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Preface

Sudden cardiac death (SCD) remains one of the most important modes of death 

in developed countries. Most of these SCDs are caused by coronary artery disease. 

However, in more than half of the cases of SCD, coronary artery disease has not 

previously been clinically recognized. SCD occurs as the first symptom of coronary 

artery disease during the onset of cardiac ischemia. Cardiac ischemia in these patients 

causes the malignant cardiac arrhythmia ventricular fibrillation, which, if left untreated, 

will imminently result in SCD. Groups at high risk for SCD have been defined, but 

they account for only a small absolute number of SCD cases. Thus, the large majority 

of SCD occurs in persons who were not previously identified to have an increased risk 

for SCD. Accordingly, if we want to prevent SCD, we need a better understanding of 

risk factors for SCD in this apparently healthy population.

It is clear that SCD is a multifactorial disease. Coronary artery disease plays a major 

role, but it is also evident that there is a genetic underpinning of an increased risk for 

SCD apart from coronary artery disease. To be able to better define who actually is 

at risk of developing ventricular fibrillation during a first episode of cardiac ischemia, 

the AGNES study (Arrhythmia Genetics NetherlandS) was initiated in the year 

2000. AGNES compares patients with acute ischemia with and without ventricular 

fibrillation. Continued and extended research in this cohort of patients, combined 

with pre-clinical research lines, has resulted in a better understanding of ventricular 

fibrillation in the presence of cardiac ischemia. In this thesis we present our work on 

this subject.
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Outline

In the first part of this thesis, we present further research on the genetic underpinning 

of early ischemic ventricular fibrillation. Chapter 2.1 acts as a general introduction to 

the understanding of the genetics of arrhythmias.  In chapter 2.2, we present the first 

genome-wide association study for early ischemic ventricular fibrillation. 

In chapter 2.3, we extend our knowledge of the differences found in the 

electrocardiograms in the early ischemic period between cases and controls. 

In chapter 3, we investigate a singular risk factor in occurrence of SCD: kidney 

function. We found that even mild kidney dysfunction elevates the risk of sudden 

cardiac death. 

In chapter 4, we investigate the role of platelets in SCD. The role of platelets in the 

occurrence of SCD extends beyond coronary flow impairment by clot formation. 

In chapter 4.1, we review the substances released by platelets during clot formation 

and their arrhythmic properties. 

In chapter 4.2, we investigate the pro-arrhythmic effects of activated blood platelet 

products on electrophysiological properties and intracellular Ca2+ homeostasis of 

rabbit cardiomyocytes. 

In chapter 4.3, we present a case-control study in which we studied differences in 

platelet function in AGNES patients. 

In chapter 5, we analyzed follow-up data of a large group of survivors of primary 

ventricular fibrillation to determine prognosis and risk of SCD in patients who received 

contemporary treatment of their myocardial infarction. In chapter 6, a summary and 

conclusion are presented and future directives are suggested.
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Introduction
Sudden cardiac death (SCD) in the young has a tremendous impact on the families 

in which they occur. SCD in this age group is often caused by hereditary primary 

arrhythmias syndromes and research into these syndromes has lead to a huge 

advancement of our understanding of the different pathophysiologic mechanisms that 

can lead to life threatening arrhythmias. However, the absolute number of SCD in the 

young is small. 

The majority of the 200.000 to 450.000 SCDs that occur each year in the US are 

caused by coronary artery disease.(1) Patients with acute myocardial infarction have up 

to 30% risk to die suddenly in the acute phase. Post infarction patients with a reduced 

left ventricular ejection fraction also have an increased risk for SCD. The number 

of sudden deaths is thought to rise in the current aging population. In some regions 

the rate of SCD is reported to decline, which probably is a result of improvement in 

resuscitation techniques as well as medical treatment.(2-4) Nevertheless, SCD is still 

a major health concern and if we want to prevent SCD in the future we will have to 

understand its etiology. Unraveling the pathophysiological mechanisms involved in 

the primary arrhythmia syndromes is a first step in this process.

Primary arrhythmia syndromes 
The cardiac action potential is directed by the precisely timed opening and closing 

of various ion channels (figure 1). Small changes in timing, amount or kinetics of ion 

channels can lead to ECG changes and arrhythmias. Such changes can be brought 

about by changes in genes that encode for ion channels, their subunits or transport. In 

the last decades many of such genes have been found to underlie heritable arrhythmias 
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and sudden cardiac death. Here we will briefly review these primary arrhythmias 

syndromes, also known as ‘channelopathies’.

Long QT syndromes 
The Long QT syndrome (LQTS) is a repolarization disorder and can be identified 

on the ECG. It has an estimated prevalence of 1:2000 to 1:5000.(5,6) LQTS patients 

carry an increased risk of polymorphic ventricular tachycardia (torsades de pointes), 

leading to syncope if reverted, or sudden death if not. The association between 

a prolonged QTc interval on the ECG and familial sudden death has long been 

established in the autosomal recessive Jervell and Lange-Nielsen syndrome and the 

autosomal dominant Romano Ward syndrome. Ten congenital long QT subtypes have 

since been recognized,  LQTS 1, 2 and 3 are clinically most relevant (Table 1). 

In LQTS 1 the KCNQ1 gene coding for the KvLQT1 potassium channel is 

dysfunctional, leading to a reduced (slow) potassium efflux (I
ks
, figure 1b). LQTS 

1 is present in about 40-50% of LQTS patients. More than 70 different KCNQ1 

mutations have been described in LQTS1 and genotype-phenotype studies have 

shown a correlation between the degree of ion channel dysfunction and the clinical 

course.(7) Arrhythmias are often triggered by exercise, especially swimming.(8) Yearly 

SCD incidence is about 0.30% per year(9) and patients often present at young age 
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Figure 1. Ionic currents, ventricular action potential and the cardiomyocyte
Ionic currents contributing to the ventricular action potential (A) and schematic representation of 
a cardiomyocyte displaying (only) those proteins involved in the pathogenesis of primary arrhythmia 
syndromes (B). In panel A, the action potential is aligned with its approximate time of action during the ECG.  
(Reproduced with permission from the BMJ publishing group.(39)) 
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(<5 years old).(10) 

In LQTS 2 the KCNH2 gene coding for the HERG potassium channel is affected, 

leading to a reduced (rapid) potassium efflux (I
kr
). LQTS2 is present in about 

40-45% of LQTS patients. Emotion or auditory stimuli during sleep are typical 

triggers for arrhythmias.(8) 

In LQTS 3 the SCN5A gene is affected that encodes for the Nav1.5 protein of the 

sodium channel, leading to a slowed closing of the channel and a prolonged cardiac 

sodium influx (I
Na

). LQTS3 is present in about 5-10% of LQTS patients. Arrhythmias 

often occur at rest or during sleep without arousal.(8) 

LQTS 4-11 are rare and each represents less than 1% of LQTS patients.  

Treatment recommendations for all LQTS patients include lifestyle changes (avoiding 

triggers) and beta blockers. ICD implantation is indicated in those with a previous 

cardiac arrest or syncope / VT during beta blocker therapy.(1)

Short QT syndromes
Only recently the short QT syndrome (SQTS) has been described. In this entity the 

QT interval is typically ≤ 300ms.(11) It should be considered in patients with a QT 

interval < 350ms. In the first 5 years after its discovery only 30 new cases have been 

described. So far, three different causal genes have been identified (Figure 1), all 

 Phenotype	   Gene	   Protein	   Chromosomal	  
locus	  

Inheritance	   Ion	  
current	  

References	   OMIM™	  

BrS1	   SCN5A	   Nav	  1.5	   3p21	   Dominant	   INa↓	   (40)	   601144	  
BrS2	   GPD1L	   GPD1L	   3p22.3	   Dominant	   INa↓	   (14)	   611777	  
BrS3	   CACNA1C	   Cav1.2	   12p13.3	   Dominant	   ICa-‐L↓	   (41)	   611875	  
BrS4	   CACNB2b	   Cav	  β2	   10p12	   Dominant	   ICa-‐L↓	   (41)	   611876	  	  
CPVT1	   RYR2	   RYR2	   1q42.1-‐q43	   Dominant	   ↑	  [Ca++	  ]	   (21)	   180902	  	  
CPVT2	   CASQ2	   CASQ2	   1p13,3-‐p11	   Recessive	   ↑	  [Ca++	  ]	   (22)	   114251	  
JLN1	   KCNQ1	   Kv7.1	  α	   11p15.5	   Recessive	   Iks↓	   (42)	   220400	  
JLN2	   KCNE1	   minK	  β	   21q22.1-‐q22.2	   Recessive	   Iks↓	   (43)	   220400	  
LQT1	   KCNQ1	   Kv7.1	  α	   11p15.5	   Dominant	   Iks↓	   (44)	   192500	  
LQT2	   KCNH2	   Kv11.1	  α	   7q35-‐q36	   Dominant	   Ikr↓	   (45)	   152427	  
LQT3	   SCN5A	   Nav1.5	   3p21	   Dominant	   INa↑	   (34)	   603830	  
LQT4	   ANK2	   Ankyrin-‐B	   4q25-‐q27	   Dominant	   INa,k↓	   (46)	   600919	  
LQT5	   KCNE1	   minK	  β	   21q22.1-‐q22.2	   Dominant	   Iks↓	   (47)	   176261	  
LQT6	   KCNE2	   MiRP1	  β	   21q22.1	   Dominant	   Ikr↓	   (48)	   603796	  
LQT7	  =	  ATS1	   KCNJ2	   kir2.1	   17q23.1-‐q24.2	   Dominant	   Ik1↓	   (49)	   170390	  
LQT8	  =	  TS1	   CACNA1C	   Cav1.2	   12p13.3	   Dominant	   ICa-‐L↑	   (50)	   601005	  
LQT9	   CAV3	   Caveolin3	   3p25	   Dominant	   INa↑	   (51)	   601253	  
LQT10	   SCN4B	   Nav1.5	  β4	   11q23.3	   Dominant	   INa↑	   (52)	   608256	  
LQT11	   Akap9	   AKAP	   7q21-‐q22	   	   Iks↓	   (53)	   611820	  
SQT1	   KCNH2	   HERG	   7q35-‐q36	   Dominant	   Ikr↑	   (54)	   152427	  
SQT2	   KCNQ1	   KvLQT1	   11p15.5	   Dominant	   Iks↑	   (55)	   192500	  
SQT3	   KCNJ2	   Kir2.1,	  IRK1	   17q23.1-‐q24.2	   Dominant	   Ik1↑	   (56)	   170390	  

Table 1. An overview of primary arrhythmias syndromes. 
BrS Brugada Syndrome; CASQ2 Calsequestrin 2;  CPVT Catecholaminergic polymorphic VT; LQT Long QT 
Syndrome; ATS Andersen-Tawil syndrome; RYR2 Ryanodine receptor 2; SQT Short QT Syndrome; TS1 Timothy 
Syndrome; OMIM Online Mendelian Inheritance of Men (www.ncbi.nlm.nih.gov/omim). 
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involving gain of function of potassium channels.(12) SCD risk seems high in SQTS 

patients, but treatment is still poorly defined. Quinidine may be useful in patients with 

a mutation in the KCNH2 gene. In others ICD implantation may be necessary.(13)  

Brugada syndrome
Patients with Brugada syndrome (BrS) have arrhythmic events that mostly occur 

during the night at an average age of 40. BrS has a prevalence of about 5 per 10000 and 

is endemic in East and Southeast Asia. Of affected individuals 80% are male. In only 

10-30% of patients can a gene defect be identified. In these patients the cause is most 

often a defect in the SCN5A gene that leads to a loss of function of the sodium channel. 

Recently three new genes that can cause BrS have been identified. Van Norstrand et 

al. described GDP1L as an ion channel modulator that causes a decrease in inward 

cardiac sodium current.(14) Antezelevich et al. found that mutations in CACNA1C 

and CACNB2, genes that encode for the alpha 1- and β2b- subunits of the calcium 

channel respectively, can cause BrS by loss of function of the cardiac L-type calcium 

channel.(15) Diagnosis of BrS is based on typical electrocardiographic characteristics, 

which however typically vary within the same patient. Based on morphology, three 

ECG subtypes can be distinguished. Elevated body temperature and sodium channel 

blockers such as flecainide, procainamide and ajmaline can provoke or worsen the 

typical ECG changes. Only a documented spontaneous or drug-induced type 1 ECG 

qualifies for a definite diagnosis.(16) Patients with a spontaneous Brugada pattern 

have a worse prognosis than those with a drug-induced type 1 Brugada ECG.(17) The 

role of electrophysiologic studies in risk stratification is controversial.(18) Treatment 

is by ICD in high risk patients: patients with previous cardiac arrest or documented 

VT/VF or patients with spontaneous type 1 ECG and syncope.(1,19,20)

Catecholaminergic Polymorphic VT
Typically, patients with catecholaminergic polymorphic VT (CPVT) experience 

bidirectional and polymorphic ventricular arrhythmias as the heart rate reaches a 

threshold of 120 to 130 beats per minute. An autosomal dominant form is seen in 

the majority of cases, in 50% of whom the RYR2 gene is involved.(21) This gene 

encodes for the ryanodine receptor channel, which regulates Ca++ release from the 

sarcoplasmic reticulum in response to Ca++ entry through the sarcolemma L-type Ca++ 

channels during the plateau phase of the action potential. Also, an autosomal recessive 

form exists in which the CASQ2 gene is mutated which encodes for calsequestrin, a 

Ca++-buffering enzyme within the sarcoplasmic reticulum.(22) This form is associated 

with more severe symptoms and often occurs at younger age. The genetic defects 

in both forms lead to a Ca++ overload in the sarcoplasmic reticulum which worsens 
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during higher heart rates and can result in triggered activity due to delayed after 

depolarizations. Patients in both forms often present in early childhood. Treatment is 

by beta blockers in clinically diagnosed CPVT patients. An ICD is indicated in CPVT 

patients who survived cardiac arrest or who have syncope or documented sustained 

VT while receiving beta blocker therapy.(1)

Screening
The cause of death in young SCD victims has been subject of several studies 

(Table 2). No structural cardiac abnormalities could be found in 20.9% of sudden 

death cases (<40 years old) in pathology studies and a primary arrhythmia could 

be presumed. The question arises whether screening of surviving relatives of these 

sudden unexplained death victims is warranted. Two studies have addressed this 

question. Behr et al. studied 184 members of 57 families with ≥ 1 sudden unexplained 

death (SUD) between 4 and 64 years with normal autopsy findings. In all evaluated 

family members a normal and stress ECG, echocardiography and Holter analysis 

were performed. Stepwise, other investigations were added which included signal 

averaged ECG, ajmaline testing, cardiac magnetic resonance imaging, and mutation 

analysis. They could find a diagnosis in 30 families (57%).(23) A study by our group 

Table 2. Cause of death in pathologic examination of sudden death cases < 40 years. 
Unresolved depicts the number of patients with normal cardiac findings at autopsy as a percentage of the 
total number of included patients minus the non-cardiac deaths. N: total number of included patients; N NC: 
number of non-cardiac sudden deaths (if empty than these were excluded by study design); N SCD: number 
of sudden cardiac death patients; HCM hypertrophic cardiomyopathy; DCM dilated cardiomyopathy; ARVD 
arrhythmogenic right ventricular cardiomyopathy; LVH left ventricular hypertrophy.
 ** Excluded in the totals, as patients with coronary artery disease were excluded in this study.

 
Reference Year Age 

(yrs) 
N N NC N SCD unresolved 

(%) 
CAD 
(%) 

HCM
(%) 

DCM 
(%) 

ARVD 
(%) 

LVH 
(%) 

Myocarditis 
(%) 

Vascular 
(%) 

Valvular 
(%) 

Condu
ction 
(%) 

Other (%) 

Burke et al. (57) 1990 14-40 690  690 15,9 45,8 4,1 0,0 0,1 11,0 4,8 4,2 3,3  10,7 

Drory et al.(58) 1991 <40 162 25 118 13,9 50,8 12,7 4,7  0,0 22,0 0,8 1,7  8,5 

Shen et al. (59) 1995 20-40 54 15 32 33,3 56,3 6,3   0,0 12,5 3,1   3,1 

Steinberger et al. 
(60) 1996 1-21 50  40 20,0 0,0 15,0    35,0 30,0   20,0 

Corrado et al.(61) 2001 <35 273  163 27,8 27,4 9,1 0,0 13,7   20,8 15,7  7,1 

Wisten et al.(62) 2002 15-35 181  181 21,0 17,7 10,5 39,8 6,6  10,5 14,4 2,2 1,7 3,3 

Puranik et al. (63) 2005 5-35 427 186 241 29,0 27,8 5,8 28,9 0,0 2,9 11,6 5,4   12,0 

Fabre et al.(64) ** 2006 <35y 223  223 53.4 excl 6,7 11,2 2,7 4,9 7,6 2,2   5,8 

Totals   1837 226 1499 20,9 36,5 6,8 2,5 2,7 5,5 8,3 8,2 4,0 0,2 9,5 
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that examined the same question found that a rigorous and extensive cardiological 

evaluation, encompassing normal and stress ECG, flecainide testing, lipid screening 

and DNA testing could identify the underlying disease in 17 of 43 families (40%) in 

which one SUD <40 years old had occurred. DNA testing could confirm the diagnosis 

in 23% of families.(24) Once the genetic basis of SCD is known within a family, DNA 

testing can be used as a screening tool. In conclusion, examination of relatives of 

young SCD victims has a high diagnostic and therapeutic yield and should be strongly 

advised in those concerned.

Multigenetic disease
Above 40 years of age, the prevalence of coronary artery disease rises sharply. Thereby, 

the cause of SCD in these patients is primarily atherosclerosis related. The question 

arises whether genetics play a role in the development of ventricular arrhythmias in 

this age group as well. Two case-control and one cohort study suggest  genetic risk 

factors for SCD. A family history for sudden death turned out to be one of the most 

important risk factors, suggesting that gene variants or polymorphisms contribute to 

SCD risk. 

The Paris Prospective Study included 7746 men employed by the city of Paris who 

Table 2. continued

 
Reference Year Age 

(yrs) 
N N NC N SCD unresolved 

(%) 
CAD 
(%) 

HCM
(%) 

DCM 
(%) 

ARVD 
(%) 

LVH 
(%) 

Myocarditis 
(%) 

Vascular 
(%) 

Valvular 
(%) 

Condu
ction 
(%) 

Other (%) 

Burke et al. (57) 1990 14-40 690  690 15,9 45,8 4,1 0,0 0,1 11,0 4,8 4,2 3,3  10,7 

Drory et al.(58) 1991 <40 162 25 118 13,9 50,8 12,7 4,7  0,0 22,0 0,8 1,7  8,5 

Shen et al. (59) 1995 20-40 54 15 32 33,3 56,3 6,3   0,0 12,5 3,1   3,1 

Steinberger et al. 
(60) 1996 1-21 50  40 20,0 0,0 15,0    35,0 30,0   20,0 

Corrado et al.(61) 2001 <35 273  163 27,8 27,4 9,1 0,0 13,7   20,8 15,7  7,1 

Wisten et al.(62) 2002 15-35 181  181 21,0 17,7 10,5 39,8 6,6  10,5 14,4 2,2 1,7 3,3 

Puranik et al. (63) 2005 5-35 427 186 241 29,0 27,8 5,8 28,9 0,0 2,9 11,6 5,4   12,0 

Fabre et al.(64) ** 2006 <35y 223  223 53.4 excl 6,7 11,2 2,7 4,9 7,6 2,2   5,8 

Totals   1837 226 1499 20,9 36,5 6,8 2,5 2,7 5,5 8,3 8,2 4,0 0,2 9,5 
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were followed for 23 years. During this period, 118 sudden cardiac deaths and 192 

fatal myocardial infarctions occurred. The authors analyzed the role of traditional 

risk factors in these deaths. After correction for other risk factors, parental history of 

sudden death was independently related to the occurrence of sudden death (RR 1.80; 

95% CI, 1.11 to 2.88), but was not associated with the occurrence of fatal myocardial 

infarction. In 19 patients, in whom both parents died suddenly, the risk was much 

higher (RR 9.44; p=0.01), as would be expected when genetic factors are causally 

involved.(25) In a case-control study by Friedlander et al., a selection of 235 cases 

of out-of-hospital primary cardiac arrest attended by paramedics in King County, 

Washington were compared to 374 healthy controls from the general population. In 

this study there was a relative risk of 1.56 (95% CI=1.15 to 2.11) for sudden death 

if one parent died of sudden death.(26)  In our own Primary VF study, 330 primary 

VF survivors (cases) and 372 patients with a first ST-elevation myocardial infarction 

Table 3. An overview of gene polymorphisms that have been related to SCD risk. 
MI myocardial infarction; VD violent deaths; ACS acute coronary syndrome patients; CAD coronary artery 
disease; HF heart failure; ADRB beta adrenoreceptor; GPIIIA glycoprotein IIIA; GP1BA glycoprotein 1B alpha; 
PAI-I plasminogen activator inhibitor type I; F5 factor 5 Leiden; ITGA2B integrin alpha 2 B; ACE angiotensin 
converting enzyme; HL Hepatic Lipase

 

Gene	  studied	   Study	  type	   Study	  group	   Risk	  factor	   Higher	  risk	   Reference	   OMIM	  

GP1BA	   Case-‐control,	  
autopsy	  

288	  SCD	  vs	  272	  VD	   1	   (HPA-‐2	  Met	  haplotype	  
more	  prevalent	  in	  
young	  SCD,	  but	  not	  on	  
group	  level)	  

(31)	   606672	  	  	  

F5,	  	  
G20210A	  

Case-‐control	   168	  SCD	  vs	  606	  healthy	  controls	   1	   -‐	   (65)	   227400	  	  	  

KCNJ11	   Case	  -‐	  control	   86	  SCD	  vs	  84	  with	  ≥3	  MIs	   1	   -‐	   (66)	   600937	  
SCN5A	   Case-‐control	   67	  SCD	  vs	  91	  CAD	  patients	   1	   -‐	   (36)	   600163	  
ITGA2B	   Case-‐control	   94	  SCD	  survivors	  vs	  160	  CAD	  

patients	  
1	   -‐	   (67)	   607759	  

SCN5A	   Case-‐control	   182	  SCD	  vs	  107	  non	  cardiac	  SD.	  All	  
black	  

1	   RR	  8.4	  for	  Y1102	  in	  
subgroup	  with	  
unexplained	  
arrhythmias	  

(35)	   600163	  

ADRB2	   Prospective	  
cohort	  

4441	  European	  American	  cohort	  
(156	  SCD),	  
808	  African	  American	  cohort	  (39	  
SCD).	  
Replicated	  in	  155	  SCD	  cases	  and	  
144	  controls	  (European	  
Americans)	  

