Cardiovascular study identified SCD as an important cause of death in AF 
patients and found a 2.5-fold increased SCD risk in AF patients.20

 In chapter 7 we further explored this association and studied whether 
VF drove the association between AF and SCD and probed the role of 
concomitant diseases and drug use in this association. We conducted a case-
control study in ARREST. We identified subjects with AF among cases and 
control, while SCD was defined as (aborted) SCD due to cardiac causes with 
ECG-documented VF.  We found AF to be independently associated with a 
three-fold increased risk for VF. The risk was similarly large across various 
subgroups and age categories. Co-morbidity, use of antiarrhythmic/QT-
prolonging drugs or acute myocardial infarction (MI) did not fully account 
for this increased risk.
 Okin et al. studied the risk of SCD and new-onset of AF in hypertensive 
patients and found comparable results: AF was associated with an 3.1-
fold increased risk for SCD.21 Patients without heart failure had a four-fold 
increased SCD risk. Interestingly, in our study we noticed a two-fold higher 
risk in females compared to males. Okin et al. reports the same trend towards 
a higher SCD risk in females compared to males. Future studies have to show 
whether this association indicates a biological substrate or not.
 The challenge for the future is to replicate the current study in 
an independent database, and if replicated, to unravel the mechanisms 
underlying the association between AF and VF. Before we can proceed to SCD 
prevention in AF patients, it is essential to understand the complex etiology of 
AF, its triggers and their interaction with the susceptibility for VF.  The failure 
of randomized controlled trials in AF patients to show a beneficial survival 
effect of antiarrhythmic drugs probably reflects our incomplete understanding 
of the heterogeneity of AF causes. The recent discoveries in the genetics of AF 
illustrate this heterogeneity elegantly. Since 1997, several genes representing 
unique (sometimes opposing) mechanisms have been shown to underlie 
AF.22 Examples are rare gain-of-function mutations in potassium-channel 
genes leading to shortening of the atrial action potential duration (KCNQ1, 
KCNE2, KCNJ2, KCNE5) and loss-of-function mutations in sodium channel 
genes leading to prolongation of atrial action potential (SCN5A and 4 of its 
associated β subunits SCN1B, 2B, 3B and 4B). From this we can learn valuable 
lessons such as that quinidine or amiodarone would be recommendable for 
patients with a gain-of-function of a potassium-channel, while flecainide 
would not be such a good idea in patients with a loss-of-function of a sodium 
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channel. More importantly, using the genome wide association study (GWAS) 
approach, common variants in the general population predisposing for AF 
at 4q25 (PITX2), 16q22 (ZFHX3) and 1q21 (KCNN3) have been identified22.
Thus, in order to understand why AF might lead to VF it is vital to understand 
what underlies AF, as multiple mechanisms might predispose to VF in AF 
patients. 
 As most of the rare variant in AF have also a role in the pathophysiology 
of VF, the recently identified common variants for AF should be also tested 
in SCD cohorts and vice versa for variants identified in SCD cohort. Finally, 
we have to await the ongoing Catheter Ablation vs Anti-arrhythmic Drug 
Therapy for Atrial Fibrillation Trial (CABANA) to learn whether restoration 
of sinus rhythm with catheter ablation instead of anti-arrhythmic drugs will 
truly improve survival of AF patients.23 

Part III: ECG related risk factors for sudden cardiac death

The Long QT syndrome (LQTS) has served and continues to serve as an 
example for understanding cardiac arrhythmias. Much of the genetic, 
molecular, ECG and clinical characteristics of LQTS are established. However, 
despite the large body of available data on LQTS, the mechanisms that 
initiate TdP in LQTS patients are not well understood. Although abnormal 
prolongation of the QT interval identifies patients at increased risk for TdP, 
many patients tolerate marked QT prolongation without TdP.8 Thus, there 
must be other determinants that trigger TdP.  To identify such determinates, 
we used in this part of the thesis ECGs of LQTS patients (congentital and 
acquired) with documentation of TdP and studied the onset of TdP in detail 
in order to distillate ECG-related determinants of TdP onset. Also here, such 
determinants might be caused by specific mechanism that can be targeted in 
LQTS patients and non-LQTS patients to prevent SCD.
 TdP were initially thought to be pause dependent in all types of 
acquired LQTS and the vast majority of congenital LQTS.  This pause-
dependency of TdP is part of a cascade phenomenon that ultimately unleashes 
TdP. The cascade starts with a premature complex (mostly a premature 
ventricular complex, but a premature atrial ventricular complex or even a 
sinus arrhythmia is also possible). Essential is that the premature complex 
generates a post-extrasystolic pause. The sinus complex that follows the 
pause shows marked QT-prolongation from which TdP develops. TdP occur 
only if the pause has reached a critical length. Thus, post-extrasystolic pauses 
play an important role in TdP initiation.24



