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“There is a blue bird in my heart that wants to get out…”

           
      Charles Bukowski

      voor mijn ouders
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INTRODUCTION
Congenital heart disease (CHD) is the most prevalent congenital disorder with an estimat-
ed incidence of 9 per 1000 live births.1, 2 Early surgical innovations for CHD of the 1960s 
and 1970s, coupled with improvement in interventional techniques and advances in clini-
cal care, have resulted in an increasing and aging cohort with CHD.  Survival has increased 
from 25% at the first year of life to >90% at adulthood over the past few decades.3 The 
population of adults with CHD is currently estimated at 1.3 million in the USA, 1.2 million 
in Europe and 96,000 in Canada.4, 5 Arrhythmias are among the most prominent adverse 
events encountered by adults with CHD and are a leading cause of morbidity, impaired 
quality of life, and mortality. 6 The substrate for arrhythmias in adults with

CHD is often complex and determined by certain anatomic features specific to underlying 
cardiac defect, pressure/volume loads and cyanosis. The situation is further complicated 
by palliative or corrective surgery, creating myocardial scars that can function as conduc-
tion barriers and central obstacles for macroreentrant circuits. The clinical spectrum of 
arrhythmias in adults with CHD ranges from being asymptomatic to the occurrence of 
sudden cardiac death (SCD). 

Atrial arrhythmias occur in 15% of the relatively young population of adults with CHD 
which is nearly 3 times as high as in the general population. The lifetime incidence of 
atrial arrhythmias increases with age and is associated with doubling of the risk of adverse 
events, stroke in particular. The overall 20-year risk of developing atrial arrhythmia is 7% 
in a 20-year-old patient and increases to 38% in a 55-year-old patient with CHD.7 Referrals 
for arrhythmias, the majority of which are supraventricular, account for 31-47% of the 
hospital admissions in the adult CHD population.6 Atrial arrhythmias can be subdivided 
in macro re-entrant arrhythmias comprising atrial flutter and intra-atrial re-entrant tachy-
cardia (IART), atrial fibrillation and focal arrhythmias. The most common tachyarrhythmia 
in adults with CHD is IART arising from the right atrium, although the prevalence of atrial 
fibrillation is on the rise as the population ages. IART may occur after any CHD repair that 
results in atrial scarring but the prevalence is highest in patients with a Fontan circulation8, 

9 and Mustard and Senning repair of transposition of the great arteries (TGA).10, 11 The 
cardiac lesions mostly associated with atrial fibrillation are aortic stenosis, mitral valve 
deformities, and unrepaired single ventricle.12 

Treatment of atrial tachyarrhythmias includes anti-arrhythmic drugs, pacemaker implan-
tation to correct bradycardia, catheter ablation and surgical intervention. As prospective 
outcome trials on mortality and morbidity are lacking in patients with moderate or com-
plex CHD, a rhythm control treatment strategy is generally preferred to rate control as the 
initial management approach. In adults with CHD, the optimal pharmacological approach 
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to manage IART and atrial fibrillation is undetermined. Terminating IART or an isolated 
atrial fibrillation episode in CHD can easily be achieved, but prevention of recurrence re-
mains a challenge. Pharmacological therapy has been only marginally successful for this 
purpose.  Catheter ablation is generally preferred over long-term pharmacologic manage-
ment as a curative treatment modality. Improvements in mapping and ablation technolo-
gies and a better understanding of arrhythmia mechanism, has improved outcome of ab-
lation in adults with CHD. However, the acute and late success rates and of ablation seems 
to be lower compared with those seen with normal anatomy.13, 14 This may be owing to 
the complex anatomy in combination with vascular access issues, conduction system ab-
normalities and multiple re-entry circuits. Surgical ablation including modified right atrial 
Maze procedure for IART and Cox–Maze III operation for atrial fibrillation, is generally ap-
plied to patients with arrhythmias refractory to medical therapy and catheter ablation, or 
in those with associated structural heart disease that require surgery.15, 16 