1.2-‐1.6	   Gln27	  homozygous	  
participants	  had	  a	  58%	  
higher	  SCD	  risk	  than	  
participants	  with	  ≥1	  
Glu27	  alleles	  

(29)	   109690	  

ACE	   Cohort	   479	  HF	  patients	  of	  whom	  82	  ICD	  
for	  arrhythmias	  

2.06	   Survival	  worse	  in	  ACE	  
DD	  subjects	  

(68)	   106180	  	  	  

PAI-‐I	  4G/5G	  
	  

Case-‐control	   97	  SCD	  survivors	  with	  ICD	  vs	  113	  
CAD	  patents	  

3.6	   4G/4G	  genotype	  	   (32)	   173360	  

ADRB1	   1	   -‐	  
ADRB2	  

Prospective	  
cohort	  

597	  ACS	  patients	  with	  beta	  
blockers	  whereof	  84	  died	  during	  
follow	  up	  

2.41-‐5.36	   Patients	  with	  beta	  
blocker	  and	  46AA	  or	  
79CC	  polymorphism	  

(28)	   109690	  

HL	   Case-‐control,	  
autopsy	  

288	  SCD	  vs	  404	  non-‐SCD	   3.0	   HL	  C-‐480T	  
polymorphism	  

(69)	   151670	  

GPIIIA	   Case-‐control,	  
autopsy	  

281	  SCD	  vs	  258	  VD	   6.6	   PlA2	  positive	  genotype	  
more	  prevalent	  in	  SCD	  
<	  50yrs	  

(30)	   173470	  
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without VF (controls) were compared. Familial sudden death occurred significantly 

more frequently among cases than controls (43.1% and 25.1%, respectively) resulting 

in an odds ratio of 2.72 (95% CI 1.84 to 4.03).(27) 

Clearly, gene polymorphisms contribute to SCD risk and over the last few years many 

polymorphisms have been related to SCD risk (Table 3). Lanfear et al. prospectively 

studied 597 patients with an acute coronary syndrome who were treated with beta 

blockers. They found that the risk of sudden cardiac death in this group was dependent 

on the ADRB2 genotype, but not on the ADRB1 genotype. The risk ranged from 

6% in the GG/79GC group to 46% in the AA/79 CC group, possibly reflecting beta 

blocker resistance in the latter.(28) Sotoodehnia et al. performed a prospective cohort 

study of 4441 white and 808 black participants in which they only tested the ADRB2 

genotype for two common SNPs that result in amino acid substitutions: Gly16Arg 

and Gln27Glu. They found that Gln27 homozygous participants had a 58% higher 

SCD risk than participants with ≥1 Glu27 alleles (ethnicity-adjusted HR, 1.56; 95% 

CI, 1.17 to 2.09). (29) Mikkelsson et al. have studied glycoprotein receptors involved 

in thrombus formation in a case-control autopsy study in which SCD victims and 

violent death victims were compared. They found that the PIA2 polymorphism of 

the glycoprotein IIIa receptor was more prevalent in SCD cases < 50 years old.(30) 

The HPA-2 Met haplotype was more prevalent in young SCD cases.(31) Anvari et 

al. studied plasminogen activator inhibitor type I polymorphisms in a case-control 

study of SCD survivors with an ICD vs coronary artery disease patients without a 

history of malignant ventricular arrhythmias. They found that carriers of the PAI-I 

4G/4G genotype had an increased risk of sudden death.(32) Bedi et al. have studied 

angiotensin converting enzyme (ACE) polymorphisms in a cohort study of 479 heart 

failure patients of whom 82 received an ICD. In this study the ACE-DD genotype was 

associated with a worse survival, which could not be improved by ICD placement, 

suggesting that this genotype is associated with death due to heart failure rather than 

arrhythmic sudden death. A genome-wide study identified NOS1AP (CAPON), a 

regulator of neuronal nitric oxide synthase, as a new target that modulates cardiac 

repolarization. It could explain up to 1.5% of QT interval variation in a population 

of 200 subjects at the extremes of a population of 3966 subject from the German 

KORA cohort in which QT intervals were measured.(33) Finally, several groups have 

studied polymorphisms of the SCN5A gene as a potential source for SCD. This gene 

is of special interest as it is involved in several of the primary arrhythmia syndromes. 

Splawski et al. found that the Y1102 polymorphism of the SCN5A gene was present 

in 56.5% of 23 African-Americans with suspected ventricular arrhythmias and in 13% 

in 468 healthy controls. They added evidence for a possible role for the Y1102 allele 

in arrhythmogenesis by showing that it causes a shift in voltage dependence of the 
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sodium channel when transfected in human embryonic kidney cells.(34) Burke et 

al. later confirmed these findings in a larger study.(35) Stecker et al. studied SCN5A 

polymorphisms in 67 SCD cases and 91 controls with coronary artery disease, but 

without arrhythmias or syncope. They found a low prevalence of amino acid-altering 

polymorphisms in both groups and could not significantly associate polymorphisms 

with SCD risk.(36) Studies of polymorphisms in the genes encoding for KCNJ11, 

factor 5 Leiden and integrin alpha 2 B did not find an association with SCD risk. 

Some limitations apply to the interpretation of these data. All studies were performed 

in relatively small groups. Furthermore, the studies by Mikkelsson, Reiner and Burke 

et al. compare deceased patients with controls without coronary artery disease. This 

makes it difficult to discern whether the polymorphisms found are related to SCD or 

to ischemia which is itself related to SCD. 

Conclusions
The risk of ventricular arrhythmias and sudden death in both younger and older 

patients can at least partly be explained by the genetic profile. Some of the genes 

that are involved in primary arrhythmia syndromes might play a role in SCD risk 

in the older population as well. Genes are associated with arrhythmias at an ever 

increasing rate. Current knowledge of genetic profiles starts to guide risk stratification 

and therapy. Further  development will come from genome wide strategies in larger 

patient populations.(37;38) Over the next few years, results of these studies will 

become available. 
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Sudden cardiac death from ventricular fibrillation during acute myocardial infarction 

is a leading cause of total and cardiovascular mortality. To our knowledge, we here 

report the first genome-wide association study for this trait, conducted in a set of 

972 individuals with a first acute myocardial infarction, 515 of whom had ventricular 

fibrillation and 457 of whom did not, from the Arrhythmia Genetics in the Netherlands 

(AGNES) study. The most significant association to ventricular fibrillation was found 

at 21q21 (rs2824292, odds ratio = 1.78, 95% CI 1.47–2.13, P = 3.3 × 10−10). The 

association of rs2824292 with ventricular fibrillation was replicated in an independent 

case-control set consisting of 146 out-of-hospital cardiac arrest individuals with 

myocardial infarction complicated by ventricular fibrillation and 391 individuals who 

survived a myocardial infarction (controls) (odds ratio = 1.49, 95% CI 1.14–1.95, P 

= 0.004). The closest gene to this SNP is CXADR, which encodes a viral receptor 

previously 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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Genome-wide association for ventricular fibrillation in acute myocardial infarction. 

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 

deaths1. Ventricular fibrillation (uncoordinated contraction of the ventricles) is the 

most common underlying cardiac arrhythmia2. It arises through multiple mechanisms, 

depending on the affected individual’s underlying cardiac pathology3. 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 risk4,5. However, the overwhelming 

majority (~80%) of SCDs in adults are caused by the sequelae of coronary artery 

disease, namely myocardial ischemia or acute myocardial infarction6,7, 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 limited3,9,10. The identification of genetic 

variants associated with these phenotypes is challenging due to difficulties in identifying 

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 susceptibility11,12. 

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 infarction13. 

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.

Methods
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 
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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 hours 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. 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 study14, 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 
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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 Beadchips32. 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 ancestry33. 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

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 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 



Chapter 2.2

34

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 

Characteristic	  

	  

N*	   Total	  
(n=972)	  

Cases	  
(n=515)	  

Controls	  
(n=457)	  

P	  value§	  

Sex	  (male)	  -‐no.	  (%)	   	   783	  (80.6)	   412	  (80.0)	   371	  (81.2)	   0.68	  

Mean	  age	  at	  MI-‐yr	  ±	  SD	   	   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-‐no.	  (%)	   962/505/457	   	   	   	   	  

Inferior	  MI	  	   	   408	  (42.4)	   203	  (40.2)	   205	  (44.9)	  

Anterior	  MI	  	   	   554(57.6)	   302	  (59.8)	   252	  (55.1)	  

0.144†	  

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-‐no.	  (%)	   909/459/450	   291	  (32.0)	   174	  (37.9)	   117	  (26.0)	   <0.0001	  

Beta	  blocker	  usage-‐no.	  (%)	   936/482/454	   85	  (9.1)	   50	  (10.4)	   35	  (7.7)	   0.17	  

Cardiovascular	  risk	  factors-‐no.	  (%)	   	   	   	   	   	  

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	  

	  

Table 1. Baseline characteristics of the AGNES case-control set.
* In case of missing values, the sample sizes of the total, case and control sets for whom information is 
available are given.
§ P value for comparison of cases and controls for each item. 
† P-value for comparison of Inferior and Anterior MI between cases and controls.
IQR = inter-quartile range. 
CK-MB = creatine kinase-MB
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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.

We next validated the association of the leading SNPs at the 21q21, 9q21 and 1q25 

loci in an independent set of cases and controls (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 study14,

which comprises individuals who underwent percutaneous transluminal coronary 

angioplasty (PTCA) at a time remote from a myocardial infarction. As observed in 

SNP Chromosome 
Position Position * Location Minor 

Allele 
Major 
Allele 

Frequency 
Minor 
Allele † 

Imputed 
(yes/no) Rsq 

Odds 
Ratio Per 
Copy of 
Minor 
Allele 

(95% CI) 
∫ 

P Value 
‡ 

Closest 
Genes⌠ 

rs2824293 21q21 17709385 Intergenic G A 0.47 yes 1 1.78 
(1.47,2.13) 

3.34×10-

10 
CXADR, 

BTG3 

rs2824292 21q21 17709047 Intergenic G A 0.47 no 1 1.78 
(1.47,2.13) 

3.36×10-

10 
CXADR, 

BTG3 

rs1353342 9q21 78064589 Intergenic A C 0.23 no 0.99 0.46 
(0.34,0.63) 

3.34×10-

07 

PCSK5, 
RFK, 

GCNT1 
rs12090554 1q25 183818971 Intergenic A G 0.23 no 0.99 0.58 

(0.47,0.72) 
7.89×10-

07 
HMCN1, 

IVNS1ABP 
	  

Table 2. Leading single nucleotide polymorphisms (SNPs) 
at the three loci most strongly associated with 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. ⌠ Genes within an area of 1 Mb centered 
at the SNP are listed. Rsq estimates the squared correlation between imputed and true genotypes. 
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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 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 

Table 3. Genotype distributions
In the patient samples studied and in a sample of the general population. 

Sample	   N	   rs2824292	  

	   	   AA	   AG	   GG	  
AGNES	  cases	   513	   0.22(0.19-‐0.26)	   0.48(0.44-‐0.52)	   0.30(0.26-‐0.34)	  
AGNES	  controls	   457	   0.37(0.32-‐0.41)	   0.48(0.43-‐0.52)	   0.15(0.12-‐0.19)	  
ARREST-‐MI	  (cases)	   146	   0.25(0.18-‐0.32)	   0.47(0.39-‐0.55)	   0.27(0.20-‐0.35)	  
GENDER-‐MI	  (controls)	   391	   0.35(0.30-‐0.40)	   0.48(0.43-‐0.53)	   0.17(0.13-‐0.21)	  
General	  Population	   492	   0.29(0.25-‐0.33)	   0.52(0.48-‐0.57)	   0.19(0.16-‐0.23)	  
	   	   rs1353342	  
	   	   GG	   GT	   TT	  
AGNES	  cases	   514	   0.86(0.83-‐0.89)	   0.13(0.10-‐0.16)	   0.01(0.00-‐0.01)	  
AGNES	  controls	   457	   0.73(0.69-‐0.77)	   0.25(0.21-‐0.29)	   0.02(0.01-‐0.03)	  
ARREST-‐MI	  (cases)	   146	   0.82(0.76-‐0.88)	   0.17(0.11-‐0.23)	   0.01(-‐0.01-‐0.02)	  
GENDER-‐MI	  (controls)	   391	   0.79(0.75-‐0.83)	   0.2(0.16-‐0.24)	   0.01(0.0-‐0.02)	  
General	  Population	   488	   0.79(0.75-‐0.83)	   0.2(0.16-‐0.23)	   0.01(0.0-‐0.02)	  
	   	   rs12090554	  
	   	   GG	   AG	   AA	  
AGNES	  cases	   515	   0.67(0.63-‐0.71)	   0.29(0.25-‐0.33)	   0.04(0.02-‐0.06)	  
AGNES	  controls	   455	   0.51(0.46-‐0.56)	   0.42(0.38-‐0.47)	   0.07(0.04-‐0.09)	  
ARREST-‐MI	  (cases)	   143	   0.66(0.59-‐0.74)	   0.31(0.24-‐0.39)	   0.02(0.0-‐0.04)	  
GENDER-‐MI	  (controls)	   391	   0.58(0.53-‐0.62)	   0.38(0.34-‐0.43)	   0.04(0.02-‐0.06)	  
General	  Population	   477	   0.57(0.52-‐0.61)	   0.39(0.34-‐0.43)	   0.05(0.03-‐0.06)	  
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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 as well as imputed SNPs, 
centered at rs2824293, located at 338bp from rs2824292 and in complete LD 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; 
those in yellow have r2 = 0.2-0.5; those 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. Figure 1B was prepared using SNAP.31
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than 30 min of onset of chest pain (n = 204) showed no significant difference in the 

distribution of genotypes for rs2824292 (Supplementary Table 3).

Discussion
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 

expression15. 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 junction16,17. CAR has a long-recognized role as viral receptor in 

the pathogenesis of viral myocarditis and its sequela of dilated cardiomyopathy18,19. 

Notably, active coxsackie B virus infection has been reported at a high frequency

in a group of individuals with myocardial infarction who died suddenly20. 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 compartment21,22.

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 genes23. Its mRNA expression level is relatively high in the testis,

lung and ovary but is low in heart23. 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 structures24,25.

Further studies, such as exploration of expression of 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 population26–28, have recently been implicated as 

predictors of SCD risk in candidate SNP analyses29,30. 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 
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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 Table 1. Most Significant Associations 
between Single Nucleotide Polymorphisms (SNPs) and Ventricular Fibrillation in the AGNES casecontrol 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 Tables and Figures

Supplementary Table 2. Genotype distributions 
in the patient samples studied and in a sample of the general population.
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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 (_=1.026).

Supplementary Figure 2. Haploview plot of linkage disequilibrium (D’) 
for all CEU HapMap SNPs in a 500 Kb region spanning rs2824292. Colour scheme: D_<1 and LOD<2 = white, D_ 
=1 and LOD<2 = blue, D_ <1 and LOD_2 = shades of  pink/red, D_ =1 and LOD_2 = bright red.
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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 2. Continued 
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Background 
Ventricular fibrillation (VF) in the setting of acute ST elevation myocardial infarction 

(STEMI) is a leading cause of mortality. Although the risk of VF has a genetic 

component, the underlying genetic factors are largely unknown. Since heart rate and 

ECG intervals of conduction and repolarization during acute STEMI differ between 

patients who do and patients who do not develop VF, we investigated whether SNPs 

known to modulate these ECG indices in the general population also impact on the 

respective ECG indices during STEMI and on the risk of VF.

Methods and Results 
The study population consisted of participants of the Arrhythmia Genetics in the 

NEtherlandS (AGNES) study, which enrols patients with a first STEMI that develop 

VF (cases) and patients that do not develop VF (controls). SNPs known to impact on 

RR interval, PR interval, QRS duration or QTc interval in the general population were 

tested for effects on the respective STEMI ECG indices (stage 1). Only those showing 

a (suggestive) significant association were tested for association with VF (stage 2). On 

average, VF cases had a shorter RR and a longer QTc interval compared to non-VF 

controls. Eight SNPs showed a trend for association with the respective STEMI ECG 

indices. Of these, three were also suggestively associated with VF.

Conclusions 
RR interval and ECG indices of conduction and repolarization during acute STEMI 

differ between patients who develop VF and patients who do not. Although the effects 

of the SNPs on ECG indices during an acute STEMI seem to be similar in magnitude 

and direction as those found in the general population, the effects, at least in isolation, 

are too small to explain the differences in ECGs between cases and controls and to 

determine risk of VF.
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Introduction
Sudden cardiac death (SCD) is a leading cause of death in adults in the Western world 

[1]. The overwhelming majority (~80%) of SCDs in adults are caused by the sequelae 

of coronary artery disease, namely myocardial ischemia or acute myocardial infarction 

(MI) [2]. While the risk of VF is known to have a genetic component, the underlying 

genetic factors are yet largely unknown [3–5]. 

Electrocardiographic indices of conduction and repolarization are considered 

important quantifiable intermediate phenotypes for arrhythmia risk [6]. In support 

of this concept, ECG indices measured during the acute phase of ST elevation MI 

(STEMI) were associated with risk of ensuing VF [7]. A number of studies have 

demonstrated that heart rate, PR interval, QRS duration and QTc interval are heritable 

traits [8–10] and over the last years genome-wide association studies (GWAS) in large 

samples of the general population have uncovered several common single nucleotide 

polymorphisms (SNPs) affecting these ECG traits [11–21].  

The objective of this study was to assess whether SNPs, previously associated with 

heart rate and ECG indices of conduction and repolarization in GWAS in the general 

population, modulate ECG indices and risk of VF during acute STEMI. Specifically, 

we hypothesized that ECG-related SNPs modulate heart rate and ECG conduction 

and repolarization intervals in the setting of acute STEMI and thereby modulate (and 

predict) the risk of VF in this condition.

Methods 
Ethics statement
The study protocol was approved by the Institutional Review Board of the Academic 

Medical Center, University of Amsterdam, and was conducted according to the 

principles of the Declaration of Helsinki. All participants gave written informed 

consent. 

Study samples
The study population consisted of participants of the Arrhythmia Genetics in the 

NEtherlandS (AGNES) case-control study which has been described in detail 

previously [3,4]. In brief, the AGNES study enrols patients with a first acute STEMI. 

Cases are defined as patients who were successfully resuscitated after documented VF 

that occurred between the onset of symptoms and coronary intervention. Controls are 

defined as acute STEMI patients who did not develop VF. Patients with a previous 

MI or major co-morbidity were excluded. All individuals studied were of self-declared 

European ancestry. 
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Measurement of ECG indices 
The first recorded ECG that was acquired during STEMI and before reperfusion 

treatment was used for analysis. For cases, both ECGs acquired pre-VF as well as post-

VF were included. ECGs of insufficient quality (due to e.g. baseline drift or missing 

leads) and ECGs with rhythms other than sinus rhythm or atrial fibrillation (AF) were 

excluded. Patients with AF (n = 23) were excluded for the analyses of PR interval, 

but included for the other ECG indices. All ECGs were digitized at 400 dpi (giving 

a spatial resolution 0.064 mm or 1.6 ms / pixel on an ECG traced at 25 mm / sec). 

Calibrated measurements were performed on-screen after 4 times enlargement of the 

digitized ECGs in ImageJ (National Institutes of Health, Bethesda, Maryland, http://

rsb.info.nih.gov/ij/). RR-interval (heart rate) was measured from the ECG. PR interval 

was measured from the onset of the P-wave to the onset of ventricular depolarization. 

QRS duration was measured from the onset of ventricular depolarization to the J 

point. QTc interval was measured using the tangent method [22]. Lead II was used 

when the T wave was of sufficient amplitude to warrant QT measurement, otherwise 

leads V5 or V2 were used. QT was corrected for heart rate (QTc) using Fridericia’s 

formula (QTc = QT / (cube root (RR)). ST deviation was calculated as the sum of 

all ST deviation from baseline at 60ms after the J point in all 12 leads. ST deviation 

was not reported if individual leads were disconnected or in patients with left bundle 

branch block. The mean of three consecutive beats wherever possible was measured 

for all parameters and used in subsequent analyses. Patients with AV block, PR 

interval ≥ 200 ms or QRS duration ≥ 120 ms were excluded from the ECG analyses 

involving the continuous endpoints PR interval, QRS duration and QTc interval. For 

PR interval and QRS duration, additional dichotomous endpoints were assessed i.e. 

PR interval ≥ 200 ms and QRS duration ≥ 120ms. 

Selection of SNPs and Genotyping
We inspected the published GWAS concerning heart rate and ECG indices of 

conduction and repolarization and identified SNPs reported to be associated with 

these parameters at genome-wide significant P-values (P < 5×10-8) [23]. In case of 

high linkage disequilibrium (r2 ≥ 0.75) between identified SNPs, only a single SNP, 

capturing the maximum amount of variation present in the correlated SNPs, was 

selected for our analysis.  This was the case for SNPs at the SCN10A, SCN5A, 

KCNH2, KCNQ1, CNOT1, ARHGAP24, NOS1AP, CDKN1A, GJA1 and MYH6 

loci. A total of 65 SNPs were identified in this way. Genotypes for these SNPs were 

either obtained by direct genotyping (Illumina610 Quad genotyping array) or were 

estimated by imputation using HapMap build 36 as the reference panel. Details on 

genotyping and imputation in the AGNES sample have been described previously [4].
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Statistical Analysis
We tested differences between cases and controls in continuous variables with an 

independent sample t-test, or the Mann-Whitney U test when the data was not 

normally distributed. We compared differences in the percentages of categorical 

variables with the Pearson χ2 test. We used linear regression modelling in association 

analyses of continuous endpoints and logistic regression modelling for association 

analyses of dichotomous endpoints (VF, PR ≥ 200 ms and QRS ≥ 120 ms). In all 

models, we assumed an additive genetic model and corrected for age, sex and the 

culprit artery (harbouring the occluding lesion) [7] as well as the possible interaction 

between culprit artery and the SNPs. The occurrence of the latter was first tested 

using a Wald test. 

Our analysis plan had a two-stage design. In the first stage, we tested for association 

of the selected SNPs with the corresponding ECG parameter during STEMI. In the 

second stage, we selected those SNPs with a (suggestive) significant effect on the ECG 

parameter and analyzed their effect on the occurrence of  VF. 

The Bonferroni thresholds for statistical significance were P ≤ 0.0002 for the first 

stage (corrected for two tests per SNP and six outcomes: HR, QTc, PQ, PQ ≥ 200, 

QRS and QRS ≥ 120, resulting in a total of 210 tests) and P ≤ (0.05/number of SNPs 

carried over from stage 1) for the second stage. For both stages, P-values between the 

Bonferroni threshold and 0.05 were considered as a suggestive trend.