Summary, discussion and future perspectives

231

 Interestingly, besides the majority of pause-depent TdP, also a 
minority of non-pause dependent TdP were reported in the literature. We 
hypothesized that this disparity may be explained by the different LQTS 
genotype and point to different arrhythmia mechanisms. To this end, we have 
studied in chapter 8 whether the proportion of pause-dependent TdP onset 
varies among LQTS genotypes. We studied patients with LQTS types 1, 2, an3 
(LQT1, 2 and 3) for whom ECGs with TdP onset were available and analyzed 
whether pauses preceded TdP onset.
 Pauses preceded TdP significantly more often in LQT2 (68%) than 
in LQT1 (0%), and the interval immediately before TdP (pause interval) was 
significantly longer in LQT2 than in LQT1. The LQT3 group was too small 
for statistical analysis. Thus, we found that pause dependence of TdP onset 
in congenital LQTS was genotype specific, being predominant in LQT2, but 
absent in LQT1. 
 This finding may affect treatment strategies, as pacemaker therapy, 
which has been shown to be highly effective in pause-dependent TdP in acquired 
LQTS25, can now be also considered as an ancillary (besides β-adrenoceptor 
blockers) treatment mode in LQT2.  Furthermore, the observation that 
presence or absence of a pause in the initiation of TdP is genotype mediated, 
may point to different mechanisms of TdP onset.  Experimental studies 
have provided evidence that pause-dependent TdP is triggered by early 
afterdepolarizations (EADs) carried by L-type Ca+ channels.26 The absence of 
pause dependence in LQT1 suggests that EADs may not be the predominant 
mechanism of TdP initiation here. Conversely, the relatively fast heart rate 
preceding TdP in LQT1 may be compatible with delayed afterdepolarizations 
(DADs) secondary to intracellular calcium overload, although it does not 
fully exclude EADs.27 Accordingly, experimental studies have shown that IKs 
blockade (LQT1) causes DADs but not EADs.28 Conversely, experimental IKr 
blockade (LQT2) causes EADs, predominantly at slow heart rates.29

 Having clarified the role of pause-dependency in LQTS, we further 
focused on the determinants of TdP onset.  In chapter 9 we further focused on 
the pause-dependent TdP and specifically on the abnormal T-U-waves from 
which TdP possibly evolve. It is suggested that abnormal T-U waves have 
a role in triggering TdP as they may be the ECG representations of EADs 
on cellular level.  In fact, monophasic action potential recordings showed 
that the U-wave in LQTS patients closely correlated with early EADs at the 
cellular level.30 These EADs may be the triggers of pause-dependent TdP.30 
Thus, giant T–U waves in LQTS could not only represent an additional ECG 
criterion for TdP, but also constitute one of the actual pathophysiologic trigger 
mechanisms for TdP.  In chapter 9 we studied the relevance of giant T-U-
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waves in TdP onset. We therefore compared ECG parameters before TdP 
onset with ECG parameters before other premature ventricular complexes 
(PVCs). We analyzed ECG recordings with TdP in LQTS patients (congenital 
and acquired) and compared them with PVCs from non-LQTS patients with 
normal QT intervals and with PVCs in LQTS patients not related to TdP. 
 Abnormal T–U waves directly preceded TdP in in virtually all LQTS 
patients and were larger than T-U wave amplitude in control patients and 
larger than the largest T–U-wave in LQTS without TdP. The TdP-initiating 
beat emerged from a T–U wave in the majority of LQTS patients and in none 
of the control patients. The QRS duration of the first TdP beat was longer 
than in control PVCs and in PVCs in LQTS patients. Thus, abnormal, giant 
T-U waves separate TdP initiation in LQTS patients from PVCs in other heart 
disease and from other PVCs in LQTS patients. These ECG analyses suggest 
that AEDs initiate TdP and, if present, may help to identify an imminent risk 
for TdP.
 The findings in chapter 8 and 9 again illustrate the complexity and 
variety of risk factors that are required before TdP occurs. In the case of 
pause-dependent TdP, QT prolongation alone is not sufficient to induce TdP. 
In chapter 9, we demonstrated that the degree of QT interval prolongation 
in LQTS patients was not different between ECGs with TdP and ECGs with 
PVCs but without TdP. Even more, QT-prolongation and a pause was also not 
enough for TdP induction, as both TdP and PVCs are preceded by a pause, 
and both TdP and PVCs show an equally prolonged QT interval in LQTS 
patients. Apparently, an additional third factor is needed, and in this case, 
that is the abnormal giant T-U waves from which TdP initiate. At cellular level 
this cascade phenomenon leading tot TdP might be hypothetically visualized 
as prolonged repolarization (due to a genetic mutation or drugs resulting in 
QT prolongation on the ECG), further prolonging repolarization (by a pause 
resulting in a longer repolarization interval, that is seen on the ECG as further 
QT prolongation in the complex following the pause); the extra prolonged 
repolarization results in a delayed inactivation of calcium channels. The 
resulting late inflow of calcium contributes to the formation of EADs. These 
EADs may reach critical threshold amplitude and trigger TdP.
 Interestingly, PVCs in non-LQTS patients (also studied in chapter 9) 
had no U-waves or only small ones. This may explain why studies aiming at 
preventing ventricular arrhythmias (VT/VF) in ICD carriers by using pacing 
algorithms that prevent pauses following PVCs have failed. The three trials 
published up to now using pause prevention algorithms have effectively 
eliminated pauses, but failed in preventing ventricular arrhythmias.31-33 
Prevention of arrhythmias by pacing will only work if the pause is part of 