Sudden cardiac death (SCD) is a major cause of mortality in adults with CHD and the vast 
majority is due to fatal arrhythmias including ventricular tachycardia and ventricular fibril-
lation but also rapidly conducted IART or slow IART with increased risk of 1:1 AV conduc-
tion.17 Patients with moderate or severe underlying cardiac defects such a transposition 
of great arteries and a systemic right ventricle after Mustard and Senning repair, left ven-
tricular outflow tract obstruction and corrected tetralogy of Fallot have the highest risk of 
SCD.18 Among these defects, tetralogy of Fallot has been studied more extensively and risk 
factors for SCD have been worked out reasonably well. Studies on SCD are scarce in other 
underlying cardiac defects. Implantable cardioverter defibrillator (ICD) may be beneficial 
in selected high-risk patients for primary prevention of SCD. There is anecdotal evidence 
that ICD therapy is effective in CHD. However, risk stratification and consequently the 
indication for ICD implantation for primary prevention are poorly defined.19, 20 The ana-
tomic heterogeneity of CHD and the relatively low absolute annual incidence of sudden 
arrhythmic events among these patients make clinical prediction of SCD cumbersome. 
Moreover, it is important to emphasize that ICD implantation in CHD can involve unique 
technical challenges related to vascular access and lead positioning, as well as thrombo-
embolic complications. 

Another major cause of death in adults with CHD is progressive heart failure which is 
associated with a high risk of SCD.17 The good outcomes obtained with cardiac resynchro-
nization therapy (CRT) in adults with ischemic and dilated cardiomyopathy have raised 
interest to apply this therapy to CHD patients with heart failure.21, 22  However, experience 
with and reported outcome of CRT is limited in patients with CHD. The short-term results 
of CRT in CHD, retrieved from small retrospective studies appear encouraging, but the ef-
fect of CRT on heart failure and SCD is unknown.23, 24 Major challenges are technical issues 
and unique forms of dyssynchrony.
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The objectives of this thesis are to obtain more insight in risk factors for the development 
of late cardiac arrhythmias including (supra) ventricular arrhythmias and SCD in adults 
with CHD. Moreover, pharmacological management of supraventricular tachyarrhyth-
mias, ICD therapy for SCD and CRT for heart failure is investigated. Additionally, device 
related complications and technical challenges for implantation of devices are evaluated. 

OUTlINE OF ThIS ThESIS
Management of arrhythmias in adults with CHD remains difficult and challenging be-
cause of the altered anatomy and physiology. Ablation and arrhythmia surgery are being 
performed more frequently in this growing and aging population due to improvement in 
mapping and ablation techniques. Chapter 2 provides an overview of the available litera-
ture on the prevalence of arrhythmias among different cardiac lesions. Moreover, early 
and late outcome of non-pharmacological treatment of cardiac arrhythmias is discussed. 
This chapter also provides an insight in ICD implantation and CRT including patient selec-
tion, efficacy, complications and technical challenges. 

Supraventricular tachycardias (SVT) are a major cause of morbidity in adults with CHD and 
are associated with an increased risk of mortality. Evidence-based guidelines for pharma-
cological treatment of atrial arrhythmias are well established in the general adult popula-
tion. However, few data exist on safety and efficacy of anti-arrhythmic drugs in this popu-
lation. In chapter 3 the short- and long term efficacy of different anti-arrhythmic drugs in 
adults with CHD and first-onset SVT is analyzed.  

Arrhythmias are a widely recognized complication of cardiothoracic surgery. In children, 
the development of early-postoperative arrhythmias have been associated with a longer 
stay at the intensive care unit, a longer ventilation time, a higher in-hospital mortality but 
also with late complications such as ventricular dysfunction, late arrhythmias and late 
mortality. Approximately 20% of adults with CHD require cardiovascular surgery during 
mid-term follow-up, either for first corrective surgery or for reoperation for residual de-
fects or long-term complications. In chapter 4 the prevalence and treatment of in-hospital 
arrhythmias in adults who undergo cardiac surgery for CHD are investigated.