Power and detectable effects
Given the observed standard deviations in our study population for heart rate and 

the ECG indices, the reported effects of the identified SNPs would result in effect 

sizes ≤ 0.2 SD. With the present range in sample sizes (417 – 515), the power to de-

tect an effect size of 0.2 of a SNP with a minor allele frequency (MAF) ranging from 

0.05 to 0.5 would range from 1 to 31% for a two-sided p-value of 0.0002 (Bonferro-

ni threshold) and from 24 – 90% for a two-sided p-value of 0.05 (suggestive trend). 

The present study, therefore, lacks the power to significantly detect effect sizes as 

found in the general population (from the GWAs). However, given the fact that our 

heart rate and ECG indices were measured in patients experiencing a STEMI, we 

hypothesized that the SNP effects might be markedly increased in this sensitized 

population. 

Given the present range in sample sizes, the study had 80% power to detect effect 

sizes of 0.7 to 0.3 (± 5% explained variance) for the quantitative traits at MAFs 

ranging from 0.05 to 0.5 assuming an additive genetic model and a two-sided signifi-

cance threshold of 0.0002 (Stage 1). For PR interval with an overall standard devia-

tion of 20 ms, for example, this translates into detectable allele effects (beta) ranging 
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from 14 to 6 ms. For the dichotomized endpoints, we were able to detect odds ratio’s 

ranging from 2.3 to 1.6 (Stage 1, α = 0.0002).

Results
VF and ischemic ECG indices 
Baseline characteristics of the study population are shown in Table 1. As reported 

previously [3,4], AGNES cases had a lower prevalence of diabetes mellitus and 

hypercholesterolemia, and lower mean body mass index (BMI) than AGNES controls. 

AGNES cases more often had a family history of sudden cardiac death as compared 

to controls.

STEMI ECGs of sufficient quality were available for 599 patients. Of these, 79 (13%) 

patients had QRS ≥ 120 ms, and 85 (14%) patients had a PR ≥ 200 ms or higher 

degree AV block; several patients had a combination of these ECG abnormalities. 

Because of these exclusions and missing values, the number of available observations 

varied between 417 and 515. VF cases showed, on average, a shorter RR interval, a 

longer QTc interval, a greater ST segment deviation and more often prolongation 

of the QRS interval (≥ 120 ms) as compared to controls (Table 1). Location of the 

Table 1. Baseline characteristics of the AGNES case-control set
CK-MB, creatine kinase-MB; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary 
artery. *In case of missing values, the sample sizes of the total, case and control sets (total, case, control) for 
which information was available are given. † Normally distributed continuous variables are presented as mean 
± SD or as Median [interquartile range] otherwise. Categorical variables data are presented as number (%). ‡ 
P value for comparison of cases and controls using independent t-test, Mann-Whitney test, or chi-square test 
where appropriate. 
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culprit coronary lesion modified the effect of QRS duration and QTc interval on risk 

of VF (Table 2). For instance, QRS duration was more prolonged in cases compared 

to controls only among patients with a left circumflex artery (LCX) occlusion 

(Pinteraction = 0.002). QTc-interval tended to be more prolonged among patients 

with left anterior descending artery (LAD) or LCX occlusion (Pinteraction = 0.026).

ECG candidate SNPs and STEMI ECG indices (Stage 1) 
None of the 65 SNPs tested displayed an association with the corresponding ECG 

trait that passed the Bonferroni-corrected significance threshold of P ≤ 0.0002, nor 

showed an interaction with culprit artery. Eight SNPs displayed a trend (0.0002 < P 

< 0.05) in association with STEMI ECG indices (Table 3). Regarding the continu-

ous ECG outcomes, SNPs rs223116 and rs281868 showed a trend for association 

with RR interval (P = 0.004 and 0.014, respectively) and SNP rs6795970 showed a 

trend for association with PR interval (P = 0.004). SNPs rs1886512 and rs883079 

showed a trend for association with QRS duration (P = 0.010 and 0.007, respec-

tively). SNPs rs17779747 and rs8049607 showed a trend for association with QTc 

interval (P = 0.004 and 0.036, respectively). Regarding the dichotomized ECG 

Table 2. ECG characteristics of AGNES cases and controls according to the artery 
harbouring the stenotic lesion
LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery 
* P value of comparison between cases and controls using a logistic regression model adjusted for age and sex. 
(All patients with AV block or PR ≥ 200 ms or QRS ≥ 120 ms & AF are excluded) 
where appropriate. 
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Table 3. Association analysis of SNPs with ECG indices of conduction and repolarization 
during myocardial ischemia 
SE, Standard Error * Direction of effect estimate per copy coded allele; Inc, Increasing effect; Dec, Decreasing 
effect; data from previous GWA studies † Effect estimate is given per copy of the coded allele adjusted for age, 
sex and culprit artery (all patients with AV block or PR ≥ 200 ms or QRS ≥ 120 ms are excluded).
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endpoints, the C-allele of SNP rs11708996 showed a trend for association with PR 

≥ 200ms with an odds ratio of 2.39 (95% CI: 1.33 – 4.30; P = 0.004). None of the 

QRS SNPs showed any significant association with QRS ≥ 120 ms. 

STEMI ECG SNPs and risk of VF (Stage 2)
We next tested the eight SNPs from Stage 1 showing a trend for association with the 

ECG parameters for association with VF. Of these eight, none passed the Bonferroni-

corrected significance threshold (P ≤ 0.0063) for association with risk of VF during 

STEMI. However, two SNPs, namely rs6795970 and rs17779747, were nominally 

associated with VF (P = 0.009 and 0.026, respectively) independent of the culprit 

artery. Another SNP, rs223116 displayed a nominal association with VF in patients 

with an occlusion in the LCX (P = 0.039) or RCA (P = 0.037) only (Table 4). 

Discussion
In the current study, we confirm and extend previous observations that heart rate and 

ECG indices of conduction and repolarization differ between acute STEMI patients 

who develop VF and acute STEMI patients who do not develop VF. Although our 

analysis only detected nominal association with the STEMI ECG traits for only a 

minority of SNPs, the effect size and direction for the association of these SNPs 

was comparable to that found for the corresponding trait in the general population. 

Furthermore, of the eight SNPs displaying such association, three also displayed a 

trend for association with VF. 

Table 4. Association analysis of SNPs with VF in AGNES cases versus AGNES controls 
SE, Standard Error * Direction of effect estimate per copy coded allele; Inc, Increasing effect; Dec, Decreasing 
effect; data from previous GWA studies † Effect estimate is given per copy of the coded allele adjusted for age, 
sex and culprit artery (all patients with AV block or PR ≥ 200ms or QRS ≥ 120 ms are excluded).
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Ischemic ECG indices and VF
Ischemic ECGs of patients with VF (cases) showed, on average, shorter RR intervals, 

longer QTc intervals and more ST segment deviation than patients without VF 

(controls). When the culprit artery harbouring the occluding lesion was taken into 

account, cases with an LCX occlusion had a longer QRS duration. This finding is 

similar to our previous findings in a smaller sample of STEMI patients with and 

without VF [7]. However, the observation in this previous study of longer QRS 

interval in cases with an RCA occlusion was not observed in the present study. With 

respect to QTc interval, cases with either an LAD or LCX occlusion had a longer 

QTc-interval compared to controls. This extends our earlier findings, where similar 

(though non-significant) differences in QTc interval were found for the same culprit 

arteries. The observed longer QRS duration and QTc interval in cases with VF reflect 

cardiac conduction delay and prolonged repolarization time, respectively, consistent 

with a more pro-arrhythmic substrate in cases [24].

ECG candidate SNPs, STEMI ECG indices and VF
Recent GWAS have identified multiple common genetic variants affecting heart rate, 

conduction and repolarization in individuals from the general population [11–21]. 

However, whether these variants also influence ECG indices in the setting of STEMI 

has not yet been investigated. In our study, none of the association P-values exceeded 

our stringent pre-set threshold for statistical significance. Eight SNPs displayed a 

suggestive association to the corresponding STEMI ECG parameter, and of note all 

eight SNPs displayed an effect that was similar in direction and magnitude to that 

observed in the general population [11–21]. However our findings also demonstrate 

that SNPs which are known to exert only small effects on ECG parameters in the 

general population, do not have a markedly increased effect on ECG indices in the 

setting of acute STEMI. 

None of the eight SNPs that displayed nominal association with STEMI ECG 

parameters passed our stage 2 Bonferroni threshold (P<0.0063) for the association 

with VF. However, as previously reported [11], the A-allele of rs6795970 in the 

SCN10A gene appears to be associated with a decreased risk of VF in the AGNES 

population (P=0.009). The rs6795970 SNP has consistently been shown to impact 

on PR interval in different studies carried out in the general population [11–13], with 

the A-allele being the PR-prolonging allele. We now show that this SNP may also be 

associated with a longer PR interval during acute STEMI. In addition to PR interval, 

rs6795970 has been found associated with QRS in GWA studies, underscoring the 

shared molecular underpinning of atrio-ventricular and ventricular conduction.  In 
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spite of this, the effect of rs6795970 on QRS duration in our study was small and 

non-significant. SNP rs6795970 is in high LD (r2=0.93) with rs6801957 with both 

SNPs being localized within the SCN10A gene located immediately downstream of 

SCN5A on chromosome 3. SNP rs6801957 is located in a T-box transcription factor 

binding motif within an enhancer element and the PR- and QRS-prolonging minor 

allele of this SNP was recently shown to affect TBX3/TBX5 binding and T-box factor 

response of the enhancer [25]. These recent findings suggest that rs6801957 is the 

causal SNP and that this SNP may modulate SCN5A and / or SCN10A expression 

levels in human heart and thereby impact on conduction and arrhythmia risk. 

The common genetic variants identified to date as modulators of ECG indices in 

the general population all carry very small effect sizes and even when considered in 

aggregate, explain only a very small percentage of the variation in these indices. For 

instance, in a meta-analysis for identification of QTc-associating SNPs by Pfeufer 

and co-workers [15], SNPs at 10 different loci in aggregate explained only around 

3% of the variance in this trait. The effects of these common genetic variants on the 

STEMI ECG are small and insufficient to explain the differences found in STEMI 

ECGs of cases and controls. This underscores the need for further studies aimed at 

uncovering additional genetic variants, such as rare variants associated with larger 

effects, which would lead to a more-complete representation of the allelic architecture 

of these differences in STEMI ECGs.

Strengths and Limitations
In this study, we had the unique opportunity to study the effect of genetic variants, 

known to impact on ECG indices in the general population, on VF in a well-defined 

case-control set of patients with a first acute STEMI. Our study is rather unique 

in that the availability of STEMI ECGs and DNA from patients in whom STEMI 

is complicated by VF is very scarce due to the high mortality in these patients. On 

the other hand, as a consequence, our sample size is limited, which can result in 

insufficient statistical power. Furthermore, the STEMI ECGs used in this study were 

retrieved retrospectively and, therefore, the time between the onset of complaints and 

acquisition of the STEMI ECG varied among the study participants. Also since the 

ECGs were retrieved retrospectively, some were of insufficient quality for analysis, 

limiting the size of the sample available for analysis. The first recorded ECG that was 

acquired during STEMI and before reperfusion treatment was used for this analysis. 

Due to the nature of this complex and specific phenotype under investigation a resting 

ECG without STEMI prior to the index event is missing for most of the patients and 

the effects of SNPs on baseline ECGs from these patients could, therefore, not be 

tested. Our analysis did not account for effects which may arise from differences in 
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infarct size, intake of amiodarone or cardioversion. However, with respect to infarct 

size, additional adjustment for peak CKMB as a marker of infarct size, resulted in 

similar effect estimates but with larger confidence intervals, mainly related to the 

reduced sample size as peak CKMB was not available in all patients (Suppl. Table S1). 

Conclusion
In conclusion, ECG indices of conduction and repolarization differ between STEMI 

patients with VF and STEMI patients who do not develop VF. Although the effects of 

some SNPs on ECG parameters during an acute STEMI were similar in magnitude 

and direction as those found in the general population, the effects were too small 

to explain the differences in conduction and repolarization indices and to exert any 

marked impact on risk of VF. Nevertheless, rs6795970, located within the SCN10A 

gene, associated with longer PR interval in the general population and with longer 

PR interval and risk of VF during STEMI in our study, merits investigation in future 

larger studies.
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Supplementary Table

Suppl. table S1. Association analysis of SNPs with VF in AGNES cases versus AGNES 
controls with additional correction for peak CKMB levels.
*effect estimate is given per copy of the coded allele adjusted for age, sex, culprit artery and CKMB. † P values 
for interaction between SNPs and culprit artery on risk of VF

levels.	  

SNP GWAS 
End point 

Coded/Non 
Coded Allele 

GWAS 
Effect* 

Minor Allele 
(Frequency) 

Odds ratio [95% 
CI]* 

P 
value 

P value 
Interaction† 

Gene 

rs223116 RR A/G Dec A (0.24) 1.04 [0.79 – 1.36] 0.785 0.286 THTPA – NGDN – ZFHX2 
rs281868 RR G/A Dec A (0.49) 0.95 [0.76 – 1.19] 0.650 0.237 SLC35F1 
rs6795970 PR A/G Inc A (0.39) 0.81 [0.64 – 1.02] 0.078 0.696 SCN10A 
rs11708996 PR ≥ 200 

ms 

C/G Inc C (0.16) 1.26 [0.91 – 1.77] 0.169 0.118 SCN5A 
rs1886512 QRS A/T Dec A (0.37) 0.93 [0.74 – 1.18] 0.549 0.153 KLF12 
rs883079 QRS C/T Inc C (0.26) 1.02 [0.79 – 1.31] 0.900 0.836 TBX5 
rs17779747 QTc T/G Dec T (0.34) 1.15 [0.90 – 1.47] 0.263 0.644 KCNJ2 
rs8049607 QTc T/C Inc C (0.49) 0.97 [0.77 – 1.22] 0.780 0.941 LITAF 
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Background 
Although end stage renal disease is known to elevate risk of sudden cardiac death 

(SCD), the role of less severe renal impairment in SCD is unclear. Our objective 

was to examine the association between mild-moderate renal impairment and first 

ischemic ventricular fibrillation.

Methods 
Renal function in patients included in the Arrhythmia Genetics in the NEtherlands 

Study (AGNES) were compared. Cases (n=337, age: 56±1 yr, 80% men) were defined 

as patients who had survived VF at the time of their first acute ST elevation myocardial 

infarction (STEMI), and controls (n=339, age: 58±1 yr, 80% men) as those without 

VF during their first acute STEMI. Estimated glomerular filtration rate (eGFR) at the 

time of the acute STEMI was computed using the 4-variable Modification of Diet in 

Renal Disease equation. 

Results
At eGFR less than 105 ml/min, decrease in eGFR was associated with elevated odds 

of developing VF during STEMI. The association was essentially flat at eGFR levels 

greater than 105ml/min. The lowest eGFR quintile was associated with over a 6-fold 

increase in odds of developing VF compared to the fourth quintile. This association 

between eGFR and VF at the time of STEMI remained significant after adjusting for 

potential confounders including electrolyte levels.

Conclusions 
Mild to moderate kidney dysfunction is associated with a significantly elevated risk 

of VF in the setting of acute STEMI. Further studies should investigate the precise 

mechanisms by which mild kidney function results in VF.
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Kidney dysfunction and primary ischemic VF

Introduction
Sudden cardiac death (SCD) is a major public health problem of Western countries.1-9 

The majority of the SCDs occur in the setting of coronary artery disease (CAD), and in 

up to 50% of CAD cases, SCD is the first manifestation.2 Although the contemporary 

preventative strategies are based on presence of an arrhythmic substrate, and are 

largely targeted towards the ‘high-risk’ groups such as patients with heart failure with 

or without previous myocardial infarction10-13, the large majority of SCDs occur in 

the apparently healthy population with no preexisting heart disease in which risk-

stratification for SCD is incompletely understood.14,15

End stage renal disease forms an important subset of the population, with a significantly 

elevated risk of SCD.16 However, the role of less severe renal impairment in SCD is 

unclear and there has been a recent interest in assessing the role of chronic kidney 

disease (CKD) in SCD.17-20 Secondary data analyses in clinical trials of implantable 

cardioverter defibrillators have an inherent limitation as they typically include patients 

with advanced structural heart disease. Moreover, as CKD is highly associated with 

coronary artery disease as well as left ventricular dysfunction, which in turn are strong 

predictors of SCD, it is difficult to assess the independent effect to CKD in these 

trials. On the other hand, the absence of rhythm monitoring makes SCD adjudication 

challenging in the general population.20 Moreover, the effect of CKD independent of 

electrolyte fluctuations that may trigger off VT/VF is virtually impossible to assess in 

these studies in which the events occur in an unobserved environment.

We hypothesized that CKD is independently associated with an elevated risk of VT/

VF. We examined this association in the Arrhythmia Genetics in the NEtherlands 

Study (AGNES), a case control study of patients undergoing their first ST elevation 

myocardial infarction (STEMI) with or without accompanying VF. 

Methods
Study population
The study population was comprised of patients enrolled at the Amsterdam and 

Eindhoven sites of the AGNES study. AGNES is an ongoing case-control study, started 

in April 2001, enrolling patients at the time of their first myocardial infarction. Patients 

fulfilling the following criteria are included in the AGNES study – (1) 18 years < age 

at STEMI < 80 years; (2) of Western European Caucasian origin; (3) undergoing 

STEMI defined by 0.1 mV ST elevation in two contiguous leads (0.2 mV in leads 

V2-V3) and elevated cardiac markers; (4) no previous myocardial infarction; (5) no 

major co-morbidity; (6) no ongoing antiarrhythmic treatment; and (7) consenting to 

participate in the study. All patients provided written informed consent to participate 

in the study. The study protocol was approved by the Institutional Review Board of the 
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Academic Medical Centre, University of Amsterdam and was conducted according to 

the principles of the Declaration of Helsinki. The funding source had no role in the 

study.

Case and control definition
Cases were defined as patients who were successfully resuscitated after a documented 

VF that occurred between the onset of symptoms and their percutaneous coronary 

intervention. VF was determined by evaluation of electrocardiograms recorded in the 

ambulance or at admission. Patients that developed  VF during or after the percutaneous 

coronary intervention were not eligible. Controls were defined as patients who had no 

documented VF at the time of their first STEMI. As early reperfusion is negatively 

associated with the development of VF, potential controls that received percutaneous 

coronary intervention within two hours of onset of symptoms were excluded. 

Kidney function
For each patient, creatinine level at enrollment was measured and estimated glomerular 

filtration rate (eGFR) was computed using the 4-variable Modification of Diet in 

Renal Disease (MDRD) equation.21

Covariates
Other patient characteristics were used in this analysis to adjust for their confounding 

effect in multivariate regression models. These included demographic characteristics 

(age and gender), cardiovascular risk factors (smoking, body mass index [BMI], 

diabetes, hypertension, hyperlipidemia), and medication use (beta-blocker, aspirin, 

angiotensin converting enzyme inhibitor, angiotensin-II receptor blockers). While 

assessing the effect of eGFR, electrolyte levels were also adjusted for. 

Statistical analyses
Patient characteristics were compared between cases and controls using β2 for 

categorical variables and Student’s t-test for normally distributed continuous variables. 

The study population was divided into quintiles based on the distribution of eGFR 

levels in controls. To assess the dose-response relationship between eGFR level and VF, 

restricted cubic spline was used with knots at 5th, 50th, and 95th percentile of eGFR. 

Subsequently, logistic regression was used to examine the association between eGFR 

quintiles and VF at the time of STEMI. The fourth quintile of eGFR was chosen as 

the reference group because the eGFR obtained using the MDRD equation may not 

be the true accurate representation of true GFR at values above 115 ml/min (the fifth 

quintile). To examine the independent effect of the of eGFR five models adjusting for 
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different covariates were fitted: (A) unadjusted; (B) adjusted for demographics (age 

and gender); (C) further adjusted for traditional cardiovascular risk factors (BMI, 

smoking, hypertension, hypercholesterolemia, diabetes, family history of SCD); (D) 

further adjusted for medication use (diuretic, ACEI/ARB, beta blocker, statins); 

and (E) further adjusted for other kidney related covariates (sodium, potassium and 

hemoglobin). P-value for trend was obtained by imputing the quintile-specific median 

for the respective quintile and using it as a continuous variable in the regression 

models. Finally, the association between eGFR and VF was evaluated for subgroups 

defined by age, gender, smoking status, diabetes, hypertension, hypercholesterolemia, 

family history of SCD, and BMI. Evidence for interaction between CKD and these 

variables was tested using logistic regression. All statistical analyses were performed 

using STATA statistical package (version 10, College Station, TX). A P value of <0.05 

was considered as statistically significant.

Results
The present study was conducted among the 676 patients enrolled at the Amsterdam 

and Eindhoven sites of the AGNES study as of May 31, 2009. This constituted a 

total of 337 cases and 339 controls. In cases, VF occurred at a mean of 75±117 mins 

after onset of complaints. VF and defibrillation occurred on the scene (39.7 %), in 

the ambulance (24.6 %) or after arrival in the hospital (34.9 %). Most arrests were 

witnessed and only 23.7% of cases needed ventilator support after defibrillation. The 

majority of patients had single vessel disease, and coronary culprit location and TIMI 

(Thrombolysis In Myocardial Infarction) flow on first injection was similar in cases 

and controls (Table 1). Compared to controls, the cases were slightly younger, less 

likely to be diabetic and hypercholestrolemic, and were more likely to have family 

history of sudden death. Cases also had lower levels of BMI, eGFR, potassium and 

hemoglobin, and higher levels of creatinine, BUN and sodium compared to controls 

(Table 1).

The median (interquartile range) eGFR of the study population was 88 (71, 104) 

ml/min. Restricted-cubic spline regression demonstrated an inverse dose-response 

relationship between eGFR levels and VF at the time of STEMI up to an eGFR of 105 

ml/min. However, above eGFR of 105 ml/min there was essentially a flat relationship 

between eGFR and VF (Figure 1). 