Summary, discussion and future perspectives

233

the mechanism from which the arrhythmias arise, as is illustrated above for 
LQTS. Such patients groups (apart from LQTS) have not yet been identified.
 Having established in chapter 9 that the QRS duration of the first TdP 
beat is longer than other non-TdP related PVCs, we hypothesized that the 
origin of TdP is distant from the specialized conduction system.  In chapter 
10 we conducted a retrospective analysis of all episodes of LQTS-related 
arrhythmias recorded in 50 patients. The site of origin of TdP was defined 
according to the morphology of the initiating ventricular complex based on 
validated criteria. Multiple-lead recordings of 1025 LQTS-related arrhythmias, 
including 151 episodes of TdP and 874 QT-related extrasystoles were studied. 
We found that the site of origin of TdP was not homogeneously distributed. 
Instead, the majority of episodes of TdP and most QT-related extrasystoles 
originated from the outflow tract. There was no correlation between site of 
origin and the aetiology of LQTS or the QT duration. On a given patient, 
multiple episodes of TdP tended to originate from the same area and the site 
of origin of QT-related extrasystoles correlated with the site of origin of TdP. 
Thus, the most frequent site of origin of TdP was indeed not the conduction 
system, but the outflow tract. This finding may also have clinical implications. 
The fact that patients with recurrent TdP have a predominant area of origin 
of their arrhythmia suggests that radiofrequency catheter ablation of a 
patient-specific site may be an alternative therapeutic strategy for patients 
with arrhythmic storms refractory to conventional therapy in whom a single 
or highly-predominant site of origin is carefully documented. Mapping 
and ablation of ventricular arrhythmias has been successfully performed in 
isolated LQTS cases.42 
 An example of future challenges includes understanding why most 
TdP are self-terminating while others result in VF. LQT1-related arrhythmias 
seem less self-terminating than LQTS2-related arrhythmias, while we have 
noticed in chapter 8 that the onset of TdP (first two TdP beats) are faster than 
in LQT2. It would be intriguing to determine whether TdP cycle length is 
mediated by genotype and whether TdP cycle length predicts self-termination 
of TdP. One can speculate that shorter cycle length as (possibly) present in 
LQT1 TdP, may predispose for VF. Additionally, it is also possible that LQT1 
directly degenerates into VF. 