SCD is a major cause of death in adults with CHD. The annual incidence of SCD in the 
entire CHD population is relatively low but much higher than in age-matched controls. 
Adults with repaired tetralogy of Fallot and or Mustard or Senning repair for complete 
transposition of great arteries have been studied previously and several potential risk fac-
tors for SCD have been identified. However, the predictive value of these risk factors is 
relatively low and it is uncertain whether these proposed risk factors are relevant to other 
forms of CHD.  In chapter 5 risk factors for SCD in the general population of adults with 
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CHD is investigated. Moreover, the cause of SCD and the circumstances under which SCD 
occurred is determined. Changes over time in electrocardiographic and echocardiograph-
ic parameters in adults with CHD preceding SCD is assessed in chapter 6. Moreover, the 
predictive value of such changes for SCD is investigated. The absolute annual risk of SCD 
for patients with various congenital heart conditions is assessed in chapter 7. Moreover, in 
this chapter a very easily applicable risk score model predicting SCD to guide cardiologists 
and patients in assessing individual SCD risk and decision making for ICD implantation is 
validated.

Although the number of patients with CHD that receive an ICD to prevent SCD is steadily 
increasing, risk stratification and the indication for ICD implantation for primary preven-
tion are poorly defined in this group. Moreover, the effects of ICD therapy during long 
term follow-up are still unknown. In chapter 8 the outcome of ICD therapy including ap-
propriate ICD discharges, clinical events and ICD related complications are quantified and 
a simple risk stratification score for ICD therapy is developed. Other objectives are to 
evaluate the rate of inappropriate shocks, ablation, and mortality. Within the population 
of adult CHD, patients with tetralogy of Fallot are the most common recipients of ICDs. 
However, identification of high risk patients remains challenging. Previously, a risk score 
to predict appropriate ICD shocks in these patients was developed. The applicability and 
validity of this risk model on surgically repaired TOF patients with an ICD implanted for 
primary prevention is investigated in chapter 9. 

Besides SCD, progressive heart failure has been recognized as one of the leading causes 
of death in adults with CHD. CRT has been shown to be beneficial in patients with drug re-
fractory heart failure and poor left ventricular ejection fraction due to ischemic or dilated 
cardiomyopathy and a wide QRS complex and left bundle branch block. However, these 
inclusion criteria for CRT may not be directly applicable to CHD patients as the aetiology 
for heart failure is usually different consisting of patients with a systemic left ventricle, 
systemic right ventricle and single ventricle. The efficacy of CRT in adults with CHD in-
cluding changes in functional class, hemodynamic and electrocardiographic alterations is 
investigated in chapter 10.
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ABSTRACT
Arrhythmias are a major cause of morbidity, mortality and hospital admission in adults 
with congenital heart disease (CHD). The etiology of arrhythmias in this population is of-
ten multifactorial and includes electrical disturbances as part of the underlying defect, 
surgical intervention or hemodynamic abnormalities. Despite the numerous existing ar-
rhythmia management tools including drug therapy, pacing and ablation, management of 
arrhythmias in adults with CHD remains difficult and challenging. Due to improvement in 
mapping and ablation techniques, ablation and arrhythmia surgery are being performed 
more frequently in adults with CHD. However, there is little information on the long term 
results of these treatment strategies. The purpose of this contribution is therefore to re-
view the available data on non-pharmacological treatment of cardiac arrhythmias in adult 
patients with CHD and to give an overview of the available data on the early and late 
outcome of these treatment strategies. 
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INTRODUCTION
Congenital heart disease (CHD) is the most prevalent birth defect with an incidence vary-
ing from 0,4 to 11,9 per 1000 live births.  The population of adults with CHD is currently 
estimated at 1.3 million in the USA, 1.2 million in Europe and 96.000 in Canada [1-4].

Due to improvement of surgical and interventional techniques during the past few de-
cades the population of adult patients with CHD is growing and ageing. The increase in 
life expectancy is associated with recurrent surgery and subsequently with an increased 
incidence of (postoperative) arrhythmias [5,6]. Referrals for arrhythmias (the majority of 
which is supraventricular) account for 31% of hospital admissions in adults with CHD [7].  
Furthermore, the leading cause of death in adults with CHD is sudden cardiac death (SCD) 
of presumed arrhythmic etiology (15-26%) [8-11].  Concor (CONgenital CORvitia) is the 
Dutch registry of adults with congenital heart defects and aims to facilitate research on 
outcome and etiology of congenital heart disease [12]. Figure 1 shows the number of 
patients with arrhythmias according to age in Concor in 2010. Indeed, the prevalence of 
arrhythmias increases steadily with age.