Decreasing eGFR quintiles were associated with elevated risk of VF at the time of 

STEMI. The multivariate adjusted odds associated with the 3rd, 2nd and 1st quintiles 

of eGFR relative to quintile 4 were 1.5(0.8-2.9), 2.8(1.5-5.3), and 6.7(3.6-12.4) 

respectively. The multivariate adjusted odds of having VF for the 5th quintile, relative 

to quintile 4, was 1.0(0.5-1.9) (Table 2).
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Table 1. Patient characteristics by case-control status
Values expressed as mean (SD) or frequency(%); *Time between onset of symptoms and blood draw for 
creatinine

Figure 1. Estimated odds of VF at the time of first acute MI by eGFR level
Odds ratio (solid line) and 95% confidence interval (dotted lines) for the occurrence of VF at the time of first 
myocardial infarction by eGFR levels. The curve represents odds ratios based on restricted cubic splines with 
knots at the 5th, 50th and 95th percentiles of eGFR distribution. The reference value (OR=1) was set at an 
eGFR of 105 ml/min, the median value of eGFR among individuals without evidence of chronic kidney disease 
(eGFR>90 ml/min). The histogram represents the frequency distribution of eGFR in the study population. 
P<0.001
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Because of differing association of eGFR with VF above and below 105 ml/min, 

interaction between eGFR and other covariates was tested separately in the two 

subgroups (A) eGFR ≤ 105 ml/min and (B) eGFR > 105 ml/min. None of the 

interactions were statistically significant except for the interaction of eGFR and 

gender among individuals with eGFR > 105 ml/min (P=0.02). There was also a trend 

towards a significant interaction between eGFR and hypertension among individuals 

with eGFR ≤ 105 ml/min. Every 10 ml/min decrease in eGFR was associated with an 

OR of 1.22 (1.12–1.32) in non-hypertensive compared to an OR of 1.38 (1.24–1.55) 

among hypertensive individuals (P=0.07).

In 9 cases creatinine values during STEMI, immediately (within 1 hour) before and 

after occurrence of ventricular fibrillation, were available. In these patients ventricular 

fibrillation did not result in a significant change in creatinine levels (73.2 ± 13.3 

umol/L before and 69.4 ± 14.1 umol/L after VF, p = 0.432). In 20 cases and 41 

controls, creatinine values (long) before STEMI, during STEMI, and > 1 month post 

STEMI were available. eGFR prior to STEMI in these patients was 92.7±15.5 ml/

min vs 89.6±19 ml/min (p=0.499), during STEMI 85.7 ml/min (IQR 34,8) vs 91.8 

ml/min (IQR 23.2) (p=0.030), and post STEMI 82.2±27.9 ml/min vs 84.3±18.8 ml/

min (p=0.723).

Discussion
In this case-control study of individuals with no known pre-existing cardiovascular 

disease undergoing their first STEMI, there was a non-linear dose-response 

association between eGFR and occurrence of VF at the time of STEMI. At eGFR less 

than 105 ml/min, a decrease in eGFR was associated with elevated odds of developing 

VF at the time of STEMI. The association was essentially flat at eGFR levels greater 

than 105ml/min. The relationship between eGFR and VF at the time of STEMI 

was significant after adjusting for possible confounders. The strong dose-response 

relationship between decreasing eGFR, demonstrated in this population, highlights 

the importance of even mild to moderate kidney dysfunction as a risk factor for SCD 

in the general population.

SCD is a common end-point among patients with myocardial infarction. Majority 

of SCD victims have coronary artery disease and in up to half of the patients with 

coronary artery disease SCD is the first presenting symptom.3,23-25 The presence of an 

infarct is closely tied to the occurrence of SCD and divides the myocardial infarction 

related SCD victims into two distinct groups. In the first, the acute ischemic episode 

precipitates the cardiac arrest. These individuals have, in general, a well preserved 

to slightly abnormal ejection fraction. And the second group comprises of patients 

who, after myocardial infarction, develop significant impairment of left ventricular 
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function. The majority of preventative efforts, such as the use of defibrillators, are 

targeted towards patients in the latter group.2 However, the majority of SCD occurs 

in patients with ejection fraction over 30%.14 

Current literature is lacking in terms of risk-factors specific to SCD.25 A previous 

analysis of the AGNES study identified the presence of family history as a strong 

determinant of primary VF at the time of myocardial infarction. Presence of family 

history was associated with a 2.72-fold increase in odds of developing VF at the 

time of first STEMI.26 Another analysis in AGNES identified allelic variants at 

rs2824292 to be associated with a 1.78-fold increase in the odds of developing VF 

in this population.27 The present analysis identifies a much stronger marker of VF, 

with nearly a six-fold increase in odds associated with the sever kidney dysfunction 

(quintile 1) relative to normal kidney function (quintile 4). We also found increased 

risk of VF in patients mildly impaired kidney function, who could be qualified as pre-

clinical kidney disease patients.20 

The recent interest in examining the role of moderate kidney dysfunction in SCD has 

emerged from the evidence that end stage renal disease patients have an extremely 

elevated risk of SCD. In the MADIT-II trial, every 10 unit decrease in eGFR was 

associated with a 17% increase in the risk of SCD.17 Similarly, in the COMPANION 

trial, the presence of renal dysfunction was associated with a 1.69-fold increase in the 

risk of SCD.18 By the virtue of careful rhythm monitoring via ICD, SCD incidence 

was well adjudicated in both trials. However, as ejection fraction constituted one of 

the enrolling criteria for both these trial, an effect of eGFR independent of the ejection 

Table 2. Odds ratios of VF at the time of first acute MI by quintiles of eGFR
Model 1: Unadjusted
Model 2: Adjusted for age and gender
Model 3: Further adjusted for BMI, smoking, hypertension, hypercholesterolemia, diabetes and family history 
of SCD
Model 4: Further adjusted for diuretic, ACEI/ARB, beta blocker and statin use
Model 5: Further adjusted for sodium, potassium and hemoglobin
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fraction (which itself is a strong predictor) is difficult to appreciate.

Conversely, in population-based cohorts, SCD adjudication is a major concern, and 

relies mainly on symptomatology and interview of related individuals. In the analysis 

of 2,763 women with preexisting coronary artery disease from the HERS study, the 

definition of SCD required the patient to be under observation for the one hour prior 

to death.19 Similarly, the analysis of 4,465 elderly individuals from the CHS study 

used medical record review to ascertain the presence of SCD.20 These approaches 

particularly pose a problem among unwitnessed deaths or deaths during sleep. Another 

problem in general population based cohorts is the extremely low incidence of events. 

The CHS analysis was based on median follow up periods of 11.2 years and resulted 

in only 91 SCD cases. Despite the potential misclassification and/or the low number 

of SCD cases, there was a clear relationship between kidney function and SCD risk in 

both HERS and CHS studies.

VF is thought to result from an interaction between a susceptible substrate and a 

transient trigger.2 As the kidney is integrally involved in electrolyte homeostasis, 

impaired kidney function can possibly result in a trigger due to electrolyte fluctuations. 

Studies have shown that serum electrolyte levels such as sodium and potassium 

affect cardiac rhythm by prolonging QT interval, depressing HRV and increasing 

QT variability, which in turn may precipitate VT/VF, and thereby SCD. Due to the 

nature of the outcome, which is often in an unmonitored environment, electrolyte 

levels at the time of SCD are unknown. It is therefore virtually impossible, in any 

prospective cohort study to examine the effect of kidney function, independent of 

electrolyte fluctuations, associated with SCD. On the other hand, renal impairment 

is also associated with cardiac remodeling, including left ventricular hypertrophy and 

cardiac fibrosis, which may serve as a substrate to cardiac arrhythmias.28

The AGNES study provides a unique opportunity to examine the relationship between 

kidney function and SCD independent of possible confounders including electrolyte 

Table 2 continued.
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imbalances (which were measured at the time of acute STEMI). The study enrolls 

patients with no previously known cardiovascular disease, who survived SCD. Despite 

the stringent definitions used for ascertainment of the outcome, AGNES represents 

the largest collection of arrhythmic SCD survivors in the general population. While 

focusing on the most common cause of SCD, AGNES baseline characteristics differ 

from population based studies where the etiology is less certain.3,4,6

The results of this study have a direct implication on the efforts directed towards 

prevention of cardiovascular disease in the general population. Epidemiologic 

observational studies have shown that mild to moderate kidney dysfunction is present 

in over 34% individuals in the US.29 Two recent meta-analyses found that the risk 

of mortality in the general population increases at an eGFR < 60 ml/min, but not at 

higher values.30,31 The results of our study call for careful consideration for every level 

of kidney dysfunction as a risk marker for SCD, particularly among individuals with 

one or more risk factors for coronary artery disease, also when eGFR is only mildly 

impaired. 

Study limitations
Some limitations should be considered while interpreting the results. First, this 

study was exclusively conducted in the setting of acute STEMI, and the results may 

not be applicable to the SCDs that occur in other conditions. Nevertheless, as the 

majority of SCDs occur in patients in the setting of ischemia, these findings are 

pertinent. Second, the AGNES study includes only survivors of documented VF. After 

unsuccessful resuscitation, kidney function could not be assessed. However, we would 

expect baseline kidney function to be worse in those that could not be resuscitated. 

Third, as is the case with any observational study, there may be residual confounding 

and, although we adjusted for a large set of potential confounders, there may be other 

unknown risk-factors that may confound the relationship between eGFR and VF. In 

particular left ventricular function before STEMI was unknown, but we expect this 

to be normal as cases and controls had no previous myocardial infarction. Also, long 

term post-STEMI left ventricular function, available in 32% of cases, did not differ 

between AGNES cases and controls.32 The number of patients with eGFRs measured 

prior to STEMI was insufficient to detect a difference in eGFR in cases vs. controls 

prior to STEMI. And finally, resuscitation could influence blood creatinine levels. As 

VF often occurs early after onset of complains, obtaining creatinine levels before VF is 

very challenging. In patients in whom we were able to do so, creatinine levels were not 

changed by resuscitation. Furthermore we have measured BUN, which was associated 

with VF, similarly to creatinine. 
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Conclusions
In summary, this study shows that even mild to moderate kidney dysfunction is a 

risk marker for VF during acute STEMI. Further studies should be conducted to 

investigate the precise mechanisms by which impaired kidney function results in an 

increased susceptibility to SCD.
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Sudden cardiac death remains one of the most prevalent modes of death in 

industrialized countries, and myocardial ischemia due to thrombotic coronary 

occlusion is its primary cause. The role of platelets in the occurrence of SCD extends 

beyond coronary flow impairment by clot formation. Here we review the substances 

released by platelets during clot formation and their arrhythmic properties. Platelet 

products are released from three types of platelet granules: dense core granules, 

alpha-granules, and platelet lysosomes. The physiologic properties of dense granule 

products are of special interest as a potential source of arrhythmic substances. They 

are released readily upon activation and contain high concentrations of serotonin, 

histamine, purines, pyrimidines, and ions such as calcium and magnesium. Potential 

arrhythmic mechanisms of these substances, e.g. serotonin and high energy 

phosphates, include induction of coronary constriction, calcium overloading, and 

induction of delayed after-depolarizations. Alpha-granules produce thromboxanes 

and other arachidonic acid products with many potential arrhythmic effects mediated 

by interference with cardiac sodium, calcium and potassium channels. Alpha-

granules also contain hundreds of proteins that could potentially serve as ligands to 

receptors on cardiomyocytes. Lysosomal products probably do not have an important 

arrhythmic effect. Platelet products and ischemia can induce coronary permeability, 

thereby enhancing interaction with surrounding cardiomyocytes. Antiplatelet therapy 

is known to improve survival after myocardial infarction. Although an important part 

of this effect results from prevention of coronary clot formation, there is evidence to 

suggest that antiplatelet therapy also induces anti-arrhythmic effects during ischemia 

by preventing the release of platelet activation products.
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Platelets and cardiac arrhythmia

1. Cardiac arrhythmias 
Sudden cardiac death (SCD) remains one of the most prevalent modes of death in 

industrialized countries, claiming almost a million deaths annually in Western Europe 

and the United States1,2. Ventricular fibrillation (VF) in the setting of coronary artery 

disease is the most common underlying arrhythmia2 as acute coronary thrombosis is 

observed in 74–79% of SCD victims at autopsy3,4. 

Arrest of blood flow to the myocytes results in a complex ischemic reaction that 

includes an increase in outward potassium current5, a triphasic increase of extracellular 

potassium6, a decrease of action potential (AP) duration7, and depolarization of resting 

membrane potential. Decrease in pH results in activation of the Na+-H+ exchange 

pathway extruding H+ from the cell. This leads to Ca2+ loading as a consequence 

of reverse-mode action of the Na-Ca exchanger (NXC)8,9. Ca2+ loading of ischemic 

cardiomyocytes has several pro-arrhythmic effects: abnormal sarcoplasmic reticulum 

Ca2+ cycling and promotion of AP alternans, delayed after-depolarizations (DADs), 

and decreased gap-junction conductance ultimately leading to uncoupling of cell-

to-cell connections10. Furthermore, reactive oxygen species are released, resulting in 

changes in ion channel function11 and mitochondrial dysfunction8. These events create 

a hostile environment that renders the myocardium prone to arrhythmias12. 

VF during ischemia results from re-entrant excitation. Onset of re-entry may not only 

result from injury current13,14, but may also be evoked by triggered beats originating 

from early and delayed after-potentials (EADs and DADs)15. 

Platelets play an important role in the occurrence of SCD. Traditionally, the role 

of platelets in SCD was believed to be limited to their ability to halt coronary flow 

by clot formation. However, there is an increasing body of evidence suggesting that 

the process of clot formation has arrhythmic properties beyond the arrest of distal 

perfusion. Animal experiments have shown that platelet activation increases the 

susceptibility of ischemic myocardium to VF.  Coronel et al. showed that intracoronary 

thrombi have profibrillatory effects16. In their pig model, the left anterior descending 

artery (LAD) was ligated, and blood with thrombin-induced platelet activation or 

heparinized blood injected distally. Notwithstanding a comparable area of ischemia, 

thrombi injection resulted in VF in 4/7 pigs vs. 2/19 control pigs. Similarly, in a dog 

model of regional myocardial ischemia, 51% of control animals developed VF after 

coronary artery embolization. However, following pre-treatment with carbenicillin, a 

strong inhibitor of platelet aggregation, or estradiol cypionate, which induces severe 

thrombocytopenia, the incidence of VF was reduced to 9% and zero, respectively17. 

Platelet activation results in the release of platelet products, the so-called secretome, 

which includes organic substances (e.g., adenosine-5’-triphosphate [ATP], serotonin, 
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and histamine) and more than 2000 proteins18. Many of these substances can alter 

electrophysiological properties of the heart in various animal species, supporting the 

notion that activated platelets exert pro-arrhythmic effects (Figure 1)19,20,21. Conversely, 

platelet antagonists counteract ischemia-induced arrhythmias in animal studies22,23.

2. Platelet adhesion and activation
Platelets are small anuclear cells (2-3 µm, 7.5–1.5 fL), which are derived from 

defragmentation of megakaryocytes. Platelets have a life-span of 8–12 days, and the 

blood of healthy individuals has a platelet concentration of 150–400 x 109/L .24 Coronary 

plaque rupture results in exposure of subendothelium-containing collagen, collagen-

bound-von-Willebrand factor (vWf), fibronectin and laminin. Platelet membranes 

expose an array of adherence proteins waiting to adhere with these exposed molecules. 

Upon adhesion, intracellular 

signal transduction pathways 

are activated. Granules fuse 

with the platelet membrane 

leading to a platelet-

shape change, expulsion 

of granule contents and 

exposure of formerly 

intragranular membrane 

molecules on the outside of 

the platelet. Amongst these 

are glycoprotein 1b/V/IX 

and glycoprotein alpha 
II
bß

3
 

receptors which mediate 

platelet aggregation and 

finally clot formation.

Three types of platelet 

granules are morphologically 

distinct (Figure 2, Table1): 

dense core granules 

(d-granules), α-granules 

and platelet lysosomes 

(λ-granules)25.

About 3–8 dense granules 

Figure 1 Mechanisms by which platelet activation and 
release of platelet products could induce arrhythmias 
during ischemia.
ADP / ATP, adenosine diphosphate, adenosine triphosphate; EETs, 
epoxyeicosatrienoic acids; 5-HT, 5-hydroxytryptamine (serotonin); 
TNF-alpha, tumour necrosis factor-alpha 
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are present per platelet. They are inherently electron dense when viewed in electron 

microscopy. Dense granules are acidic (pH 6.1) and contain platelet agonists that serve 

to amplify platelet activation. They are the most rapidly secreted granules and release, 

amongst others, adenosine diphosphate (ADP), ATP, guanosine 5’-triphosphate 

(GTP), guanosine diphosphate (GDP), Ca2+ , magnesium  pyrophosphate, and amines 

such as serotonin and histamine. After exocytosis, ADP acts as a platelet agonist and is 

important in the activation of additional circulating platelets26.

α-Granules release various proteins involved in platelet interaction. Proteomic studies 

of the platelet secrotome have yielded a list of more than 2000 of such proteins18,27. 

These proteins are involved in platelet interactions (glycoprotein α-
II
bß

3  
receptor, 

fibrinogen, vWF, thrombosponin-I, fibrinectin, vitronectin, GAS6), coagulation 

and fibrinolysis (plasminogen, plasminogen activator inhibitor-1, protein S), and 

chemotaxis and cell signaling (transforming growth factor-ß, platelet-derived growth 

factor)28. Some of the proteins are known as markers of platelet activation (P-selectin, 

ß-thromboglobulin, platelet factor 4). α-Granules also contain plasma proteins such 

as albumin, vWF antigen II, immunoglobulins, plasma protease inhibitors, and 

histidine-rich glycoprotein.

Finally, lysosomes release clearing factors such as cathepsins, proteases and 

glycohydrolases. Lysosome-release requires a stronger type of stimulus, such as 

thrombin or high doses of collagen, whereas alpha- and dense granules are readily 

released with weaker types of stimulation, such as platelet exposure to ADP28.

2.1 Electrophysiological effects of activated platelet products
Many of the substances released by platelets can alter the electrophysiological 

Figure 2:  Schematic drawing of a single platelet and its contents.
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properties of the heart in various animal species29. 

2.1.1 Amines
Serotonin or 5-hydrocytryptamine (5-HT) is not synthesized in platelets but is 

actively taken up from the plasma and accumulated in dense granules where it is 

Table 1: Platelet granules and their contents.
Table adapted from McNicol and Israels (1999).
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likely complexed with ATP and potentially with calcium30. The serotonin released 

by exocytosis is relatively stable and functions as a weak platelet agonist on 5HT2 

receptors30, although it is probably less important in this respect than ADP. The positive 

feedback effect of serotonin may be of secondary importance to its vasoconstrictive 

action, which reduces flow at the site of injury and thereby limits blood loss31 Dense 

granular concentration of serotonin was calculated to be 65 mM32, whereas (platelet-

rich) plasma serotonin concentration was 842 ± 58 nmol/L in healthy individuals33.  

Serotonin can be used to assess the platelet release reaction: it locally increased 18 

to 27-fold from normal levels in tissue surrounding a coronary thrombus in a dog 

model34.

Human atrial and ventricular cardiomyocytes express 5-HT4 receptor35,36, and 

exposure to serotonin results in tachycardia, increased atrial contractility, and atrial 

arrhythmias37. 5-HT causes an up to 6-fold increase in L-type Ca2+ channel current 

through 5-HT4 receptors, in atrial myocytes from patients in sinus rhythm38. Likewise, 

serotonin has positive inotropic and lusitropic effects on ventricular cardiomyocytes 
39. Arrhythmic effects have also been observed and are probably mainly related to 

Ca2+-overload mediated by an increase in L-type Ca2+ current40. Antidepressants from 

the selective serotonin reuptake inhibitor class (SSRI) have QT prolonging effects in 

patients with SSRI intoxications. The major clinical interaction with cardiovascular 

disease is likely its platelet inhibiting effect, which may reduce incidence of MI41.

Like, serotonin, histamine is another amine present in dense granules. Resting human 

platelets contain 25 ng histamine / 108 platelets, which can increase towards 47 ng 

/ 108 platelets upon platelet activation42. The major arrhythmic effects of histamine 

consist of H1-receptor-mediated slowing of AV nodal conduction and H2-receptor 

mediated increase in sinus rate and ventricular automaticity43. Histamine also has a 

positive inotropic effect on ventricular cardiomyocytes44.

In addition to serotonin, histamine can also cause vasoconstriction as further discussed 

below.

2.1.2 Nucleotide derivatives
Extracellular purines (adenosines, ADP, and ATP) and pyrimidines (uridine 

diphosphate [UDP] and uridine triphosphate [UTP]) can initiate a wide range 

of intracellular signaling cascades through purinergic receptors45. Platelet-dense 

granules contain a high concentration of ATP (436mM) and ADP (653 mM)32, which 

can accelerate platelet activation binding to ADP receptors upon release. Normal 
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extracellular ATP concentration is about 2 µM 46 and may increase to 100 μM under 

pathological conditions47. Under normal conditions, ATP is rapidly converted to 

adenosine29.

In rat and mouse ventricular cardiomyocytes, exposure to ATP induces a cytosolic 

Ca2+ rise and has positive inotropic effects 48-50. By activation of purinergic receptors, 

ATP induces sustained increases in diastolic Ca2+ and triggers multiple Ca2+ waves, 

leading to DADs in current clamped mouse heart51.

2.1.3 Ions
The dense granular concentration of calcium was calculated to be 2.2 M.32 The 

total amount of calcium in human platelets is 10.1 μmol/1011 platelets52. In humans, 

arrhythmias related to high calcium and magnesium levels are rare53. The normal plasma 

concentration of Ca2+ ranges from 1.03 to 1.23 mmol/L 54. The Ca2+ concentration 

in dense granules is very high, but the amount of released Ca2+ relative to the plasma 

concentration is small. The platelets in 1 mL blood (about 250 x 109) contain about 

25.3 nmol of Ca2+, and upon release would increase the local Ca2+ concentration by 

about 2% (presuming a volume of dispersion of 1 mL). This raw estimate does not 

take into account the high concentration of platelets in an actual thrombus and the 

washout of Ca2+ during the non-occlusive phase of thrombus formation.

The platelet content of Mg2+, the second most abundant ion, is much smaller that the 

Ca2+ content. Platelets contain about 0.4 μmol/1011 platelets of releasable magnesium  

(Meyers, Holmsen, and Seachord 1982). Normal plasma concentrations of Mg2+ 

range between 0.6 and 0.7 mmol/L. A large influence of platelet Mg2+ release during 

platelet aggregation is therefore less likely than it is for Ca2+.

2.1.4 Thromboxane, arachidonic acid and other alpha-granule contents
During platelet activation, arachidonic acid is liberated by phospholipase-A2 from 

membrane phospholipids and is converted enzymatically to epoxyeicosatrienoic 

acids (EETs) via the cyclo-oxygenase and lipoxygenase pathways. EETs have several 

effects on cardiac tissues55,56. EETs inhibit cardiac Na+ channels57, significantly 

increase intracellular Ca2+ concentrations in isolated guinea pig cardiomyocytes58, 

and significantly modulate the activities of cardiac Ca2+ channels59 and K
ATP

 channels 
57. Furthermore EETs can uncouple neonatal rat cardiac myocytes by reducing gap-

junction conductance60.