Part IV: genetic risk factors for sudden cardiac death

The role of genetics in SCD risk in the general population was inspired by 
research in channelopathies, of which LQTS is the most important. However, 
population-based studies confirming that SCD has a heritable component 
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were lacking for a long time. Four major population studies addressed the 
question whether a family history of SCD is a risk factor for developing SCD.  
Although the heterogeneity of SCD cases within and between the studies 
was large, all four studies found that a family history of SCD predisposes for 
SCD and together provided a clear gateway towards intriguing research into 
genetics of SCD.  
 The first study addressing this issue was the Seattle study (1998), 
which conducted a retrospective case-control study over the period 1988-
1994.34 SCD cases were subjects without any known cardiac diseases that 
sustained OHCA presumably due to cardiac causes. Control subjects without 
any known cardiac diseases were sampled from the community by random-
digit dialing. For cases and controls, parental history of MI or SCD was 
retrieved. The study investigated whether parental history (reported by 
family members of cases and controls) of MI or SCD was associated with SCD 
risk in cases. Even after adjustment for other common risk factors for SCD, a 
1.6-increased risk for SCD in those cases with a positive parental history of MI 
or SCD was found. 
 The second study investigating the hereditary component of SCD was 
the Paris Heart study in 1999, which conducted a prospective study among 
7746 (police) men during 23 years.35 Cases were men without known ischemic 
cardiac diseases that died a natural death occurring within 1 hour of onset of 
acute symptoms (as derived from death certificates). Parental SCD or MI was 
self-reported by cases and control at inclusion in the study. The study assessed 
whether parental SCD or MI was associated with the occurrence of SCD in this 
cohort. When adjusted for confounding variables (also for parental history of 
MI), parental history of SCD was associated with a 1.8-increased risk for SCD. 
If both parents had a history of SCD, the risk for SCD was 9.4-fold increased.
 These first two studies have taken the first step in establishing the 
role of heritability in SCD in the general population.34,35 However, a set of 
important questions remained open. First, the key variable in both studies was 
parental SCD or MI, while this was self-reported by family members, raising 
the question whether non-medically trained persons truly can differentiate 
between SCD, MI and other non-cardiac causes of sudden death that occurred 
in the past. Second, the mode of SCD in cases was unclassified. Therefore 
the unanswered intriguing question remained whether SCD in cases was 
mediated by non-ischemic causes (as suggested by selecting cases with no 
known ischemic cardiac diseases) or ischemic causes (which is more probable 
with an average age between 48 and 59 years in both studies) and if SCD 
was ischemia-induced, whether the final rhythm was VF or not. Clearly, such 
questions aimed at uncovering phenotype of SCD may have seemed of minor 
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importance when the above described studies were designed, but are in fact 
of major importance for further studies aiming at elucidation the molecular 
genetic basis of SCD at population level.  
 The third study from Finland (2006) tackled most of the limitations 
of the previous two studies by including three groups of patients: the first 
group consisted of SCD cases with an autopsy-confirmed MI. The second 
group consisted of MI-survivors, while the third group consisted of healthy 
controls. Family history of MI or SCD was autopsy confirmed.36 The study 
found that parental SCD was higher in the MI-induced SCD (OR 2.2) than 
in the MI-survivors (OR 1.6), while parental MI did not differ between SCD 
cases and MI-survivors. The study concludes that parental SCD predisposes 
for MI-induced SCD.  As this study further established the role of heritability 
in MI-induced SCD, the question remains whether this association was driven 
by MI-induced VF (VF is the most prevalent arrhythmia in MI) or not. Of 
note, addressing the question whether the association between parental SCD 
and SCD is driven by MI-induced VF was a critical question that remained 
unanswered. Answering this question would further specify the phenotype 
of heritable SCD in the general population and facilitate studies aiming at 
identifying the genotype of SCD. 
 Finally, the fourth study (2006), the AGNES study from the Netherlands 
answered this last question by investigating the heritable component of VF 
risk during MI.37 Cases were patients with (documented) VF in the setting of 
ST elevation MI (STEMI). Controls had also a STEMI but without VF. Cases 
and controls were both MI-survivors. Parental history of SCD was obtained 
at admission after MI and re-checked 8 weeks after the initial inclusion by 
phone/email. The study established a 2.7-increased risk for VF in those cases 
with a positive parental SCD. For the first time, it was established that in the 
setting of a first STEMI, parental SCD is a strong predictor for VF. 
 Whether non-ischemic induced VF has also heritable component on 
population level seems to be the next following remaining question (as there 
is always one more question remaining) to be answered. With these findings 
in the AGNES study37, family history was further established as a clinically 
valuable stratification tool. However, the elucidation of the genetic basis of 
MI-induced VF remained, at that time, a step too far as tools to investigate 
complex diseases such as VF in the general population were not available. 
 In the last years, technology has become available to perform 
genome-wide-associations studies (GWAS). GWAS use markers (SNPs; 
single-nucleotide polymorphisms) across the human genome to detect genetic 
variations that are associated with a particular disease. At present, three 
important GWAS have been performed in order to detect genes underlying 
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SCD susceptibility in the general population. These studies also highlight the 
importance of a strict definition of SCD and the circumstances/disorders that 
interact with SCD in identifying new genes.
 The first GWAS in SCD was the AGNES study (chapter 11).38 This 
study builds further on the epidemiological observation that parental SCD is 
strongly associated with MI-induced VF and aimed to detect the genes that 
drive this association. This study was performed in 515 cases with VF and 475 
without VF. Cases and controls were both survivors of their first MI. One SNP 
(rs2824292) at 21q21 reached genome-wide significance and was associated 
with an 1.8-fold increased VF-risk. The association remained significant after 
multivariate analysis. Subsequently, the association was replicated in an 
independent case-control set with 146 cases and 391 controls. The magnitude 
of the association in the replication set was comparable to the discovery set. 
The identified SNP was located in an intergenic area that lacked linkage 
disequilibrium to SNPs within genes. Two genes were identified within 1-Mb 
region spanning rs2824292. The closest gene was CXADR (98 kb downstream 
from index SNP). The CXADR gene encodes the Coxsackie and Adenovirus 
Receptor (CAR), a transmembrane cell adhesion molecule predominantly 
located at the intercalated disc between cardiomyocytes. The second gene 
was BTG3. The BTG3 gene encodes B cell translocation gene 3, a member of 
the anti-proliferative BTG/Tob protein family, known to regulate cell cycle 
progression, gene expression, tumorgenesis and cancer. 
 Recently, a comprehensive study from our laboratory linked the 
index SNP firmly to CXADR and provided a plausible mechanism by which 
this gene may underlie VF susceptibility in the setting of cardiac ischemia.39 
The study used four stepping stones to reach this conclusion. First, the study 
showed that rs2824292 regulates the expression of CXADR by demonstrating 
that individuals carrying the risk allele (AG or GG) displayed a significantly 
lower (0.6 fold) CXADR mRNA expression compared to individuals with 
the non-risk (AA) genotype. This suggests that a decreased expression of 
CXADR underlies VF susceptibility. Interestingly, the index SNP showed no 
correlation with the expression of BTG3. Second, the study showed that CAR 
haploinsufficient mice (CAR+/-) indeed showed increased susceptibility 
to arrhythmia induction in the setting of cardiac ischemia (coronary artery 
ligation). Third, a mechanism for the increased inducibility of arrhythmias was 
provided in the form of slowed ventricular conduction. Lastly, a molecular 
mechanism for conduction slowing was presented. In CAR haploinsufficient 
mice, the action potential upstroke velocity was reduced compared to wild 
type mice, indicating a decrease in functional sodium channel availability 
secondary to CAR haploinsufficiency. Co-immunoprecipitation revealed that 
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CAR and the cardiac sodium channel indeed co-precipitate, indicating a direct 
or indirect physical interaction between CAR and the cardiac sodium channel. 
Absence of this interaction may underlie the decrease in functional sodium 
channel availability, which ultimately results in reduced depolarization 
reserve that is further depleted by ischemia and predispose for VF. The 
assumed underlying mechanism is thus the same as described in Chapter 6. 
 The second case-control GWAS in SCD was performed in The 
Oregon Sudden Unexpected Death Study (Oregon-SUDS).40 Oregon-SUDS 
is an ongoing, prospective, community-based evaluation of approximately 
one million residents of the Portland, Oregon metropolitan area. Cases were 
subject with documented significant coronary disease and (aborted) SCD. 
(Aborted) SCD was defined as sudden unexpected pulseless condition of 
likely cardiac origin, based on cardiac arrest circumstances, medical records 
and available autopsy. Controls had also documented coronary artery disease, 
but no history of (aborted) SCD. Two million SNPs were analysed.  No SNPs 
reached genome wide significance. Consequently, 6 leading SNPs (with a 
p<10-4) were followed up in an independent validation population (combined 
ARIC/CHS cohorts; 521 cases). One SNP (rs3864180) at chromosome 13 
was associated with a decreased risk for (aborted) SCD (hazard ratio 0.85). 
The index SNP was located in an intron close to the GPC5 gene. The GPC5 
gene encodes glypican 5, a member of the heparin sulfate preoteoglycans 
(HSPGs) that are bound to the external surface of the plasma membrane. 
GPC5 is not yet implicated in any disease, while cardiac arrhythmias have 
been reported in patients with The Simpson-Golabi-Behmel syndrome, 
a X-linked overgrowth/malformation syndrome caused by mutations in 
GPC3 and GPC4. The protective association of this locus if of considerable 
interest, but did not reach genome-wide significance in the discovery cohort 
and replication is warranted in other cohorts. GPC5 emerged as protective 
from cases with (aborted) SCD and documented coronary artery disease. 
Replication in cases with a selected SCD definition (e.g., VF, asystole, PEA) 
may yield genome wide significance. 
 The third case-control GWAS in SCD was a meta-analysis of 5 studies 
(ARIC/FHS/Fingesture/Oregon-SUDS/Rotterdam study).41 Cases in these 
5 studies were defined as SCD likely due to cardiac causes on the basis of 
death certificates, medical records and, if available, EMS records and autopsy 
records. The controls were drawn from the same 5 studies. Two and a half 
million SNPs were tested. Four SNPs reached genome-wide significance. 
Follow-up of these SNPs was performed in an independent study in cases 
and controls derived from the initial 5 cohorts and seven new cohorts. In this 
validation study, two highly correlated SNPs were validated. The two SNPs 
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were both located in the BAZ2B locus, which contains 3 genes not previously 
implicated in SCD. Additionally, the discovery set and the follow-set were 
merged. In this set only one SNP of the two (rs4665058) reached genome-wide 
significance. Lastly, rs4665058 was replicated in two independent cohorts, 
ARREST and AGNES. The association between rs4665058 and SCD remained 
significant in ARREST, but not in AGNES. In the last analysis, the discovery 
set, follow up set and validation set was combined, the risk allele (A allele) of 
rs4665058 increased the risk for SCD by 1.92-fold per risk allele. The risk in the 
follow-up samples alone was 1.65-fold per risk allele. 
 GWAS are capable of identifying genes underlying SCD susceptibility. 
Current problems are the broad definition of SCD in various studies (varying 
from presumed unwitnessed sudden death to SCD with ECG-documentation), 
selection criteria for cases (coroner’s cases, OHCA cases, cases identified by 
death certificates, MI survivors, cases with ECG-documented VF) and selection 
criteria for controls (healthy controls versus controls with co-morbidity, with 
a broad range in comorbidity detection tools). This heterogeneity in case 
and control definition and selection hampers identification and validation of 
new genes in SCD. Strict mechanism-driven SCD definition (autopsy, ECG-
documentation or at least confirmation by medically trained persons; e.g., 
EMS personnel, GP who witnessed the SCD) is needed, instead of the current 
definitions that are driven by exclusion of non-cardiac causes of sudden 
death.  Furthermore, selection bias in cases and controls may appear to be a 
problem for future studies. DNA samples are at present in most studies only 
available for survivors of MI/VF/aborted SCD. This may introduce a serious 
bias, as the identified genes may predict survival after SCD and not the risk 
for the occurrence of SCD, as the non-survivors are systematically excluded. 
A possible manner to include non-survivors in SCD databases is presented in 
chapter 2.
 Also here, we can learn from the LQTS research and the value of strict 
case definition and precise definition of potential triggers. In this thesis, we 
present a well-phenotyped case-control study (chapter 10) in which cases 
are patients with ECG-documented TdP triggered by treatment with a QT-
prolonging drug, control patients were also exposed to QT prolonging drugs, 
but had no QT-prolongation/TdP. In this study, 1424 candidate SNPs tagging 
common haplotype blocks and ion channel genes were tested. Rs1805128 in 
the KCNE1 was identified to be strongly associated with drug induced TdP; it 
increased the TdP risk 9-fold in cases compared to controls.
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Future perspectives

A challenging task lies ahead in the future in reducing the incidence of SCD 
in the general population. Identifying risk factors in the general population, 
as presented in this thesis is the first step, identifying (genetic) molecular 
mechanisms underlying SCD is the second step, while understanding 
the elusive triggers and their interactions with underlying mechanisms is 
probably the last step that will ultimately make the clinical difference and 
decline SCD rates in the general population. These three steps are essential to 
develop patient-tailored risk stratification tools. 
 For all these steps, large well-phenotyped SCD databases are 
essential. These databases may serve as important steppingstones for genetic 
and experimental research that ultimately may provide mechanistic insights 
in cardiac arrhythmias. Examples for future research directions are genetic 
studies investigating the shared pathophysiology of brain diseases (epilepsy, 
depression, schizophrenia and Parkinson’s disease) and SCD. With the 
current tremendous advances in neurosciences and molecular genetics, in 
combination with the availability of large well-phenotyped patient groups, 
such research becomes feasible.
 Current research is mainly aimed at identification of patients at risk 
for SCD (e.g. users of certain drugs (QT-prolonging drugs, sodium channel 
blocking drugs, etc.) or patients with a certain medical condition (epilepsy, 
atrial fibrillation, etc.)). Future research should refine these associations by 
investigating why most patients who use these drugs or have these medical 
conditions are not at risk for SCD. Genetic factors, co-morbidity, concomitant 
drug use, ethnicity and environmental factors can be studied in databases as 
ARREST in order to explain differences in SCD susceptibility.
 As for the future of genetic studies in SCD: the emphasis of GWAS 
is currently primarily focused on SCD cases with MI and/or coronary artery 
disease. This is understandable as these conditions frequently accompany 
SCD. However, a genetic component with possibly different mechanisms in 
non-ischemic SCD/VF should not be neglected. Cohorts from the general 
population with well-phenotyped non-ischemic SCD/VF may help to identify 
new genes that drive non-ischemic SCD/VF. 
 Additionally, cohorts of non-ischemic SCD/VF can be used to further 
understand the role of previously identified SNPs. For example, rs2824292 
(CXADR) is thought to exhibit its pro-arrhythmic effect through conduction 
delay due to decrease in functional sodium channel availability. Therefore, 
it would be interesting to investigate whether this prevalent SNP increases 
the VF risk in patients without an MI, but with use sodium channel blocking 
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drugs (chapter 5 and 6). As another example, patients with AF, regardless of 
concomitant  diseases, have an increased risk for VF (chapter 7). A GWAS 
with cases (AF and VF) and controls (AF, but without VF) may identify genes 
that predispose AF patients for VF. The same GWAS strategy may be used to 
uncover genes underlying the increased VF risk in epilepsy patients (chapter 
4 and 5).
 In order to conduct these complex studies, large-scale SCD-databases 
with cases and controls that are well-phenotyped in an uniform manner 
are required. To gain this uniformity in the available SCD databases, an 
international commission of experts from the field may grade the available 
SCD-databases on base of the quality of case and control selection (SCD 
definition, control definition, quality of ascertainment of concomitant cardiac 
and non-cardiac diseases, medication use) and representation of the general 
population (number of cases included, number of missed cases, ethnicity, 
replication of results of independent comparable populations). This would 
improve the current SCD databases and encourage better design of futures 
databases.
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Elke jaar sterven er in Nederland 16.000 mensen door een plotselinge 
hartstilstand. Daarmee is plotselinge hartdood één van de belangrijkste 
doodsoorzaken in Nederland en in de rest van de Westerse wereld. Het is 
daarom belangrijk om de precieze oorzaken van een plotselinge hartstilstand 
te doorgronden, om vervolgens strategieën te ontwikkelen die gericht zijn op 
het voorkomen en behandelen van een plotselinge hartstilstand.
 We weten dat kamerfibrilleren de meest voorkomende oorzaak 
is van een plotselinge hartstilstand. Kamerfibrilleren is een ernstige 
hartritmestoornis die gekenmerkt wordt door chaotische elektrische activiteit 
in het hart, waardoor de pompactiviteit van het hart stopt. Er wordt dus 
bij kamerfibrilleren geen bloed rondgepompt door het hart met als gevolg 
dat onder andere de hersenen niet meer voorzien worden van zuurstof. In 
tegenstelling tot andere organen en spieren kunnen hersenen slecht  tegen 
een zuurstof tekort. Als er niet tijdig wordt ingegrepen, leidt een hartstilstand 
dan ook binnen ongeveer 10 seconden tot bewustzijnsverlies en binnen 
enkele minuten, indien er niet gereanimeerd wordt,  tot hersenbeschadiging 
en dood. Tot nu toe is het elektrisch defibrilleren (met bijvoorbeeld een AED 
[Automated External Defibrillator]) de enige manier om effectief in te grijpen 
bij een plotselinge hartstilstand door kamerfibrilleren. Met defibrilleren wordt 
het kamerfibrilleren beëindigd en het normale hartritme hersteld. De kans op 
overleving na het optreden van een plotselinge hartstilstand in Nederland ligt 
rond de 20%. Alhoewel deze overlevingskans hoger is dan in andere Westerse 
landen, is er ruimte voor verbetering. 
 Aangezien kamerfibrilleren een vaak voorkomende oorzaak van 
een plotselinge hartstilstand is, lijkt het opsporen van personen in de 
algemene populatie die een verhoogd risico hebben op het ontwikkelen van 
kamerfibrilleren een belangrijke stap om in de toekomst kamerfibrilleren te 
kunnen voorkomen en het risico op sterfte door een plotselinge hartstilstand 
te reduceren. In dit proefschrift heb ik onderzocht welke  klinische, 
electrocardiografische en genetische risicofactoren invloed hebben op het 
ontstaan van een plotselinge hartstilstand. 