Thromboxane is an arachidonic-acid derivative that is prothrombotic and released by 

platelets. Thromboxane is produced by cyclooxygenase from prostanoids, a process 
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that is inhibited by aspirin. Thromboxane is chemically unstable in blood, but its 

stable analogue, U41669, has been shown to increase automaticity and to increase 

both resting and peak intracellular Ca2+ concentrations and induce irregular Ca2+ 

transients in isolated neonatal rat ventricular myocytes61. This is supported by the fact 

that these effects can be reversed in rabbit cardiomyocytes by blockade of U41669.62

Chien et al. examined the effects of platelet products of rabbit platelets on cytosolic 

calcium in chick embryonic heart cells. They identified the arrhythmic platelet 

product(s) as small trypsin-sensitive peptide(s).63 Examples of such small peptides, 

found in α-granules, are substance P, calcitonin, vasoactive intestinal peptide, and 

angiotensinogen. Of the latter three no direct cardiac effects have been described. 

Substance P has only recently been found to be present in relatively high concentrations 

in platelets.64 It is primarily known as a neurotransmitter of pain sensation, but also has 

cardiovascular effects which are primarily mediated through vasodilatation. However, 

direct cardiac effects have been described: induction of bradycardia and hypotension 

in denervated and anesthesized rats.65

Besides these, α-granules contain a long list of substances (Table 1) which can be 

subdivided in proteoglycans, adhesive glycoproteins, hemostatic factors, cellular 

mitogens, protease inhibitors and miscellaneous other molecules25. Platelet proteomic 

approaches have tried to assess all proteins present in platelets27,66. Proteomics of 

the products of activated platelets have revealed more than 300 proteins18,67 which 

are mostly secreted in α-granules. Most of these proteins are present in only small 

quantities. Large electrophysiologic effects would therefore likely be mediated through 

membrane channels on cardiomyocytes.

2.1.5 Lysosomal products
Platelet lysosomes contain ‘clearing factors’ that break down the platelet clot: acid 

proteases and glycohydrolases. These lysosomal products have no known effect 

on cardiomyocytes. Breakdown products of platelet clots could potentially be 

arrhythmogenic, however a review on the incidence of early ventricular arrhythmias 

after thrombolytic therapy did not show evidence for increased early arrhythmias68. 

2.2 Vasoconstriction
Several dense granule products have been shown to have effects on coronary smooth 

muscle cells that mediate coronary constriction. ATP, UTP and ADP can mediate 

prostacyclin and nitric-oxide release by interaction with the P2Y receptors on 

endothelial cells69. Serotonin injected in coronary arteries of angina patients leads to 
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intense coronary constriction70, probably mediated by vascular 5-HT1B and 5-HT2A 

receptors37. Like serotonin, histamine is another strong vasoconstrictor. In patients 

with variant angina, histamine could induce coronary spasm in 47% of subjects in 

one study71. Thrombus-released vasoconstrictive substances could reduce coronary 

perfusion and thereby increase local ischemia and reduce blood supply by collateral 

vessels. Ischemia due to coronary spasm in the absence of severe atherosclerosis has 

been described as a cause of ventricular fibrillation72-77.

2.3 Endothelial permeability
Increased endothelial permeability during myocardial infarction can facilitate leakage 

of platelet products from the coronary lumen to epicardial myocytes. Increased 

endothelial permeability could be induced by platelet products or by ischemia. Indeed 

in a rat model of cerebral ischemia, thrombin injection induced vascular disruption 

and increased permeability78. In another study, platelet activating factor (PAF) greatly 

increased coronary permeability by the inhibition of endogeneous NO synthesis79. 

And, in a hamster model, PAF increased permeability of the microvasculature of the 

cheek pouch80. Also, serotonin has been shown to increase vascular permeability in 

different animal models81.

Ischemia also induces coronary permeability as animal studies have shown. In a dog 

model, 15 mins of coronary occlusion could increase protein leakage by 50%.82 And, 

in a rat model, 20 mins of severe ischemia increased transcapillary albumin flux by 

100% 83,84. Both the direct ischemic effects and the effects induced by platelet products 

promote interaction of platelet products and the myocardial tissue surrounding the 

ischemic coronary. 

2.4 Effects on myocardial contractility
Both increases and decreases in myocardial contractility have been found in 

experiments with substances released by platelets. ATP has strong positive inotropic 

effects in rats. ATP stimulates a large increase in cytosolic Ca2+ transients85,49. ATP also 

increases the L-type Ca2+ current in rats, and both mechanisms can induce positive 

inotropic effects86. Further upstream in rats and mice, activation of P2 purinergic 

receptors exerts a positive inotropic effect on cardiomyocytes and intact hearts by 

increasing intracellular ATP levels50. Thrombin promotes Ca2+ entry and release in 

cardiomyocytes63. Serotonin has positive inotropic effects on the human atria through 

the HT4 receptor, but such a receptor is absent in human ventricular cardiomyocytes 
40.
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Negative inotropic effects have been described for tumour necrosis factor-α in rats 
88,89. It is likely that these effects leverage towards a positive inotropic effect of platelet 

products, as was confirmed by a study that added aggregating platelets to a bath of cat 

papillary muscles resulting in positive inotropic effects90. Also, injection of low-dosed 

platelet-activating factor into coronary arteries resulted in strong positive inotropic 

effects in isolated rabbit hearts91.

2.5 Interaction of effects of platelet products and ischemic effects
Arrhythmias are very common during cardiac ischemia and are the result of a 

multifactorial process. Ischemia is the most important factor in arrhythmia occurrence. 

This is evidenced by the fact that the absence of active platelets does not completely 

eliminate occurrence of ventricular fibrillation in coronary ligation studies described 

above12,17,63. Platelet products strongly increase the risk of arrhythmias in the setting 

of myocardial ischemia. It is tempting to speculate which platelet products have 

the strongest role in arrhythmia occurrence. From the clinical setting we know that 

ischemic VF often occurs within the first minutes after onset of chest pain, and it’s risk 

declines during the first hours. An arrhythmic mediator should therefore be released 

readily upon platelet activation and exert it’s effect within seconds as also has been 

observed in the animal models. 

Amines from dense granules are readily released in high concentrations and alter 

cardiomyocyte electrophysiology directly, which makes them likely candidates. On 

top of that serotonin induced vasoconstriction could undermine collateral perfusion 

of the ischemic area. As a result of the findings of Chien et al. small trypsin-sensitive 

peptide(s) released by platelets, such as substance P, deserve further investigation. 

Increased endothelial permeability induced by ischemia promotes interaction 

between these substances and cardiomyocytes. An unstable thrombus with fragment 

embolization could lead to increased local heterogeneity. 

3. Platelet antagonists and arrhythmia prevention
Antiplatelet therapy is known to improve survival after myocardial infarction92, while 

patients with increased platelet aggregation have a worse prognosis post myocardial 

infarction93. However, it is difficult to separate the beneficial effect of preventing 

thrombotic coronary occlusion from the potential anti-arrhythmic effects achieved 

during ischemia by preventing formation of platelet activation products. However, 

some evidence does exist for such an effect. Platelet antagonists effectively induced 

ventricular arrhythmias in models of ischemia by coronary ligation in rats22 and 

dogs23,94. In a dog model of regional ischemia, the threshold of epinephrine-induced 

ventricular fibrillation was reduced after aspirin pre-treatmen95. In a rat model of 
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coronary occlusion, sarpogrelate, a 5-hydroxy tryptamine 2A receptor antagonist, 

but not cilostazol, a phosphodiesterase-III inhibitor, was able to prevent ventricular 

arrhythmias during ischemia96. Sarpogrelate has multiple fields of action, including 

inhibition of serotonin-induced coronary spasm. However, administering aspirin 

after platelet activation had occurred did not block anti-arrhythmic effects of platelet 

products in isolated rabbit hearts91.

4. Summary and conclusion
The role of platelets in the occurrence of SCD extends beyond coronary flow 

impairment by clot formation. During clot formation platelets release a plethora of 

substances, many with potent arrhythmic properties. Platelet products are released 

from three types of platelet granules: dense core granules, alpha-granules and platelet 

lysosomes. The physiologic properties of dense granule products are of special 

interest as a potential source of arrhythmic substances. They are released readily 

upon activation and contain high concentrations of serotonin, histamine, purines 

(adenosines, ADP, and ATP), pyrimidines (UDP and UTP), and ions such as Ca2+ 

and Mg2+. The mode of action of these substances ranges from induction of coronary 

constriction (serotonin), Ca2+ overloading (serotonin), and the induction of DADs 

(ATP). 

α-Granules contain thromboxanes and other arachidonic acid products with 

many potential arrhythmic effects mediated by interference with cardiac K+ and 

Ca2+ channels. α-Granules also contain a large number of proteins in much lower 

concentrations that could potentially serve as a ligand to receptors on cardiomyocytes. 

Substance P is of particular interest. Lysosomal products are clearing factors that 

result in breakdown products of clots; but clinical studies do not suggest an important 

role of lysosomal products in arrhythmias, as evidenced by the absence of arrhythmia-

induction during thrombolysis.

Antiplatelet therapy is known to improve survival after myocardial infarction. Although 

an important part of this effect results from the prevention of coronary clot formation, 

there is evidence to suggest that antiplatelet therapy also has anti-arrhythmic effects 

during ischemia by preventing the release of platelet activation products.
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Sudden cardiac death remains one of the most prevalent modes of death and is mainly 

caused by ventricular fibrillation (VF) in the setting of acute ischemia resulting from 

coronary thrombi. Animal experiments have shown that platelet activation may 

increase susceptibility of ischemic myocardium to VF, but the mechanism is unknown. 

In the present study, we evaluated the effects of activated blood platelet products 

(ABPPs) on electrophysiological properties and intracellular Ca2+ (Ca2+
i
) homeostasis.

Platelets were collected from healthy volunteers. After activation, their secreted 

ABPPs were added to superfusion solutions. Rabbit ventricular myocytes were 

freshly isolated, and membrane potentials and Ca2+
i
 were recorded using patch-clamp 

methodology and indo-1 fluorescence measurements, respectively. ABPPs prolonged 

action potential duration and induced early and delayed afterdepolarizations. ABPPs 

increased L-type Ca2+ current (I
Ca,L

) density, but left densities of sodium current, 

inward rectifier K+ current, transient outward K+ current, and rapid component of 

the delayed rectifier K+ current unchanged. ABPPs did not affect kinetics or (in)

activation properties of membrane currents. ABPPs increased systolic Ca2+
i
, Ca2+

i
 

transient amplitude, and sarcoplasmic reticulum Ca2+ content. ABPPs did not affect 

the Na+-Ca2+ exchange current (I
NCX

) in Ca2+-buffered conditions. Products secreted 

from activated human platelets induce changes in I
Ca,L

 and Ca2+
i
 which result in action 

potential prolongation and the occurrence of early and delayed afterdepolarizations 

in rabbit myocytes. These changes may trigger and support reentrant arrhythmias in 

ischemia models of coronary thrombosis.



Platelet activation is proarrhythmic in myocytes

99

Introduction
Sudden cardiac death (SCD) remains one of the most prevalent modes of death in 

industrialized countries. It claims almost a million deaths annually in Western Europe 

and the United States.[1,2] Ventricular fibrillation (VF) in the setting of coronary 

artery disease is the most common underlying arrhythmia.[2] Acute coronary 

thrombosis is observed in 74-79% of SCD victims at autopsy.[3,4] Platelets play 

an important role in the occurrence of SCD. Animal experiments have shown that 

platelet activation increases susceptibility of ischemic myocardium to VF.[5-8] 

Coronary occlusion with a thrombus in pigs induced VF significantly more often 

than a non-thrombotic occlusion, such as a balloon or ligature.[8] Similarly, in a dog 

model of regional myocardial ischemia, 51% of control animals developed VF after 

balloon inflation, but none after induction of severe thrombocytopenia.[6] Platelet 

activation results in the release of platelet products, the so-called secretome, which 

includes organic substances (e.g., ATP, serotonin, histamine) and more than 2000 

proteins.[9] Many of these substances can alter electrophysiological properties of the 

heart in various animal species, supporting the notion that activated platelets exert 

pro-arrhythmic effects.[10-12] Conversely, platelet antagonists counteract ischemia-

induced arrhythmias in animal studies.[13,5]

We hypothesized that activated human blood platelet products (ABPPs) affect cellular 

electrophysiological properties and, thereby, modulate vulnerability to VF. We studied 

this hypothesis by evaluating the effects of human ABPPs on action potentials (APs), 

ion channels, and intracellular Ca2+ (Ca2+
i
) homeostasis of isolated rabbit ventricular 

myocytes. We found that ABPPs cause changes in electrophysiological properties 

which are conducive to arrhythmia occurrence.

Materials and methods
Platelets
Blood collection. The study was approved by the institutional Medical Ethics 

Committee (reference number #06/002) and conforms with the principles outlined in 

the Declaration of Helsinki. Platelet donors were healthy volunteers (n=5) who signed 

written informed consent. All blood collections were performed with a 19G needle 

without vacuum at 10-11 hr AM to rule out possible effects of circadian fluctuations 

in platelet function and activation. After the first few ml were discarded, 40 ml was 

drawn in custom prepared Falcon tubes containing 3.2% (0.109M) sodium citrate 

(1:10).

Isolation of products of activated platelets. Platelet-rich-plasma was prepared by 

centrifugation at 160 x g for 15 minutes at room temperature without brake, and 

was acidified with acid-citrate-dextrose to prevent platelet activation during isolation. 
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Subsequently, platelets were pelleted at 800 x g during 15 minutes and the pellet 

washed with HEPES-buffererd Tyrode solution (pH 6.5). After addition of the platelet 

inhibitor prostaglandin I2 (10 ng/ml, final concentration), the platelets were pelleted 

again at 800 x g during 15 minutes and suspended in HEPES-buffered Tyrode (pH 

7.2) to a final concentration of 220-250 x109 platelets/L. Platelets can be activated by 

different aggregating agents (agonists). Using the patch-clamp technique (see below), 

we tested which platelet activator left AP properties unaltered. Table 1 shows that 

thrombin receptor activating protein (TRAP) and collagen did not affect AP properties, 

making them suitable for our study. To induce the platelet secretion response, platelets 

were pre-warmed to 37ºC in an aggregometer and stimulated with TRAP (15 µM final 

concentration) or collagen (2 µg/ml final concentration) for 5 minutes at a stirring speed 

of 900 revolutions per minute (rpm). Platelets were then pelleted by centrifugation 

at 13.000 rpm for 5 minutes and the supernatant that contained the secreted ABPPs 

was snap-frozen in liquid nitrogen and stored at –80ºC until use. In platelets used for 

control experiments, stirring and centrifugation were similar, but TRAP was added to 

the supernatant only after centrifugation and separation from the pellet. This control 

solution is named non-ABPPs in the remaining part of the manuscript. In a subset of 

samples, the release reaction was validated by analysis of the serotonin concentration 

in ABPPs and non-ABPPs. Measured serotonin concentrations in representative 

ABPPs and non-ABPPs samples were 761 ng/ml and 157 ng/ml, respectively. These 

values were in accordance with previously published values.[14,15] The amount of 

Ca2+ in ABPPs and non-ABPPs was negligible compared to the amount of Ca2+ added 

to the secretome during further experiments (data not shown).

Cell preparation
The investigation conformed to the Guide for the Care and Use of Laboratory Animals 

(NIH Publication 85-23, revised 1996) and was approved by the institutional animal 

experiments committee. Midmyocardial cells of New Zealand White rabbits were 

isolated by enzymatic dissociation from the most apical part of the left ventricular 

free wall as described previously.[16] Small aliquots of cell suspension were put in 

a recording chamber on the stage of an inverted microscope. Cells were allowed 5 

minutes to attach to the bottom before superfusion was initiated. The temperature 

was 36-37°C, except for sodium current (I
Na

) recordings (20-21°C). Quiescent rod-

shaped cross-striated cells with a smooth surface were selected for measurements.

Electrophysiology 
Data acquisition and analysis. APs and sarcolemmal ion currents were recorded with 

the amphotericin-B-perforated patch-clamp and ruptured patch-clamp technique, 
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respectively. Voltage control, data acquisition, and analysis were accomplished using 

custom software. Potentials were corrected for the estimated change in liquid junction 

potential, except for I
Na

 measurements, where it was 0.2 mV. Adequate voltage control 

was achieved with low-resistance pipettes (1.5-2.5 MΩ), and Rs and Cm compensation 

>80%. Membrane currents and potentials were filtered (low-pass, 1-kHz) and 

digitized (2-kHz), except for AP and I
Na

 measurements, where filtering and digitizing 

frequencies were 5-kHz and 20-kHz, respectively. Cell membrane capacitance (Cm) 

was determined as described previously.[16]

Current-clamp experiments. APs were measured using a modified Tyrode’s solution 

containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 

5.0; pH 7.4 (NaOH). Pipette solution contained: K-gluconate 125, KCl 20, NaCl 

10, amphotericin-B 0.22, HEPES 10; pH 7.2 (KOH). APs were elicited at 0.2 to 

4-Hz by 3-ms, 1.5× threshold current pulses through the patch pipette. We analyzed 

resting membrane potential (RMP), maximal upstroke velocity (Vmax), AP amplitude 

(APA), AP plateau amplitude (defined as the potential difference between RMP and 

the potential at 50 ms after the AP upstroke), and AP duration at 20, 50 and 90% 

repolarization (APD20, APD50, and APD90, respectively). Data from 10 consecutive 

APs were averaged.

APs were measured in the absence and presence of ABPPs (diluted 40x to increase the 

superfusion volume and compensate for supraphysiological platelet activation) in the 

same myocyte. In order to obtain steady-state conditions, AP recordings were started 

4 minutes after application of ABPPs. The occurrence of early afterdepolarizations 

(EADs) was tested at a pacing frequency of 0.2-Hz. Susceptibility to delayed 

afterdepolarizations (DADs) was tested by applying a 3-Hz pacing episode (10-s) 

followed by an 8-s pause.

Voltage-clamp experiments. I
Na

, L-type Ca2+ current (I
Ca,L

), inward rectifier K+ current 

(I
K1

), transient outward K+ current (I
to1

), rapid component of delayed rectifier K+ 

current (I
Kr

), and Na+-Ca2+ exchange current (I
NCX

) were measured with solutions 

described previously[17], and by voltage-clamp protocols shown in the appropriate 

figures. I
Ca,L

 was measured in the presence of 0.25 mM DIDS to block the Ca2+-

activated Cl- current. I
to1

 was measured in the presence of 1 mM CdCl2, which blocks 

inward Ca2+ currents,[18] and thereby also prevents activation of the transient outward 

Ca2+-activated Cl- current.[19] CdCl2 also strongly inhibits inward Na+ currents.[20] 

I
Na

, I
Kr

, and I
K1

 were measured in the presence of 5 μM nifedipine to block I
Ca,L

. I
NCX

 

was measured as 10 mM Ni2+-sensitive current. The presence of the slow component 

of the delayed rectifier K+ current (I
Ks

) in rabbit ventricular myocytes is debated (see 

ref. [21] and primary references cited therein). In our experiments, we did not observe 

residual tail current in the presence of the I
Kr 

blocker E-4031 (5 μM), neither did we 
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observe currents sensitive to the I
Ks

 blocker chromanol-293B (90 μM).[21] Therefore, 

tail currents after depolarizing voltage-clamp steps in our experiments were attributed 

to I
Kr

. Membrane currents were defined as indicated in the typical examples shown in 

the appropriate figures.

Ion currents were measured in paired experiments, i.e., in the absence and presence 

of ABPPs (40× dilution) in the same myocyte. Because ion currents may show run-

down and shifts in (in)activation shortly after patch rupture,[22] control ion current 

measurements were started after a 10 minutes equilibration period and the effects of 

ABPPs were measured 4 minutes after application. Current densities were calculated 

by dividing current amplitudes by C
m
. Voltage-dependence of (in)activation was 

determined by fitting a Boltzmann function (y=[1+exp{(V-V
1/2

)/k}])
-1
 to the individual 

curves, yielding half-maximal voltage V1/2 and slope factor k. Current decay of I
Na

 

and I
Ca,L

 were fitted with a double-exponential function to obtain the time constants 

of the fast and the slow components of current decay: y=[A
f
×exp(–t/τ

f
)]+[A

s
×exp(–t/

τ
s
)], where τ

f 
and τ

s
 are the time constants of fast and slow components, and A

f
 and A

s
 

the fractions of the fast and slow component.

Ca2+ transients
Intracellular Ca2+ (Ca2+

i
) was measured in indo-1 loaded myocytes as described 

previously.[23] Dual wavelength emission of indo-1 was recorded ((405-440)/(505-

540) nm, excitation at 340 nm) and free Ca2+
i
 was calculated.[23] Ca2+

i 
transients were 

elicited at 0.2 to 3-Hz by 50-ms depolarizing voltage-clamp steps from –80 mV to 0 

mV, using the perforated patch-clamp technique. We analyzed diastolic and systolic 

Ca2+
i
 concentrations, Ca2+

i
 transient amplitudes, systolic Ca2+

i
 rise, and time constant 

of the Ca2+
i
 transient decay. Data from 10 consecutive Ca2+

i
 transients were averaged. 

The sarcoplasmic reticulum (SR) Ca2+ content was determined after a 20 s stimulus 

period (frequency: 0.2 or 3-Hz) as the response to a rapid and brief application of 20 

mM caffeine to release Ca2+ from the SR. Since cells were bathed in 0.25 ml modified 

Tyrode’s solution and continuously superfused at a rate of 10 ml/minute, caffeine 

was completely cleared within 3-s. The fractional SR Ca2+ release was determined by 

normalizing the preceding Ca2+
i
 transient amplitude (average of 3) to the caffeine-

evoked Ca2+
i
 transient amplitude.

Statistics
Data are mean±SEM. Group comparisons were made using the t-test or Two-Way 

Repeated Measures ANOVA followed by pairwise comparison using the Student-

Newman-Keuls test. Proportions of EAD and DAD occurrence were compared using 

Fisher’s exact test. P<0.05 defined statistical significance.



Platelet activation is proarrhythmic in myocytes

103

Results
ABPPs prolong action potential duration 
Figure 1A shows representative APs at 1-Hz in control conditions (solid line) and 

in the presence of non-ABPPs (top, dashed line) and ABPPs (bottom, dashed line). 