Deel I: plotselinge hartstilstand in de algemene bevolking

Hoofdstuk 2 beschrijft de rationale en de opzet van ARREST, een studie die 
in 2005 werd opgezet om reanimaties buiten het ziekenhuis te bestuderen. In 
2007 is deze studie uitgebreid om de klinische, farmacologische en genetische 
risicofactoren van een plotselinge hartstilstand te bestuderen. 
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 Hoofdstuk 3 beschrijft het voorkomen en de oorzaken van een 
plotselinge hartstilstand en de kans op overleving onder kinderen en jong 
volwassenen.
 We vonden dat plotselinge hartstilstand verantwoordelijk is voor een 
kwart van de totale sterfte onder kinderen. Ieder jaar krijgen 9 op de 100.000 
kinderen een plotselinge hartstilstand; waarvan in 3 gevallen de oorzaak 
in het hart ligt. Van alle oorzaken waren hart-gerelateerde oorzaken en 
verkeersongelukken het meest voorkomend. De overleving na een plotselinge 
hartstilstand met een hart-gerelateerde oorzaak was 17%. De meerderheid 
van deze kinderen werd zonder neurologische restverschijnselen ontslagen 
uit het ziekenhuis. 

Deel II: Klinische risicofactoren voor een plotselinge 
hartstilstand in de algemene bevolking

Coronaire hartziekte en hartfalen zijn de meest bekende risicofactoren voor 
een plotselinge hartstilstand. In dit deel van het proefschrift hebben we drie 
nieuwe risicofactoren geïdentificeerd voor een plotselinge hartstilstand; 
epilepsie, natrium-kanaal blokkerende geneesmiddelen en boezemfibrilleren. 

Epilepsie verhoogt het risico op plotseling overlijden. Het was echter 
onbekend of  deze plotselinge dood het gevolg is van een hartstilstand door 
kamerfibrilleren of veroorzaakt wordt door een niet aan het hart gerelateerd 
oorzaak (bijvoorbeeld door een ademstilstand tijdens een epileptische aanval).
 Hoofdstuk 4  beschrijft dat er een relatie bestaat op bevolkingsniveau 
tussen epilepsie en een plotselinge hartstilstand door kamerfibrilleren. 
We vonden dat het hebben van epilepsie geassocieerd is met een drievoudig 
verhoogd risico op kamerfibrilleren. Deze associatie was onafhankelijk van de 
bekende risicofactoren voor plotselinge hartstilstand.
 In hoofdstuk 5 is er verder gekeken of het verhoogde risico op een 
plotselinge hartstilstand onder patiënten met epilepsie het gevolg is van de 
ziekte epilepsie of van medicijnen die tegen epilepsie worden gebruikt. 
 We vonden dat epilepsie én het gebruik van bepaalde medicijnen 
tegen epilepsie (medicijnen die het natriumkanaal in het hart kunnen 
blokkeren), zowel samen als onafhankelijk van elkaar, geassocieerd waren met 
een verhoogde risico op plotselinge hartdood. We vermoeden dat epilepsie en 
kamerfibrilleren een gezamenlijke, nu nog onbekende, oorzaak hebben. 

In hoofdstuk 6 hebben we onderzocht hoe geneesmiddelen het risico 
op kamerfibrilleren verhogen, vooral geneesmiddelen die niet voor een 
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hartziekte worden voorgeschreven, maar toch het natriumkanaal in het hart 
blokkeren. In deze studie hebben we nortriptyline bestudeerd. Dit medicijn 
wordt voorgeschreven bij depressieve patiënten.  Nortriptyline blokkeert 
het natriumkanaal in het hart en vertraagt hierdoor de elektrische geleiding 
in het hart. Nortriptyline blijkt het risico op kamerfibrilleren vooral te 
verhogen als andere factoren aanwezig zijn die tegelijkertijd de geleiding 
in het hart vertragen. Voorbeelden van deze factoren zijn: verminderde 
geleidingssnelheid in het hart door bijvoorbeeld aangeboren fouten in 
het DNA, gelijktijdig gebruik van andere medicatie die het natriumkanaal 
blokkeert, zuurstoftekort in het hart, hartfalen en een hoge hartslag. 
 In het tweede deel van hoofdstuk 6 hebben we het risico op 
kamerfibrilleren bij nortriptyline gebruik op bevolkingsniveau bestudeerd. 
We vonden dat het gebruik van nortriptyline geassocieerd was met een 
4,5-voudig verhoogd risico op kamerfibrilleren. 

Boezemfibrilleren is een veel voorkomende hartritmestoornis, die vooral 
gekenmerkt wordt door een onregelmatige (en soms te snelle) hartslag. Recent 
is gesuggereerd dat een plotselinge hartstilstand vaker voorkomt bij mensen 
met boezemfibrilleren vergeleken met mensen zonder boezemfibrilleren. 
Het was echter niet uitgezocht of kamerfibrilleren feitelijk de oorzaak was 
van een deel van de gerapporteerde plotselinge doden onder patiënten met 
boezemfibrilleren.
 In hoofdstuk 7 hebben we op bevolkingsniveau onderzocht of 
boezemfibrilleren het risico op kamerfibrilleren verhoogt. 
 We vonden dat het hebben van boezemfibrilleren was geassocieerd 
met een bijna drievoudig verhoogde risico op kamerfibrilleren. Dit verhoogde 
risico was niet te verklaren door leeftijd, geslacht, andere aanwezige ziekten 
of medicatie-gebruik. Mogelijk hebben boezemfibrilleren en kamerfibrilleren 
een nog onbekende gezamenlijke oorzaak. Er zijn aanwijzingen dat een deel 
van de oorzaak in het erfelijk materiaal ligt. 