Non-ABPPs did not change the AP configuration. However, ABPPs induced a more 

positive AP plateau potential and a longer AP duration. The effects of collagen-

activated and TRAP-activated ABPPs on AP plateau amplitude and AP duration did 

not differ significantly (data not shown). Therefore, data obtained from collagen-

activated and TRAP-activated ABPPs were pooled. Figure 1B summarizes the effects 

of non-ABPPs and ABPPs on AP properties. On average, ABPPs caused a 5% more 

positive AP plateau potential and a 12% longer AP duration at 90% repolarization. 

No significant differences of ABPPs on RMP, V
max

 or maximal AP amplitude were 

observed. AP prolongation and larger AP plateau amplitudes were present at all 

frequencies measured (data not shown).

ABPPs induce triggered activity
Early afterdepolarizations. EADs typically occur at slow heart rates.[24] We studied 

susceptibility to EAD formation in control conditions and in the presence of ABPPs 

at 0.2-Hz. Figure 1C shows representative APs in control conditions (solid line) and 

in the presence of ABPPs (dashed line). While EADs in control conditions were rare, 

EADs were observed in 9 out of 13 myocytes tested in the presence of ABPPs (P<0.05; 

Fig. 1E). The EADs occurred as single rather than multiple afterdepolarizations and 

had a ‘take-off potential’ (the potential where repolarization turns into depolarization) 

between -40 and 0 mV.

Delayed afterdepolarizations “DADs” typically occur at fast heart rates.[25] We 

studied the susceptibility to DAD formation in control conditions and in the presence 

of ABPPs by applying a 3-Hz pacing episode (10-s) followed by an 8-s pause. Figure 

1D shows the last two stimulated APs in control conditions (solid line) and in the 

presence of ABPPs (dashed line). While DADs in control conditions were never 

observed, DADs were found in 5 out of 11 myocytes tested in the presence of ABPPs 

(P<0.05; Fig. 1E). The DADs did not result in triggered APs.

ABPPs increase the L-type Ca2+ current
After establishing that ABPPs prolong AP duration, we next sought to identify which 

sarcolemmal ion currents contribute to this effect by studying the major inward and 

outward ion currents in the absence and presence of ABPPs.

  

Na+ current. I
Na

 was measured using a two-step protocol (Fig. 2A). During the first 
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depolarizing pulse (P1), I
Na

 activates; the second pulse (P2) is used for measuring 

voltage dependency of inactivation. Figure 2B shows representative I
Na

 recordings 

upon depolarizing pulses to -30 mV. Neither mean I
Na

 densities (Fig. 2C) nor current 

decay (Fig. 2B) were affected by ABPPs. Also, voltage dependency of I
Na

 activation 

Figure  1. ABPPs prolong action potential (AP) duration. 
A, Top, Representative APs at 1-Hz in control conditions and in the presence of non-ABPPs. Bottom, Representative 
APs at 1-Hz in control conditions and in the presence of ABPPs. B, Average effects of non-ABPPs and ABPPs 
on AP parameters measured at 1-Hz. RMP=resting membrane potential, Vmax=maximal upstroke velocity,  
APA=maximal AP amplitude, Pla=AP plateau amplitude, APD20, APD50 and, APD90=AP duration at 20, 50, 
and 90% repolarization. *P<0.05 in paired t-test. C, Representative example of an early afterdepolarization 
(EAD) induced by ABPPs. D, Representative example of a delayed afterdepolarization (DAD) induced by ABPPs. 
E, Incidence of EADs and DADs in control conditions and presence of ABPPs. *P<0.05 in Fisher’s exact test. 
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and inactivation were similar in the absence and presence of ABPPs (Figure 2D).

L-type Ca2+ current. I
Ca,L

 was measured using a two-step protocol (Figure 3A). 

During the first depolarizing pulses (P1), I
Ca,L

 activates; the second pulse (P2) is used 

for measuring voltage dependency of inactivation. Figure 3B shows representative 

I
Ca,L

 recordings upon depolarizing pulses to 0 mV. Mean I
Ca,L

 densities (Figure 3C) 

increased in response to ABPPs. For example, at 0 mV peak I
Ca,L

 averaged -14.2±1.2 

and -16.5±1.9 pA/pF in the absence and presence of ABPPs (P<0.05, n=6, paired 

t-test), respectively. Neither current decay (Figure 3B) nor (in)activation properties 

(Figure 3D) were affected by ABPPs.

K+ currents. I
to1

 was measured using a two-step protocol (inset). During the first 

depolarizing pulse (P1), I
to1

 activates; the second pulse (P2) is used for measuring 

Figure  2. No effects of ABPPs on the Na+ current (INa)
A, Protocol used. B, Representative INa in control conditions and in presence of ABPPs. Inset, Average time 
constants of current decay (n=7) in the absence (black bars) and presence (white bars) of ABPPs. C, Average 
current-voltage (I-V) relationships of INa (n=7) in control conditions (closed symbols) and in the presence of 
ABPPs (open symbols). D, Voltage-dependence of INa (in)activation (n=7) in control conditions (closed symbols) 
and in the presence of ABPPs (open symbols). Solid lines: Boltzmann fits of the average data.
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voltage dependency of inactivation. Figure 4A shows representative I
to1

 recordings 

upon depolarizing voltage steps from -80 to 60 mV. Neither mean I
to1

 densities (Figure 

4B) nor (in)activation properties (data not shown) were affected by ABPPs. I
K1

 was 

measured as steady-state current at the end of hyperpolarizing voltage-clamp steps 

from -40 mV. Figure 4C shows representative I
K1

 recordings upon hyperpolarizing 

pulses to -110 mV. Both inward and outward I
K1

 components were not significantly 

different in the absence and presence of ABPPs (Figure 4D). I
K1

 was activated by 

depolarizing voltage-clamp steps from -50 mV and defined as the tail current upon 

stepping back to the holding potential. Figure 4E shows representative I
K1

 recordings 

upon depolarizing pulses to -10 mV. Neither mean I
K1

 densities (Figure 4F) nor 

activation properties (data not shown) were affected by ABPPs.

Figure  3. ABPPs increase L-type Ca2+ current (ICa,L) density. A, Protocol used.
Representative ICa,L in control conditions and in presence of ABPPs. Insets: protocols used. Inset, Average time 
constants of current decay (n=6) in the absence (black bars) and presence (white bars) of ABPPs. C, Average I-V 
relationships of ICa,L (n=6) in control conditions (closed symbols) and in the presence of ABPPs (open symbols). 
*P<0.05 in paired t-test. D, Voltage-dependence of ICa,L (in)activation in control conditions (closed symbols) and 
in the presence of ABPPs (open symbols). Solid lines: Boltzmann fits of the average data.
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NCX current. I
NCX

 was measured in Ca2+-

buffered conditions as the Ni2+-sensitive 

current during a descending voltage ramp 

protocol. The effects of Ni2+ on I
NCX 

are 

reversible,[26] therefore I
NCX

 measurements 

in the absence and presence of ABPPs were 

possible in the same cell. Figure 5A shows 

representative traces of I
NCX

 in the absence and 

presence of ABPPs. ABPPs neither changed 

I
NCX

 in the reverse (outward) mode nor in the 

forward (inward) mode (Fig. 5B).

Figure  4. No effects of ABPPs on K+ currents.
A, Representative transient outward K+ current (Ito1) in control conditions and in presence of ABPPs. B, 
Average I-V relationships of Ito1 (n=7) in control conditions (closed symbols) and in the presence of ABPPs 
(open symbols). C, Representative inward rectifier K+ current (IK1) in control conditions and in the presence of 
ABPPs. D, Average I-V relationships of IK1 (n=5) in control conditions (closed symbols) and in the presence of 
ABPPs (open symbols). E, Representative rapid delayed rectifier K+ current (IKr) in control conditions and in 
the presence of ABPPs. F, Average I-V relationships of IKr (n=5) in control conditions (closed symbols) and in the 
presence of ABPPs (open symbols). Insets: protocols used.

Figure  5. No effects of ABPPs on Na+-Ca2+ 
exchange current (INCX).
A, Representative INCX in control conditions and in presence 
of ABPPs. B, Average I-V relationships of INCX (n=6) in 
control conditions (closed symbols) and in the presence of 
ABPPs (open symbols).
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ABPPs affect Ca2+ homeostasis
We found that ABPPs induced 

both EADs and DADs. There are 

multiple mechanisms underlying 

EAD formation:[25,27,28] (1) 

reactivation of I
Na

, (2) reactivation 

of I
Ca,L

, and (3) I
NCX

 following 

spontaneous SR Ca2+-release. The 

mechanism underlying DADs is 

I
NCX

 activated by spontaneous 

SR Ca2+-release.[25,29] Thus, 

both types of afterdepolarizations 

might be due to spontaneous SR 

Ca2+-release. This typically occurs 

in Ca2+
i
 overload conditions.

[30,31] Accordingly, we studied 

the effect of ABPPs on Ca2+
i
 

transients. To exclude possible 

effects of alterations in AP shape 

on Ca2+
i
 transients, the transients 

were studied in voltage-clamp 

mode with pulses of similar 

duration.[32] Figure 6A shows 

typical Ca2+
i
 traces of a myocyte 

stimulated at 0.2-Hz in control 

conditions (black line) and in 

the presence of ABPPs (red 

line). Figure 6B summarizes the 

average diastolic and systolic Ca2+
i
 

concentrations, Ca2+
i 
transient amplitudes, systolic Ca2+

i
 rise, and time constant of 

the Ca2+
i
 transient decay in control conditions and in the presence of ABPPs. ABPPs 

significantly increased the systolic Ca2+
i
 concentration, the Ca2+

i
 transient amplitude, 

and the systolic Ca2+
i
 rise, while the Ca2+

i
 transient decay significantly decreased. 

These effects were present at all frequencies measured (data not shown). ABPPs 

raised diastolic Ca2+ concentrations significantly at 3-Hz, while the rise in diastolic 

Ca2+ concentration did not reach statistical significance at the other frequencies (data 

not shown). Finally, we tested the effects of ABPPs on the SR Ca2+ release and the 

fractional SR Ca2+ release. To this end, SR Ca2+ content was emptied after a 20-s 

Figure  6. ABPPs augment Ca2+
i handling.

A, Protocol used. B, Representative INa in control conditions and in 
presence of ABPPs. Inset, Average time cA, Typical Ca2+

i transients 
at 0.2-Hz in control conditions and in presence of ABPPs. Arrows 
indicate the moment of caffeine application which is used to 
measure SR Ca2+ content. B, Average Ca2+

i transient parameters 
(n=6) at 0.2-Hz in control conditions and in the presence of 
ABPPs. TA=transient amplitude. *P<0.05 in paired t-test. C, 
Average SR Ca2+ content parameters (n=6) in control conditions 
and in the presence of ABPPs at 0.2 and 3-Hz.
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stimulus period (frequency: 0.2 or 3-Hz) by a brief exposure to caffeine while the 

membrane potential was kept at -80 mV (Figure 6A). Both SR Ca2+ release and the 

fractional SR Ca2+ release increased in response to ABPPs (Fig. 6C).

Discussion
We found that human ABPPs have acute effects on electrophysiological properties 

and Ca2+i homeostasis of rabbit ventricular myocytes. In myocytes exposed to ABPPs 

AP duration prolonged and EADs and DADs occurred (Figure 1). Analysis of 

membrane currents revealed that I
Ca,L

 density was increased, while I
Na

, I
to1

, I
K1

, I
Kr

, 

and I
NCX

 densities were unchanged (Figures 2-5). ABPPs did not affect kinetics and 

(in)activation properties of membrane currents. ABPPs increased systolic Ca2+
i
 , Ca2+

i 
 

transient amplitude, and SR Ca2+ content (Figure 6).

ABPPs prolong action potential duration and induce EADs and DADs
ABPPs prolong AP duration (Figure 1B) and increase I

Ca,L
 (Figure 3). The increase 

of the inward I
Ca,L

 seems a plausible explanation for AP prolongation. It also explains 

the increased incidence of EADs (Fig. 1, C and E), as EADs occur at low heart rates 

under conditions of long APs and may be due to reactivation of  I
Ca,L  

[24,28] On 

the other hand, the ABPPs-induced increase in SR Ca2+ release (Figure 6) could 

partially counteract AP prolongation by increasing the rate of inactivation of I
Ca,L

.[30] 

However, such an increase in the amplitude of the Ca2+ transient would also increase 

the efflux of Ca2+ from the cell as Na+-Ca2+ exchange is more strongly activated.[30] 

The latter would importantly result in an increase in the inward current carried by 

NCX, which in turn is also expected to prolong AP duration. Thus, although I
NCX

  

density in Ca2+-buffered conditions is not affected by ABPPs (Figure 5), we think 

that the functional I
NCX

  is increased due to increased Ca2+
i
 transient amplitudes. 

Moreover, ABPPs induce DADs (Figure 1, D and E). This agrees with our finding of 

enhanced SR Ca2+ content in response to ABPP application. If the SR Ca2+ content 

becomes high, a condition known as Ca2+ overload, spontaneous SR Ca2+ release may 

occur.[30,31] Such spontaneous Ca2+ release can occur during diastole and activates 

I
NCX

, thereby producing DADs.[33]

Clinical implications
Arrest of blood flow to myocytes results in a complex ischemic reaction that includes 

an increase in outward potassium current,[34] a triphasic increase of extracellular 

potassium,[35] a decrease of AP duration,[36] depolarization of RMP and Ca2+ 

loading of the cell.[37] Furthermore, cell-to-cell connections are uncoupled[38] and 

reactive oxygen species are released, resulting in changes in ion channel function[39] 
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and mitochondrial dysfunction.[37] These events create a hostile environment that 

renders the myocardium prone to arrhythmias.[40] VF during ischemia results from 

reentrant excitation. Reentry may be facilitated by increased spatial dispersion in 

refractory periods, which, in turn, are largely determined by AP duration. Increase 

in AP duration by ABPPs, as observed in the present study, may be conducive to 

reentrant excitation if it occurs in a spatially non-homogeneous fashion, e.g., in 

the ischemic border zone only in the vicinity of a thrombus that contains activated 

platelets (but not remote from it). While ABPPs may thus support the maintenance 

of reentry, it may also support its initiation. Onset of reentry may not only result from 

injury current,[41,42] but may also be evoked by triggered beats originating from 

EADs and DADs.[31]

The ischemic tissue distal to a coronary thrombus is exposed to a plethora of platelet 

products.[15] Most of the products released by platelets are packaged in preformed 

storage granules. Platelets contain three types of granules: dense granules, alpha-

granules and lysosomal granules.[43] About 5-6 dense granules are present per 

platelet. They contain platelet agonists that serve to amplify platelet activation. They 

are the most rapidly secreted granules and release amongst others ADP, ATP, GTP, 

GDP, Ca2+, magnesium pyrophosphate, and amines like serotonin and histamine. 

Serotonin can be used to assess the platelet release reaction: it locally increased 18 

to 27-fold from normal levels in tissue surrounding a coronary thrombus in a dog 

model.[15] Alpha-granules release various proteins involved in cell adhesion and 

coagulation, including von Willebrand factor, fibrinogen, fibrinectin and plasminogen 

activator inhibitor-1. Proteomics studies of the platelet secrotome have yielded a list 

of more than 2000 of such proteins.[9,44] Finally, lysosomes release clearing factors 

such as proteases and glycohydrolases. Many of the substances released by platelets 

can alter electrophysiological properties of the heart in various animal species.[10-

12] The proarrhythmic effects of ABPPs could well result from the summed result of 

smaller effects of individual substances. However, one study points at a small trypsin-

sensitive peptide produced by activated platelets that could increase Ca2+ transients 

in chick cardiac cells.[45] With regards to the effects of platelet products, the fact that 

arrhythmias during ischemia often present in the first seconds and minutes after the 

onset of ischemia fits best with the kinetics of dense granule release as these granules 

are released rapidly after platelet activation. Clearly, future studies must resolve which 

compound contributes most to the proarrhythmic properties of activated platelets. 

Limitations of the study
In our study, we limited ourselves to study the effects of ABPPs in non-ischemic 
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myocytes from the midmyocardial layer of rabbit hearts. In mammalian hearts, 

however, regional differences in electrophysiology and Ca2+  handling exist.[46,47] In 

addition, (pseudo)ischemic conditions will result in time-dependent changes without 

steady-state conditions.[39] Including these factors in the present study would have 

complicated the interpretation of the ABPPs effects. 

Conclusion
Exposure of isolated rabbit myocytes to products released from activated human 

platelets resulted in AP prolongation, early and late afterdepolarizations, and changes 

in Ca2+ homeostasis caused by increased I
Ca,L

. These changes may contribute to 

the initiation and maintenance of reentrant arrhythmias after coronary thrombotic 

occlusion.
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Background
Early ischemic ventricular fibrillation (VF) in the setting of an acute myocardial 

infarction (AMI) due to thrombotic coronary occlusion remains a major health 

problem. Several animal studies have shown that platelet-dense granule contents 

released during thrombus formation can induce arrhythmias. We hypothesize that the 

platelet release reaction is involved in the predisposition to early ischemic VF.

Materials and methods
A case-control study was performed in patients who survived VF during a first 

AMI (“cases”, n=26) and in patients with one previous AMI without arrhythmias 

(“controls”, n=24). All patients were on aspirin 100 mg OD. Baseline platelet 

activation was assessed with flow cytometry. Response to activation was assessed with 

aggregometry, flow cytometry and PFA-100 analysis. Response to activation and 

differences in platelet contents and content release were assessed by labeling platelet-

dense granules with mepacrine and by measuring serotonin and ADP/ATP content. 

Results
Patient and infarct characteristics and baseline platelet function tests were similar 

between groups. The mean time from event was 4.9 (±3.2) years among cases and 

4.7 (±2.7) years among controls. Dense granule release was similar in cases versus 

controls.. Platelet serotonin content in cases was higher than in controls (611 ± 118 

ng/10E9 platelets versus 536 ± 141 ng/109, p=0.048). 

Conclusions
Even years after the event, elevations in the platelet dense granule contents between 

VF survivors and controls may be detected. These preliminary findings shed new 

light on the pathophysiological mechanisms underlying ischemic VF, as platelet-dense 

granules may contain mediators of early ischemic VF risk.
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Introduction
Sudden cardiac death (SCD) remains one of the most prevalent modes of death in 

the industrialized countries,[1] claiming almost a million deaths annually in Western 

Europe and the United States combined. Ventricular fibrillation (VF) in the setting 

of coronary artery disease is the most common underlying arrhythmia. In a large 

proportion of cases, SCD is caused by early ischemic VF, i.e. VF in the setting of 

a first acute myocardial infarction (AMI) and in the absence of heart failure.[1] In 

our ongoing case-control study among patients with a first ST-elevation myocardial 

infarction (STEMI) with or without VF before reperfusion (“cases” or “controls”, 

respectively), we have shown that a family history of SCD increases the risk of VF 2.7-

fold, pointing to a genetic role in the determination of SCD risk.[2] Despite much 

investigation, mechanisms underlying this genetic predisposition remain speculative. 

A potential modifier of the risk of VF could be related to platelet activation. SCD 

risk is related to polymorphisms in genes involved in the platelet response.[3,4] 

Furthermore, animal experiments have shown that platelet activation increases the 

susceptibility of the ischemic myocardium to VF.[5,6] The anti-arrhythmic effect of 

platelet antagonists in ischemia-induced arrhythmias has also been described in other 

experimental models.[7,8] Most of the products released by platelets are packaged in 

preformed storage granules: dense granules, alpha-granules and lysosomal granules.

[9] Dense granules contain platelet agonists that serve to amplify platelet activation. 

Increased platelet dense-granule secretion is associated with development of arterial 

thrombosis in atherosclerotic mice.[10] Alpha-granules release various proteins 

involved in cell adhesion and coagulation. Lysosomes release clearing factors such as 

proteases and glycohydrolases. Many of the substances released by platelets can alter 

the electrophysiological properties of the heart in various animal species.[11-14]

In the present study we aimed to explore whether the platelet release reaction in 

patients with VF prior to reperfusion for a first STEMI differs from that in patients 

with an arrhythmia-free STEMI. We hypothesized that the platelet-release reaction in 

VF patients could be affected by different factors: altered platelet activation at rest, 

altered response of platelets to activation, and differences in products released by 

activate platelets. We performed a series of tests to assess these factors.

Materials and Methods
Patient population
All patients were included in the AGNES (Arrhythmia Genetics in the NEtherlandS) 

case-control study,[2] and signed informed consent in accordance with the principles 

outlined in the Helsinki Declaration of 1975, as revised in 2008. The study was 

approved by the institutional Medical Ethics Committee (reference number #06/002). 
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In order to amplify the inherent difference in platelet function, we preferred cases with 

a positive family history of sudden death and controls without a family history of 

sudden death. All patients were on chronic single anti-platelet therapy (aspirin 100 

mg OD). 

Blood drawing
All blood draws were performed by a single investigator. In all patients, blood was 

drawn between 10-11am with a 19G needle without vacuum to prevent circadian 

platelet function influence and platelet activation. After the first milliliter was discarded, 

a tube with PECT medium was drawn for beta-thromboglobulin measurements. 

PECT medium consisted of 282 nmol/l prostaglandin E1, 1.9 mmol/l Na2CO3, 30 

mmol/l theophylline in PBS, and 270 mmol/l EDTA. Subsequently, 40 ml was drawn 

in custom-prepared Falcon tubes containing 3.2% citrate (1:10). Finally, standard 

vacuum citrate (3.2%) and EDTA tubes were drawn for PFA-100 and routine 

laboratory measurements.

Routine laboratory measurements
Leucocyte count, hemoglobin (Hb), mean corpuscular volume (MCV), hematocrit, 

thrombocyte count and mean thrombocyte volume (MPV) were measured on a 

Beckman Coulter Ac·T diff2 Hematology Analyzer. Prothrombin time (PT), activated 

partial thromboplastin time (aPTT) and fibrinogen were measured on an STA-

Evolution analyzer (Roche, Basel, Switzerland). Protein C activity, antithrombin, 

fibrinogen and Von Willebrand Factor activity were measured on a ACL Top analyzer 

(Instrumentation Laboratory, Barcelona, Spain) according to the manufacturer’s 

instructions. ELISA tests were used according to the manufacturer’s instructions for 

thrombin-antithrombin complexes (Enzygnost TAT micro, Dade Behring, Germany) 

and d-dimer measurements (Asserachrom D-Dimer, Diagnostica Stago, Asnières, 

France).