Deel III: ECG-gerelateerde risicofactoren voor plotselinge 
hartdood

Het lange QT-syndroom (LQTS) is een aandoening waarbij de QT tijd op het 
ECG verlengd is. LQTS gaat samen met een verhoogd risico op een specifieke 
vorm van kamerfibrilleren, die voortvloeit uit een hartritmestoornis die 
torsades de pointes genoemd (TdP) wordt. LQTS kan aangeboren zijn (door 
genetische defecten in genen die coderen voor ionkanalen) of verworven (onder 
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andere door gebruik van bepaalde medicatie die de cardiale kaliumkanalen 
blokkeren). 
 In hoofdstuk 8 hebben we patiënten met de drie meest voorkomende 
types van het aangeboren LQTS (LQT1, LQT2 en LQT3) onderzocht. Van 
al deze patiënten was een ECG beschikbaar, waarop te zien was hoe een 
normaal hartritme overgaat in een TdP. Het is bekend dat een TdP meestal 
wordt voorafgegaan door een pauze in het normale ritme, vlak voordat de 
TdP begint. Dit wordt een pauze-afhankelijke TdP genoemd. In deze studie is 
er gekeken of pauze-afhankelijke TdPs voorkomen in alle types van LQTS.  
 Pauze-afhankelijke TdPs kwamen significant vaker voor in LQT2 
(68%) dan in LQT1 (0%), en het interval onmiddellijk vóór TdP (pauze 
interval) was significant langer in LQT2 dan in LQT1. De LQT3 groep was te 
klein voor statistische analyse. Wij vonden dus dat de pauze-afhankelijkheid 
van TdP werd bepaald door de aard van het genetische defect. 
 Deze bevinding is relevant voor de behandeling van LQTS. Het 
is namelijk bekend dat pacemakers zeer effectief zijn in het voorkomen 
van pauze-afhankelijke TdPs. Pacemakers kunnen nu overwogen worden 
als additionele therapie in LQT2 (naast β-blokkers). Bovendien kan de 
waarneming dat de aanwezigheid of afwezigheid van een pauze in de initiatie 
van een TdP gemedieerd wordt door de aard van het genetisch defect wijzen 
op verschillende mechanismen waardoor een TdP ontstaat. 
 In hoofdstuk 9 hebben we ons verder gericht op de pauze-
afhankelijke TdPs in LQTS en bestudeerd of de TdP begint vanuit een TU-
golf (een deflectie op het ECG bestaande uit de T golf en de daaropvolgende 
U golf. Meestal gaan deze golven vloeiend in elkaar over en vormen ze een 
geheel). Er wordt aangenomen dat U-golven de ECG-representaties zijn van 
premature activatie op celniveau (early after depolarizations, EADs).  EADs 
kunnen ontaarden in een TdP. Het is daarom belangrijk om vast te stellen of 
TU-golven een rol spelen bij het ontstaan van TdPs.
 We hebben vastgesteld dat vrijwel alle pauze-afhankelijke TdPs 
werden voorafgegaan door TU-golven. De eerste slag van de TdP blijkt dus uit 
een TU-golf voort te komen. We hebben ook gekeken of premature hartslagen, 
dit zijn hartslagen die eerder optreden in het hartritme dan verwacht, ook 
voorafgegaan werden door TU-golven. Dit was niet geval, zowel in LQTS 
patiënten als niet-LQTS patiënten. TU golven hebben dus een belangrijke rol 
in de initiatie van TdPs en, indien aanwezig, kunnen zij helpen om patiënten 
op te sporen die een grote kans hebben op het ontwikkelen van een TdP.
 In hoofdstuk 10 hebben we met behulp van ECG-registraties van 
TdPs in 50 LQTS patiënten de herkomst (plek in het hart) van TdPs bepaald. 
Hoewel de  plaats van herkomst van TdPs niet homogeen verdeeld was over 
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het hart, waren de meeste TdPs afkomstig uit het uitstroomgebied van de 
hartkamers (outflow tract). Patiënten met recidiverende episoden van TdPs 
hadden vaak één overheersend focus waaruit de TdPs ontstonden. 
 Als de plek van het  hartweefsel waaruit de TdPs ontstaan bepaald 
kan worden, kan de cardioloog met behulp van een katheter dit hartweefsel 
uitschakelen. Deze behandeling is al succesvol toegepast bij LQTS patiënten 
die geen baat hadden bij de conventionele therapie.

Deel IV: genetische risicofactoren voor plotse hartdood

Meerdere epidemiologische studies hebben vastgesteld dat een plotselinge 
hartstilstand deels genetisch bepaald is. In het laatste deel van dit proefschrift 
zijn we op zoek gegaan naar veel voorkomende varianten in genen die het 
risico op kamerfibrilleren beïnvloeden. 
 In hoofdstuk 11 hebben we genome-wide association study (GWAS) 
uitgevoerd in de AGNES studie. In deze studie hebben we het DNA van 
patiënten met kamerfibrilleren tijdens een myocardinfarct (MI) vergeleken met 
het DNA van patiënten zonder kamerfibrilleren tijdens een MI. We hebben een 
variant op chromosoom 21q21 kunnen identificeren die geassocieerd is met 
een verhoogd risico of kamerfibrilleren. We hebben dezelfde studie herhaald 
in ARREST en dezelfde resultaten gevonden.
 In hoofdstuk 12 zijn we op zoek gegaan naar veel voorkomende 
genetische DNA varianten die kunnen verklaren waarom sommige patiënten 
TdPs ontwikkelen als ze QT-verlengende medicatie krijgen toegediend. 
In deze studie hebben we het DNA vergeleken van patiënten die een TdP 
ontwikkelden bij inname van QT-verlengende medicatie met het DNA van 
patiënten die dezelfde medicatie innamen, maar geen TdP ontwikkelden. We 
hebben een DNA variant kunnen identificeren in  een gen dat codeert voor 
een deel van een van de kaliumkanalen in het hart. Het hebben van deze 
variant verhoogt het risico op een TdP 9 maal bij inname van QT-verlengende 
medicatie. 

Toekomstperspectief

Het onderzoek naar plotselinge hartdood dient op verschillende 
samenwerkende gebieden uitgevoerd te worden, namelijk in de algemene 
populatie, in gezondheidsinstellingen (ziekenhuizen, huisartsenpraktijken, 
apotheken etc) en in het laboratorium. Hiervoor zijn grote databases nodig 
die verschillende informatie (medische voorgeschiedenis, medicatie, DNA 
etc) op een uniforme manier verzamelen (zowel op populatieniveau als 
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in gezondheidsinstellingen) en intensieve samenwerking tussen artsen, 
epidemiologen, apothekers en basale wetenschappers. 
 Het identificeren van risicofactoren voor plotselinge hartdood in de 
algemene populatie, zoals beschreven in dit proefschrift, is erg belangrijk. 
Daarnaast is het belangrijk om moleculaire en genetische mechanismen, die 
de grondslag vormen voor de geïdentificeerde risicofactoren, te identificeren. 
Zoals geïllustreerd in dit proefschrift, geeft juist het laatste het meeste 
inzicht. Vervolgens is het van belang om uitlokkende factoren op te sporen 
die deze mechanismen activeren en uiteindelijk de cascade die uitmondt 
in kamerfibrilleren in gang zetten. Uiteindelijk hopen we al deze kennis 
te  combineren om hoog-risico patiënten voor plotselinge hartdood te 
identificeren en nieuwe therapieën tegen plotselinge hartdood te ontwikkelen.
 Het onderzoek in ARREST zal zich in de komende jaren richten op 
het ontdekken van nieuwe risicofactoren van plotselinge hartdood en het 
ontrafelen van de mechanismen achter de gevonden risicofactoren (epilepsie, 
boezemfibrilleren, medicatie en genetica).
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