Baseline platelet activation and response to activation
Light-transmittance aggregometry was used to assess response of platelets to different 

activating substances. Platelet rich plasma (PRP) was stimulated with 1, 2 and 5 

μmol/L adenosine diphosphate (ADP), 2 μg/mL collagen and 10 μmol/L thrombin-

receptor-activating peptide (TRAP). Aggregation was assessed with a Chronolog 

Lumi-Aggregometer (Chronolog, Havertown, PA, USA), and was expressed as the 

maximal slope of the change in light transmittance (Table 3).

Baseline P-selectin expression and P-selectin expression after platelet activation with 

TRAP was measured with flow cytometry using a Calibur flow-cytometer (B&D, San 
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José, CA, USA). 

Beta-thromboglobulin (primarily stored in alpha granules) and platelet factor 4 were 

measured in plasma as markers of baseline platelet activity. Commercially available 

ELISA tests were used according to the manufacturer’s instructions (Diagnostica 

Stago, Asnières, France).

Vasodilator-stimulated phosphoprotein (VASP) phosphorylation was measured by 

flow cytometry as described before and expressed as VASP PRI (platelet reactivity 

index; Table 3).[15] The amount of VASP phosphorylation reflects the P2Y12 receptor 

status. Platelets were incubated with both VASP-P-FITC and CD61-APC. Analysis of 

cell counts was performed using the software program CELLquest.

Response of platelets to activation by ADP and epinephrine was assessed with a PFA-

100 (Dade Behring, Germany). The PFA-100 point-of-care assay utilizes a cartridge 

that contains a capillary, a sample reservoir, a collagen/epinephrine-coated membrane, 

and an aperture that exposes platelets to high shear conditions.[16] When platelets in 

whole blood come in contact with epinephrine and collagen, they become activated 

and aggregate at the aperture, thus gradually reducing and finally arresting blood flow. 

The PFA-100 records the time in seconds from the start of the test until the platelet 

plug occludes the aperture (closure time). A shorter closure time signifies an increased 

response to ADP or epinephrine.

Differences in platelet contents and content release
Dense granule contents and release was assessed by labeling platelet-dense granules 

with mepacrine.[17] Flow cytometry was used to assess the amount of mepacrine 

fluorescence. Platelet-rich plasma was labeled with CD61-APC, CD62p-PE and 

mepacrine. Release of dense granules was assessed by measuring the difference in 

mepacrine-labeled platelet fluorescence before and after activation with TRAP. We 

could thereby assess the number of remaining dense granules in platelets after they 

were activated.

Serotonin was used as a marker of dense-granule release. Platelets were pelleted and 

sonified in PBS, and thereafter all protein was precipitated with HClO4. Serotonin 

concentration was measured by fluorimetry. The amount of serotonin per platelet was 

normalized by dividing the total amount of serotonin by the number of platelets.

Platelet ATP and ADP contents (primarily stored in the dense granules) were assessed 

by measuring ATP and ADP with the luciferin-luciferase technique in a Packard Pico-

lit luminometer.[18]

Statistics 
The data are presented as frequency (number and percentage), mean ±standard 
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deviation (SD) or median (inter-quartile range; IQR). Normal distribution of data 

was tested with the Kolmogorov-Smirnov Z test. Normal distributed data were 

analyzed with a Student’s t-test. Non-normal distributed data were analyzed with a 

Mann-Whitney U test. Statistical significance was defined as p<0.05. Analyses were 

performed using SPSS version 17.0 (SPSS Inc, Chicago Illinois). 

Results
Baseline and infarct 
characteristics
Patient demographics are 

shown in Table 1. The two 

groups were well matched 

in all respects apart from 

family history of sudden 

death (38% cases versus 

0% control; p=0.01) and 

ST-deviation (28 ±19 mm 

cases versus 15 ±8 mm 

control; p=0.007). Briefly, 

the majority of patients 

were elderly white men, 

who had suffered an AMI 

at a mean of 4.8 years 

earlier. All patients were 

taking aspirin 100 mg OD 

and most were on beta-

blockers (65.3-86%) and 

statins (92.3-96%). The 

characteristics of MI in both 

groups were comparable. 

One control patients was 

using a selective serotonine 

re-uptake inhibitor. 

Routine laboratory test 
& coagulation tests
There were no statistically 

significant differences 

  Cases Controls p-value† 

 (n=26) (n=24)  

Male, % 89 75 0.216 

Current age (years), mean (±SD) 61 ±11 64 ±7 0.350 

Age at STEMI (years), mean (±SD) 56 ±10 59 ±7 0.250 

BMI, mean (±SD) 25.5 ±3.1 26.7 ±3.6 0.224 

Current medication    

 Aspirin, % 100 100 1.00 

 Beta-blocker, % 65 86 0.146 

 Statin, % 92 96 0.346 

 ACE / ARB, % 50 44 0.352 

 Nitrate, % 23 24 0.422 

Family history of sudden death, % 38 0 0.01* 

Cardiovascular risk profile prior to STEMI    

 Family history of cardiovascular disease, 

% 54 63 0.536 

 Hypertension, % 40  26 0.365 

 Hypercholerolemia, % 36 44 0.419 

 Smoking, % 58 58 1.00 

 Diabetes, % 10 14 0.634 

Culprit   0.801 

 LAD 43 25  

 RCX 4 5  

 RCA 26 30  

Maximal CKMB (u/L), mean (±SD) 235 ±189 255 ±205 0.755 

ST-deviation (mm), mean (±SD) 28 ±19 15 ±8 0.007* 

Table 1. Baseline characteristics
ACE: angiotensin-converting enzyme; ARB: angiotensin receptor blocker; 
LAD: left anterior descending; RCX: right circumflex artery; RCA: right 
coronary artery; CKMB: Creatine phosphokinase MB isoenzyme; STEMI: 
ST-elevation myocardial infarction; 
†cases versus controls; *p<0.05: statistically significant
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between the two groups 

in any laboratory or 

coagulation test (Table 2). 

Baseline platelet acti-
vation and response to 
activation
Platelet activity as measured 

by light transmittance 

aggregometry, PFA-100 

and VASP phosphorylation 

did not differ between cases 

and controls (Table 3). 

Differences in platelet 
contents and content 
release
Mepacrine fluorescence in 

unstimulated platelets and 

stimulated platelets did not 

differ between cases and 

controls. Furthermore, the number of CD62p positive platelets and the number of 

monocyte-platelet complexes were similar in both groups (Table 3). Dense granule 

release as assessed by the difference in mepacrine-labeled platelet fluorescence before 

and after activation with TRAP was similar in cases versus controls.

Platelet serotonin was significantly higher in cases versus controls (611 ± 118 ng/109 

versus 536 ± 141 ng/109; p=0.048; Table 4), and platelet serotonin concentration was 

>600 ng/109 significantly more often in cases than in controls (p=0.019). Exclusion 

of the control patient who was on SSRI’s (selective serotonin reuptake inhibitors, anti-

depressant drugs) did not influence this statistic. Platelet ADP and ATP content and 

ADP/ATP fraction did not differ between cases and controls (Table 4).

Discussion
These results provide preliminary evidence to suggest that even five years after 

STEMI, and apparently unaffected by aspirin use, platelet serotonin may be higher 

among patients experiencing VF during a first MI compared with those who have 

previously experienced AMI without arrhythmia. We therefore suggest that through 

direct and indirect (induction of coronary vasospasm) effects, serotonin could worsen 

Table 2 Routine blood results
Values are mean ±SD; aPTT: activated partial thromboplastin time; vWF: 
von Willebrand Factor; TAT: thrombin-antithrombin complexes
†cases versus controls; *p<0.05: statistically significant

  Cases Controls p-value† 

 (n=26) (n=24)  

Hemoglobin (mmol/L) 9.3 ±0.8 8.9 ±1.1 0.137 

Leucocytes (x109/mL) 6.9 ±1.9 6.7 ±1.6 0.794 

Thrombocytes (x109 /mL) 224 ±44 221 ±52 0.811 

Mean platelet volume (fL) 7.3 ±0.9 7.5 ±0.8 0.641 

Prothrombin time (s) 13.5 ±0.5 13.4 ±0.5 0.764 

aPTT (s) 34.2 ±3.1 34.6 ±7.6  0.791 

vWF (%) 130 ±43 141 ±55 0.437 

Antitrombin (U/ml) 0.98 ±0.09 0.96 ±0.07 0.623 

Fibrinogen (g/L) 3.81 ±0.83 3.78 ±0.94 0.831 

Protein C activity (%) 112 ±14 113 ±20 0.651 

Platelet Factor 4 (U/mL) 8.5 ±12 12 ±29 0.583 

TAT (μg/L) 8.0 ±12 6.8 ±7.9 0.673 

D-dimer (mg/L) 457 ±316 449 ±269 0.932 

Beta-thromboglobulin (U/mL) 40 ±35 41 ±56 0.941 
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the already-present ischemic 

substrate for arrhythmias. 

Furthermore, serotonin could 

act as a marker of an altered 

dense-granule release reaction in 

SCD patients. 

Most of the products released 

by platelets are packaged in 

preformed storage granules. 

Platelets contain three types of 

granules: dense granules, alpha-

granules and lysosomal granules.

[9] About five-to-six dense 

granules are present per platelet. 

They contain platelet agonists 

that serve to amplify platelet 

activation. They are the most 

rapidly secreted granules and 

release, amongst other things, 

ADP, ATP, GTP, GDP, Ca2+, 

magnesium pyrophosphate, 

and amines such as serotonin 

and histamine. Serotonin can 

be used to assess the platelet 

release reaction.[19] Alpha-

granules release various proteins 

involved in cell adhesion and coagulation, including von Willebrand factor, fibrinogen, 

fibrinectin and plasminogen activator inhibitor-1. Proteomics studies of the platelet 

secrotome have yielded a list of more than 2000 such proteins.[20,21] Finally, 

lysosomes release clearing factors such as proteases and glycohydrolases. 

In this study we performed specific tests to assess granule release and content. Dense 

granules and dense-granule release were assessed by labeling with mepacrine and 

using flow cytometry to measure baseline contents and release. Dense granule content 

was assessed by measuring platelet ATP, ADP, and serotonin content. Alpha granule 

release was assessed by CD62P expression and by counting monocyte-platelet 

complex.

Cases had a high serotonin concentration significantly more often than did controls. 

Serotonin transport in blood is almost exclusively by platelets. During platelet 

Table 3. Baseline platelet activation and response 
to activation
Values are mean ±SD; †cases versus controls;  ††arbitrary units; 
††† calculated as the fraction of mepacrine fluorescence remaining 
after platelet activation with TRAP; TRAP = thrombin receptor 
activating peptide; PFA-ADP / PFA-EPI = PFA-100 using ADP / 
epinephrine; VASP PRI = vasodilator-stimulated phosphoprotein 
platelet reactivity index. *p<0.05: statistically significant
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activation this serotonin 

is readily released. 

Animal studies in an MI 

model have shown that 

serotonin concentration 

in the affected coronary 

artery and its direct 

surroundings increases 

18-27 fold.[19] In the 

same experiments, 

serotonin induced cyclic 

coronary flow variations 

by coronary vasoconstriction.[19] Serotonin has direct inotropic, lusitropic and 

pro-arrhythmic effects on human ventricular cardiomyocytes that contain serotonin 

receptors[22,23] and it is increased in patients with coronary artery disease.[24] 

Treatment of post myocardial infarction depression with SSRIs reduces all cause 

mortality.[25,26] Several mechanisms have been suggested for this effect, including 

improved medication adherence. However, recent studies have also found that SSRIs 

specifically reduce the prothrombotic response to damaged vascular structures as 

present during myocardial infarction.[27,28] Furthermore, serotonin could also be 

seen as a marker of dense granule release. Cases could release all their dense granule 

contents more readily during platelet activation. Therefore, it is possible that it is not 

serotonin but one of the other dense-granule contents that mediates arrhythmias 

during MI. However, our experiments with mepacrine-labeled dense granules could 

not detect evidence for this. 

This study is unique in the fact that we thoroughly assessed the different mechanisms 

involved in the platelet activation reaction in cases and controls. Limitations of 

this study include the small number of patients involved, which was an inevitable 

consequence of the elaborate and stringent requirements of the protocol necessary 

to perform this study. Furthermore, the study groups showed some lack of balance 

at baseline with respect to a family history of sudden death. It is conceivable this 

imbalance may have contributed to the effects observed. In a separate study we are 

performing genetic analyses to investigate a role of platelet function associated genetic 

variances on the risk of  VF in our population. 

 All patients were taking aspirin and their current platelet activation reaction might not 

fully reflect the platelet status at the time of the initial event. Ideally, platelet activity 

should be measured in the setting of an AMI before development of VF, and before 

anti-platelet and anti-coagulation therapy was administered. However, this would 

Measured platelet content of: Cases 

(n=26) 

Controls 

(n=24) 

p-value† 

ADP†† 3.1 ±0.8 3.1 ±0.7 0.866 

ATP†† 4.3 ±0.7 4.5 ±1.0 0.362 

ADP/ATP ratio 1.4 ±0.2 1.5 ±0.2 0.547 

Serotonin (ng/109)  611 ±118 536 ±141 0.048* 

Serotonin >600 ng/109, n (%) 15 (58) 5 (22) 0.019* 

 

Table 4 Platelet contents
Values are mean±SD; ADP: adenosine diphosphate; ATP: adenosine 
triphosphate †cases versus controls; *p<0.05: statistically significant; †† the 
unit is μmol/1011 thrombocytes
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incur logistical barriers as these events often occur “off hours” and out of hospital, 

where the necessary precautions required to prevent in vitro platelet activation 

cannot be taken. Differences in the effects of platelet products could also result from 

differences in response from target cells (coronary endothelium and cardiomyocytes, 

for example), which is beyond the scope of this paper.

Years after the event and irrespective of anti-platelet therapy, these results provide 

preliminary evidence to suggest that a difference in serotonin content may be detected 

between patients with a first AMI who also experienced a VF and first AMI patients 

without VF. It is hypothesized that serotonin may induce arrhythmias by inducing 

coronary spasm, or it may be a marker of dense-granule release that contains other 

pro-arrhythmic substances. Further research is necessary to determine which factors 

released by platelets have the strongest arrhythmic effect. Our preliminary findings 

shed new light on the pathophysiological mechanisms that may be involved in the 

occurrence of VF during MI.
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Background
Sudden cardiac death (SCD) constitutes one of the most prevalent modes of death and 

is mainly caused by primary ventricular fibrillation (VF), i.e. VF in the acute setting 

of a first acute myocardial infarction. Current guidelines for secondary prevention 

of sudden cardiac death are based on data from the thrombolysis era. We analyzed 

follow-up data of a large group of primary VF survivors to determine prognosis and 

risk of SCD in patients who received contemporary myocardial infarction treatment.

Methods 
Patients in this study were included in the ongoing Dutch multicenter Primary VF 

study between December 1999 and April 2007. Primary VF was defined as VF during 

a first ST elevation myocardial infarction (STEMI). Patients surviving the first 30 

days were analyzed in this study. Data on mortality, cause of death, hospitalization 

and implantable cardioverter-defibrillator (ICD) implantation were retrieved from 

national databases. Also data on left ventricular ejection fraction and medication use 

during follow up was retrieved.
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Results
In total, 341 primary VF patients (cases) and 292 STEMI patients without VF 

(controls) were included in the study. Demographical and infarct characteristics were 

comparable between both groups. Median follow up was 3.33 years for cases and 3.69 

for controls (p=0.02). Left ventricular ejection fraction post STEMI was 45.1% vs 

46.5% (p=0.342). During follow up, 19 cases died versus 24 controls. Cox regression 

analysis showed no significant difference in survival between cases and controls (RR 

0.59, 95%CI: 0.15-2.30). ICDs were implanted in 22 cases and 2 controls (p<0.001), 

but only 2 cases and 1 control patient received appropriate ICD shocks. Beta blocker 

use during follow up was 84.4% in cases vs. 76.2 % in controls (p=0.049). Of cases, 

2.5% were re-hospitalized for acute myocardial infarction vs. 10.1% of controls 

(p<0.001). Number of admissions for acute coronary syndromes and chest pain were 

not different between groups. 

Conclusions
In conclusion patients who survive the first month after primary VF have a similar 

prognosis as patients with a STEMI without VF. This is the first study to address 

this question in the modern era of reperfusion therapy. ICD treatment in primary VF 

patients without residual ischemia or other risk factors can be safely withheld.
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Introduction
Sudden cardiac death (SCD) remains one of the most important modes of death 

in developed countries.(1) The main cause of sudden death is primary ventricular 

fibrillation (VF), i.e. VF during myocardial infarction and in the absence of heart 

failure.(2) As resuscitation and emergency care improves, more heart arrest victims 

fully recover and the number of survivors increases.(3,4) 

Secondary prevention of cardiac arrest includes implantable cardioverter-defibrillator 

(ICD) implantation. Current guidelines on the secondary prevention of sudden 

cardiac death do not recommend ICD implantation if VF occurs within 24 to 48 

hour of a transmural myocardial infarction and no residual ischemia or severe left 

ventricular dysfunction remains.(5) This recommendation is based on two older 

studies. In the 70s, Liberthson et al.(6) reported on the prognosis of 42 resuscitated 

patients who survived to discharge. Only 35% of these patients had a myocardial 

infarction, which, in this era, was not treated by any form of reperfusion therapy. 

The mean survival of patients discharged alive was little over one year. Volpi et al.(7) 

studied 435 patients who developed VF within 48 hours after onset of STEMI and 

were treated with thrombolysis. As reperfusion therapy in these studies was either 

lacking or suboptimal, these studies may have lost external validity in the current 

era of percutaneous coronary intervention (PCI). (8) Furthermore, the majority of 

SCD in the general population is caused by early ischemic VF. In both studies an 

unidentified number of patients likely suffered from other causes of VF, including 

prior myocardial infarction or reperfusion. 

In the present study we selectively included survivors of primary VF by using a strict 

definition of primary VF, i.e. VF occurring between the onset of symptoms of acute ST 

segment elevation myocardial infarction and reperfusion therapy in a patient in Killip 

class I without previous myocardial infarction.(9) Follow-up data of a large group 

of primary VF survivors and control patients is presented to determine prognosis of 

primary VF survivors receiving contemporary myocardial infarction treatment.

Methods
Patient population
The Primary VF study is an ongoing Dutch multicenter observational case-control 

study of which results have been published before (9). Patients included between 

December 1999 and April 2007 represent the cohort for this long-term follow up 

analysis. Cases were defined as survivors of primary VF. A random selection of STEMI 

patients without VF served as controls. As VF can take minutes to hours to occur after 

onset of ischemia, we did not include control patients who were treated with PCI 

within 120 minutes. This avoided inclusion of patients with a possible predisposition 



Prognosis of Primary VF

135

to VF in the control group but in whom VF was prevented by very early reperfusion. 

While focusing on long term survival, patients who died within 30 days after the index 

event were excluded. Such early deaths were mostly related to severe neurological 

damage or severe heart failure and occurred during the initial hospital admission. 

Age limits were 18-80 years. This study complied with the principles set out in the 

Declaration of Helsinki. All patients or their legal representative gave written informed 

consent for inclusion. The collection of long-term follow-up information was approved 

by the institutional ethics committee. No extramural funding was used to support this 

work. The authors are solely responsible for the design and conduct of this study, all 

study analyses, the drafting and editing of the paper and its final contents.

Data collection
Data on risk factors and family history (FH) were acquired as described previously.

(9)  FH included sudden death (SD) and cardiovascular disease (CVD). A family 

history (FH) of sudden death (SD) was present when the patient reported a parent or 

sibling who died unexpectedly and suddenly before age 80 years.(10) Hypertension, 

hypercholesterolemia and diabetes were scored based on previous diagnosis and 

initiation of therapy. Maximal CKMB levels and time to maximal CKMB were used 

as early indicators of infarct size. CKMB levels were measured at admission and every 

4 hours thereafter until the maximal value was assessed. A lesion was considered the 

culprit lesion if it appeared fresh on angiography and in case of more than one lesion if 

it corresponded with the location of ST elevation on the ECG.(11) Echocardiography 

data were gathered retrospectively. Medication use during follow up was gathered by a 

written one year follow-up questionnaire to all PCI patients in the Academic Medical 

Center, which accounted for the majority of included patients.

 Mortality data were obtained from the Dutch Municipality Registration databases and 

were available up to April 2007. Cause of death was obtained from the death certificates 

in the national database of Statistics Netherlands and available up to December 2005. 

Hospitalization data were obtained from the National Medical Registration (LMR) 

and available up to December 2005. Post discharge hospitalization was defined as a 

hospitalization more than 30 days after the first event. Hospitalizations were recoded 

in six categories according to the main reason for admission: “acute myocardial 

infarction”, “acute coronary syndrome”, “chest pain”, “arrhythmia”, “other cardiac” 

and “non-cardiac”. Whether or not a patient received an ICD was determined by a 

query of the Dutch Pacemaker Registry (SPRN) database. Whether or not patients 

received appropriate ICD shocks was reported by their treating cardiologists.



Chapter 5

136

Statistical analysis
Differences in continuous variables between study groups were tested using an 

independent t-test when data were normally distributed or a Mann-Whitney U test 

otherwise. Values are presented as means plus/minus  standard deviation (SD) or median 

and interquartile range (IQR), respectively. The Cox proportional-hazards regression 

model was used to evaluate the independent contribution of baseline clinical factors 

to the development of endpoints.  Differences in categorical variables were compared 

using a Fisher exact test and values are presented as number and percentages. All P 

values were two-sided and a P value ≤ 0.05 was considered significant. Analyses were 

performed using SPSS version 17 (SPSS inc, Chicago Illinois). 

Results
Baseline and infarct characteristics
Between December 1999 and April 2007, 341 primary VF patients (cases) and 292 

STEMI patients without VF (controls). Patient groups were comparable, except for 

body mass index (BMI), high cholesterol, FH of CVD, presence of a positive FH of 

SD, presence of multi-vessel disease and time between onset of symptoms and PCI 

(Tables 1 and 2). The latter was expected due to inclusion criteria. 

Survival
Median follow-up was slightly shorter in cases than in controls (1013 (IQR:1008) 

days versus 1055 (IQR:938) days, p = 0.012). During follow up, 19 cases died versus 

24 controls (p=0.106). Mortality status of two cases could not be retrieved; both 

were excluded from the analyses. Median follow-up was slightly shorter in cases than 

in controls (1013 (IQR:1008) days vs. 1055 (IQR:938) days, p = 0.012), which was 

caused by a small differences in inclusion rate over time between cases and controls. 

The Kaplan Meier analysis is shown in Figure 1. Mortality during follow up was not 

statistically significant between groups. 

Left ventricular function post myocardial infarction
Median time from myocardial infarction to echocardiography was 45 days vs. 38 days 

(cases vs controls, p=0.665). Average left ventricular ejection fraction (LVEF) was 

44% vs. 46% (cases vs controls, p = 0.086). Patients in whom echocardiographic data 

were available did not differ from the remaining patients with respect to demographic 

and infarct characteristics (data not shown).

ICD implantation
ICDs were implanted in 22 cases (6.5%) and 2 (0.7%) control patients (p<0.001). 
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Time between myocardial infarction and implantation was not different between cases 

and controls (173±290 days vs 248±306 days p=0.736).  Two cases and one control 

patient received an appropriate shock during follow-up (p=0.250). The indication for 

ICD implant in these latter patients was recurrent VF during recurrent ischemia for 

the two cases and severe left ventricular dysfunction in the control patient. The number 

Table1: Baseline characteristics
FH of CVD = family history of cardiovascular Disease; BP = blood pressure; SD = sudden death; ACE / ARB = 
angiotensin converting enzyme or angiotensin receptor

Variable 

Myocardial infarction with 

VF (n =338) 

Myocardial infarction 

without VF (n =292) p 

Gender (male) 272 (80.5%) 240 (82.2%) 0.581 

Age at index infarction (years) 56.8 ± 11.3 55.4 ± 10.9 0.185 

Cardiovascular risk profile    

 BMI (kg/m2) 26.2 ± 3.8 26.8 ± 3.8 0.047 

 FH of CVD 197 (62.3 %) 199 (70.1 %) 0.046 

 Current smoker 205 (63.5 %) 172 (61.2 %) 0.568 

 Diabetes 17 (5.5 %) 26 (9.7 %) 0.055 

 Hypertension 93 (29.1 %) 90 (31.3 %) 0.612 

 High cholesterol 77 (30.9 %) 105 (46.5 %) 0.001 

FH of SD 128 (41.0%) 76 (26.4 %) <0.001 

Angina > 48hrs before STEMI 124 (39.6 %) 108 (37.4 %) 0.752 

Location at time of arrest   n/a 

 Out of hospital 140 (42.3 %)   

 Ambulance 78 (23.6 %)   

 Hospital 108 (32.5 %)   

Cardiac medication before STEMI 28 (8.9 %) 30 (10.3 %) 0.552 

 Beta blocker 32 (10.3 %) 20 (6.9 %) 0.143 

 Statins 22 (7.1 %) 17 (5.9 %) 0.548 

 ACE / ARB blockers 26 (8.3%) 18 (6.2%) 0.316 

 Aspirin / oral anticoagulation 29 (9.3%) 30 (10.3%) 0.675 

Medical history    

 Cardiac 46 (15.0 %) 22 (8.2 %) 0.011 

 Other 56 (18.2%) 57 (21.3 %) 0.369 
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of days with ICD protection (protected days per patient) was longer in controls (704 

± 540 days vs 1631 ± 796; p = 0.04). 

Medication use during follow up
Self reported medication use is shown in Table 3. Cases returned the questionnaire 

less often than controls (70% of 198 vs 84% of 271, p<0.01). There was a small but 

significant difference in reported beta blocker use, which was higher in cases (84.8%) 

versus controls (76.2%, p=0.049). Use of other drugs commonly prescribed post 

myocardial infarction was similar in both groups.

Table 2: Myocardial infarction characteristics
PCI, percutaneous intervention; CABG coronary artery bypass graft; LAD left anterior descending artery; RCX 
ramus circumflex; RCA right coronary artery; LM left main. 

Variable 

Myocardial infarction 

with VF (n =338) 

Myocardial infarction 

without VF (n =292) p 

Reperfusion therapy    

 PCI 86.7% 85.7% 0.576 

 CABG 4.2% 0.7% 0.006 

 Thrombolysis 2.4% 2.5% 0.971 

0.250  None (spontaneous 

reperfusion on angiography) 

6.7% 11.1% 

 

Time between symptoms and PCI 

(minutes) 159 (90) 180 (106) <0.001 

Maximal CKMB value 257 (372) 260 (299) 0.552 

Time to maximal CKMB (hours) 12 (4) 11 (4) 0.265 

Culprit lesion    

 LAD 191 (60.6%) 145 (52.5 %) 0.087 

 RCX 44 (14.0%) 42 (15.2 %) 0.598 

 RCA 77 (24.4 %) 87 (31.5 %) 0.041 

 LM 3 (1.0%) 2 (0.7%) 0.078 

Multi vessel disease 75 (23.8 %) 47 (17.7 %) 0.074 
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Cardiovascular events during follow-up

Table 3: Follow-up data
ICD,implantable cardioverter-defibrillator; (NS)VT non-sustained ventricular tachycardia.

Variable 

Myocardial infarction 

with VF (n =287) 

Myocardial infarction 

without VF (n =265) p 

Follow-up (days) 1013 (1008) 1055 (938) 0.012 

Medication assessment, days 

post MI 428 (± 96) 451 (± 139) 0.082 

 Beta blocker 84.4 % 76.2 % 0.049 

 Statins 91.3 % 91.6 % 0.914 

 ACE / ARB blockers 59.4% 58.1% 0.811 

 Aspirin / oral anticoagulation 80.4% 77.6% 0.526 

Echocardiography    

 Days from MI 45 (788) 38 (656) 0.665 

 Ejection fraction 44% ± 12% 46% ± 10% 0.086 

ICD implants 22 2 < 0.001 

Indication for ICD implant:    

LVEF < 30% post MI 3 2  

Ischemia not cured 12   

Syncope during follow-up 1   

Recurrent VF 3   

(NS)VT during follow-up 2   

Appropiate ICD shocks 2 1 0.250 

Cardiac rehospitalizations    

 Acute myocardial infarction 7 (2.4%) 25 (9.4%) <0.001 

 Acute coronary syndrome 22 (7.7%) 19 (7.2%) 0.824 

 Chest pain 77 (26.8%) 71 (26.8%) 0.992 

Non-cardiac rehospitalizations 94 (31.7%) 84 (32.8 %) 0.791 

Deaths 19 24 0.106 
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In the time window in 

which hospitalization 

data were available, 294 

cases and 266 controls 

were included in the 

analysis. Of these, 276 

(94%) cases vs 248 

controls (93%) could be 

retrieved in the national 

database. Among cases, 

7 patients (2.5%) were 

re-hospitalized for acute 

myocardial infarction 

vs. 25 controls (10.1%) 

(p for difference < 

0.001). Of all patients 

hospitalized for acute 

myocardial infarction, 5 

died during follow-up, all of these being controls. Of cases, 22 were hospitalized for 

acute coronary syndrome (ACS) vs 19 controls (p for difference 0.895). In addition, 

77 cases were admitted for chest pain (without myocardial infarction) vs 71 controls 

(p for difference 0.853) (table 3).

Cox regression analysis
A Cox regression model was used and all statistically significant different baseline 

characteristics were entered: BMI, high cholesterol, FH of SD, FH of CVD, history 

of  cardiac disease. Furthermore ‘time between onset of symptoms and PCI’, LVEF 

and self reported beta blocker use during follow up were entered into the model. 

Univariate analysis showed that significant influence on survival was related to: time 

to PCI (OR 1.003 per minute, 95% CI: 1.000-1.006, p=0.030) and LVEF (OR 0.948, 

95% CI 0.908-0.990, P = 0.015). Crude relative risk of VF on survival was 0.782 

(95% CI: 0.428-1.429). After adjustment for time to PCI and LVEF the relative risk 

was 0.378 (95% CI: 0.043-3.337). 

A power statement indicating the detectable relative risk was calculated. With the 

current sample size of 338 cases and 292 controls, a two-sided log rank test achieves 

80% power at a 0.05 significance level to detect a relative risk of 2.0. This assuming 

that the proportion of patients lost during follow up was zero and that the hazard rates 

are proportional. 

Figure 1: Myocardial infarction characteristics
Kaplan-Meier curve showing the unadjusted survival of acute MI patients 
with and without VF.



Prognosis of Primary VF

141

Discussion
The main finding of our study is that survivors of primary VF receiving up to date 

treatment for myocardial infarction have an excellent prognosis. These findings are 

important for the increasing number of successfully resuscitated patients.(3) Our 

study is unique in several aspects. Primary VF was strictly defined. By only including 

VF prior to reperfusion therapy, we focused on ischemic VF, which is presumed to 

account for the largest fraction of SCD cases. Furthermore this is a prospective case-

control study with a large number of VF cases. To the best of our knowledge, this is the 

first study analyzing prognosis of primary VF survivors in the current PCI era. This 

is important as this treatment has improved overall prognosis of myocardial infarct 

patients tremendously over the last decades. 

Our results show that even after correction for possible confounders, survival of cases 

did not differ from controls. Accordingly, available echocardiographic data show that 

the main determinant of post MI survival, ejection fraction, is similar between groups.

In the present study we selectively included survivors of primary VF enabling us to 

determine prognosis for this specific, yet common cause of sudden cardiac death. 

Previous studies in other sudden cardiac death populations have shown that prognosis 

after VF ranges from excellent (3;12) to poor (13), as prognosis of cardiac arrest 

survivors depends on the underlying cardiac diseases. For example, studies by Henkel 

et al (14) and Sayer et al (15) included survivors of VF in the first 48 hours after 

myocardial infarction, which suggests that less common mechanisms of VF, such 

as reperfusion induced VF and late VF due to myocardial scar were also included. 

Likewise, in the AVID registry 44.2% of OHCA survivors had suffered prior MI. 

Based on the high risk of death during follow up in the AVID registry population, 

it is likely that the risk of VF was largely determined by myocardial scarring already 

present during the index event.(13) 

As genetic factors may determine primary VF risk, as earlier studies imply, (9;16) 

one would expect that primary VF survivors have an increased chance of SCD during 

repeat ischemia. To determine this risk, we analyzed the number of hospitalizations for 

a second acute myocardial infarction. Surprisingly, cases in our study had significantly 

less second infarctions compared to controls, with comparable number of admissions 

for acute coronary syndromes and chest pain. This may be due to a higher compliance 

to medication use and adherence to lifestyle advice in cases. Although the absolute 

difference was small, self reported beta blocker was indeed higher among cases. 

Higher fear for a new infarction could lead to a comparable number of chest pain 

presentations. 
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ICD implants and current Guidelines
ICDs were implanted significantly more often in cases than in controls. In both groups 

however, few appropriate shocks occurred. Patients who did receive appropriate shocks 

had additional risk factors such as a poor left ventricular function after myocardial 

infarction. Even if ICD receivers were presumed dead, survival among cases was still 

much better than observed in the AVID registry.(13) Current guidelines are based 

on studies from the pre-PCI era. As we selectively included primary VF survivors 

treated with modern reperfusion techniques, our study results are applicable to the 

contemporary patient population. These results corroborate current guidelines that do 

not recommend ICD treatment in primary VF patients without reminiscent ischemia 

or other risk factors.(1) 

Study Limitations
This study was well powered to find clinically relevant effects of primary VF on 

prognosis. Small influences of VF could remain undetected. Nevertheless the relative 

risk calculation indicates that a strong negative effect on prognosis is unlikely. 

The incidence of recurrent VF in cases who experienced recurrent ischemia was too 

low to determine whether this risk was increased in cases versus controls. However, 

compared with the total mortality in VF survivors, this risk of death due to recurrent VF 

was low. Echocardiographic follow-up data as well as medication use were not available 

for all patients. However, this group did not differ with respect to demographic and 

infarct characteristics from remaining patients in which these data were not available.

Conclusions
Patients who survive the first month after primary VF have a prognosis that is similar 

to STEMI patients without ventricular fibrillation. Patients treated with an ICD 

because of primary VF without additional risk factors, did not receive any appropriate 

shocks. Our data corroborates current guidelines that were based on studies form 

the pre-PCI era. ICD treatment in primary VF patients without residual ischemia or 

other risk factors can be safely withheld. Interestingly, primary VF patients suffered 

less myocardial infarction during follow-up possibly due to higher compliance to 

medication use.
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Summary and conclusion

The incidence of sudden cardiac death (SCD) is about 1 in 10.000 individuals each 

year(1–3), and the majority of SCD is caused by coronary artery disease.(4) Patients 

with an myocardial infarction have up to 30% risk of dying suddenly in the acute 

phase of their myocardial infarction. In more than half of cases of SCD, coronary 

heart disease has not previously been clinically recognized and SCD occurs as its first 

symptom(5), i.e. ventricular fibrillation (VF) in the setting of acute ischemia without 

apparent evidence of structural heart disease.(6,7) High risk groups have been defined, 

but they account for only a small absolute number of primary VF cases. Instead, the 

large majority of VF occurs in persons who were not identified to have an increased 

risk. Therefore, when we want to prevent SCD, we need a better understanding of risk 

factors for SCD in this apparently healthy population.

It is unmistakable that SCD is a multifactorial disease. Although coronary artery 

disease is the most dominant cause, a genetic susceptibility not specifically related 

to coronary artery disease has also been suggested. For example, previous studies 

uncovered that people who die suddenly had more parental sudden death than control 

populations. In the Paris Prospective Study a large group of men employed by the city 

of Paris was followed for an average of 23 years. Parental sudden death was found to 

be independently related to the occurrence of sudden death.(8) Similar findings were 

derived from a case-control study by Friedlander et al. who studied a selection of out-of-

hospital primary cardiac arrest cases in King County, Washington, in comparison with 

healthy controls.(9) In these studies however it was difficult to differentiate between 

risk factor for ischemia and risk factors for ventricular fibrillation during ischemia, 

as the control group consisted of a selection of cases from the general population. 

Furthermore, these sudden death cases died from a variety of pathophysiologic causes. 

To be able to better define who actually is at risk of developing VF during ischemia, 

the AGNES (Arrhythmia Genetics NetherlandS) study was started in 2000 and 

included well defined groups of patients. In AGNES, patients with their first acute ST 

elevation myocardial infarction (STEMI) with VF are compared to patients with their 

first STEMI without VF.(10) This setup enabled us for, the first time, to meticulously 

differentiate between risk factors for STEMI and risk factors for the development of 

VF in the acute phase of STEMI. The first results of the AGNES study confirmed that 

a family history of sudden death is a risk factor for VF during STEMI and, in addition, 

that also the amount of ST segment deviation on the presenting ECG is associated 

with the risk of VF during STEMI. In this thesis, we present further work on a better 

understanding of early ischemic VF, largely derived from ongoing recruitment in the 

AGNES study and its substudies. 
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Chapter 2.1
Chapter 2.1 acts as a general introduction to the understanding of the genetics of 

arrhythmias. The understanding of the role of genetics in the occurrence of arrhythmias 

is largely derived from studies into hereditary primary arrhythmia syndromes. Research 

in these syndromes has led to a huge advancement in our understanding of the different 

pathophysiologic mechanisms that can lead to life-threatening arrhythmias. Some of 

the genes that are involved in primary arrhythmia syndromes might play a role in SCD 

risk in the older population as well.  However, early investigations into the genetics 

of SCD in the older population did not provide much insight while being performed 

in an era of limited possibilities. Since this review the number of genetic variants 

being associated with these primary arrhythmia syndromes has almost doubled. This 

provides a promise for the (near) future that also in the older population with ischemic 

heart disease we will be able to even further delineate the genetic underpinning of 

arrhythmias.

Chapter 2.2
In chapter 2.2 we present the first genome-wide association study for early ischemic 

ventricular fibrillation. This study was performed on DNA of AGNES patients (972 

STEMI patients, 515 with VF and 457 without). The most significant association 

to ventricular fibrillation was found at 21q21 (rs2824292, odds ratio = 1.78, 95% 

CI 1.47–2.13, P = 3.3 × 10−10). The association of rs2824292 with ventricular 

fibrillation was replicated in an independent case-control set consisting of 146 out-

of-hospital cardiac arrest individuals with myocardial infarction complicated by 

ventricular fibrillation and 391 individuals who survived a myocardial infarction 

(controls) (odds ratio = 1.49, 95% CI 1.14–1.95, P = 0.004). The closest gene to this 

SNP is CXADR, which encodes a viral receptor previously implicated in myocarditis 

and dilated cardiomyopathy and which has recently been identified as a modulator of 

cardiac conduction. 

Chapter 2.3
In chapter 2.3 we extend our knowledge of the differences found in the early ischemic 

ECG between cases and controls. This was achieved by investigating whether SNPs 

known to modulate RR interval, PR interval, QRS duration or QTc in the general 

population also impact on the respective ECG indices during STEMI and on the 

risk of VF. We observed that VF cases had a shorter RR and a longer QTc interval as 

compared to non-VF controls. Eight SNPs showed a trend for association with the 

respective STEMI ECG indices. Of these, three were also suggestively associated with 

VF. Although the effects of the SNPs on ECG indices during an acute STEMI seemed 
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to be similar in magnitude and direction as those found in the general population, the 

effects, at least in isolation, are too small to explain the differences in ECGs between 

cases and controls and to determine risk of  VF. 

Chapter 3
In chapter 3 we investigate a singular risk factor in occurrence of SCD: kidney 

function. Although end-stage renal disease is known to elevate the risk of sudden 

cardiac death, the role of less severe renal impairment in SCD is unclear. In this study 

we examined the association between mild-to-moderate renal impairment and first 

ischemic ventricular fibrillation (VF). Cases (n = 337) of the AGNES study were 

compared to controls (n = 339). A decrease of the estimated glomerular filtration rate 

(eGFR) at the time of acute STEMI was associated with elevated odds of developing 

VF during STEMI. The association was essentially flat at eGFR levels greater than 

105 mL/min. In contrast, the lowest eGFR quintile was associated with a greater 

than 6-fold increase in odds of developing VF compared to the fourth quintile. This 

association between eGFR and VF at the time of STEMI remained significant after 

adjusting for potential confounders including electrolyte levels. 

Chapter 4
In chapter 4 we investigate the role of platelets in SCD. The role of platelets in the 

occurrence of SCD extends beyond coronary flow impairment by clot formation. 

Animal experiments have shown that platelet activation may increase susceptibility of 

ischemic myocardium to VF. 

Chapter 4.1
In chapter 4.1 we review the substances released by platelets during clot formation 

and their arrhythmic properties. 

Chapter 4.2
In chapter 4.2 we investigate the effects of activated blood platelet products (ABPPs) 

on electrophysiological properties and intracellular Ca2+ (Ca2+
i
) homeostasis of rabbit 

cardiomyocytes. ABBPS from activated platelets from healthy volunteers were added 

to superfusion solutions. Rabbit ventricular myocytes were freshly isolated, and 

membrane potentials and Ca2+
i
 were recorded using patch-clamp methodology and 

indo-1 fluorescence measurements respectively. ABPPs induced changes in ICa,L and 

Ca2+
i 
, which resulted in action potential prolongation and the occurrence of early 

and delayed afterdepolarizations. These changes may trigger and support re-entrant 

arrhythmias in ischemia models of coronary thrombosis. 
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Chapter 4.3
In chapter 4.3 we present a case-control study in which we studied platelet function 

in AGNES patients. In total 26 cases and 24 control patients were included. All 

patients were on aspirin 100 mg OD. Baseline platelet activation was assessed 

with flow cytometry. Response to activation was assessed with aggregometry, flow 

cytometry and PFA-100 analysis. Differences in platelet contents and content release 

were assessed by labeling platelet-dense granules with mepacrine and by measuring 

serotonin and ADP/ATP content. Platelet serotonin content in cases was higher than 

in controls (611 ± 118 ng/10E9 platelets versus 536 ± 141 ng/109, p=0.048). These 

preliminary results show that even years after the event, elevations in platelet serotonin 

contents in VF survivors as compared to controls can be detected and may relate to 

their increased susceptibility for VF in the setting of acute ischemia. 

Chapter 5
In chapter 5 we analyzed follow-up data of a large group of primary VF survivors 

to determine prognosis and risk of SCD in patients who received contemporary 

MI treatment. Data on mortality, cause of death, hospitalization, and implantable 

cardioverter- defibrillator (ICD) implantation were retrieved from national databases. 

In addition, data on left ventricular ejection fraction and medication use during 

follow-up were retrieved. Patients who survived the first month after primary VF had 

a similar prognosis as patients with a STEMI without VF. ICD treatment in STEMI 

patient with early VF and without residual ischemia or other risk factors can be safely 

withheld. 

Conclusion and future directives
In this thesis we present research on the most prevalent form of sudden cardiac 

death: sudden cardiac death in patients without previous known heart disease who 

are confronted with acute cardiac ischemia. For this purpose we have extended 

the previously initiated AGNES study. In doing so, we have found specific genetic 

variants that predispose to the development of  VF during STEMI. Also, it appears 

that ECG recordings in the acute phase of the STEMI differ between patients who 

develop VF and those who don’t. However these ECG changes are not depending 

on genetic variants associated with ECG changes in the general population. Aside 

from the genetic risk factors, even mild kidney dysfunction is an important risk factor 

in the development of VF during STEMI. Furthermore, platelets play an important 

role in the development of STEMI. Our animal studies show that platelet products 

can facilitate ventricular arrhythmias. And although it is very difficult to study subtle 
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changes in platelets in a clinical situation, our efforts in post STEMI patients showed 

promising preliminary results. In daily clinical practice the findings of our follow-up 

study are very relevant; they can relieve somewhat the psychological stress of survivors 

of cardiac arrest during STEMI with good clinical outcome after the first month as 

they have an excellent prognosis, even without an ICD.

During the course of this research many ideas about future studies have arisen. 

The technical possibilities and knowledge in genetic research is growing at to an 

unimaginable level. Full exome screening is one of the possibilities available now at 

a reasonable price and will reveal much more detailed knowledge than the currently 

used micro-array technique. There are still many remaining questions to explain the 

differences in ECG’s in our population. If genetics do not seem to play a major role 

in the ECG differences, could it be explained by differences in collateral perfusion or 

are subtle differences in infarct size more important? The latter cannot be assessed 

by the current data, where cardiac enzymes are the only available indicator. Scar 

quantification by cardiac MRI could possibly answer this question in the future. Also, 

with the increasing number of recruited AGNES patients, we also have an increasing 

number of ECG’s available that were made long before the STEMI occurred, e.g. for 

an occupational physical exam. New ECG markers of sudden death in the general 

population, such as early repolarization, can now be assessed in this database. In the 

platelet studies we are using our animal model to focus whether a specific substance 

can be isolated that is responsible for the arrhythmogenic properties of platelet 

products. Finally, the follow-up study of the whole AGNES population is intensified 

and additional data is being gathered to further profile the prognosis and risks of our 

patients in their post STEMI period, focusing on a genetic role in the development of 

heart failure.
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