The substrate for arrhythmias in adults with CHD is often complex and determined by 
the underlying cardiac defect and the method of cardiac surgery. Intra cardiac shunting 
leading to chronic volume and pressure overload, pulmonary hypertension, ventricular 
dysfunction and hypertrophy, cardiopulmonary bypass, cellular injury from hypoxia, di-
rect trauma to the conduction tissues, fibrosis at sites of suture lines and patches, all 
contribute to arrhythmogenesis. 

The clinical spectrum of arrhythmias in adults with CHD ranges from being asymptomatic 
to the incident of SCD. Persistent or recurrent (tachy-) arrhythmias might cause hemo-
dynamic compromise resulting in congestive heart failure and tromboembolic events. In 
addition, progression of heart failure (due to any cause) can result in (tachy-) arrhythmias. 
So, the high prevalence of arrhythmias adults with CHD complicates the care of many and 
constitutes a substantial burden on quality of life due to symptoms and the frequent need 
for hospitalization [13].

Treatment strategies of arrhythmias in patients with CHD include pharmacologic therapy, 
catheter ablation, device therapy and surgical intervention. Despite all these manage-
ment options arrhythmias in CHD remain difficult to treat. Successful and evidence based 
treatment of arrhythmias in this population is further complicated by the absence of ran-
domized clinical trials. Even the amount of recommendations with a lower level of evi-
dence is scarce. 

Anti-arrhythmic drug use may be limited by side effects and many standard anti-arrhyth-



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Chapter 2

22

mic drugs have shown disappointing results in adults with CHD. Amiodarone is effective 
but often associated with thyroid dysfunction (36%), especially in females and in patients 
with complex cyanotic heart disease [14]. There is growing experience with interventional 
and surgical approaches to treat arrhythmias in adults with CHD. The purpose of this con-
tribution is therefore to review the available data on non-pharmacological treatment of 
cardiac arrhythmias in adult patients with CHD and to give an overview of the early and 
late outcome of these treatment strategies. 

ARRhyThMIAS
The adult population with CHD suffers from a wide spectrum of cardiac arrhythmias that 
relate to the underlying disease, its surgical treatment or to the development of heart 
failure. In this section, we will describe the different arrhythmias and their prevalence in 
patients with different cardiac defects. In the first part of this section atrial arrhythmias 
will be discussed, followed by atrioventricular tachycardias and ventricular tachycardias 
and sudden cardiac death. In the second part of this section, bradyarrhythmias including 
sinus node dysfunction and atrioventricular block will be described. Table 1 summarizes 
the characteristics of different arrhythmias in CHD.

Figure 1. Age distribution of CONCOR patients with arrhythmia
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Atrial arrhythmias

Atrial arrhythmias occur in 15% of the adult population with CHD. Atrial arrhythmias can 
be subdivided into macro reentrant arrhythmias comprising atrial flutter and intra atrial 
reentrant  tachycardia (IART), atrial fibrillation and focal arrhythmias. The different sub-
types are further specified below. The life-time incidence of atrial arrhythmias increases 
with age and is associated with doubling of the risk of adverse events, stroke in particular. 
The overall 20 year risk of developing atrial arrhythmia is 7% in a 20 year old patient and 
increases to 38% in a 55 year old patient with CHD [15].

Macro reentrant tachycardias: typical atrial flutter and IART
Typical atrial flutter is characterized by an organized atrial rhythm with a rate typically 
between 250 and 350 beats per minute (bpm) and is the most common form of macro 
reentrant atrial tachycardia in patients with structurally normal hearts. The electrocar-
diographic (ECG) features include typical negative deflections in the inferior leads. The 
reentry circuit depends critically on the cavotricuspid isthmus [16]. In contrast, IART is 
rare in patients with structural normal hearts but commonly seen in adult patients late 
after (surgical) correction of CHD. The rate of IART is usually between 150 and 250 bpm. 
Often, multiple macro reentrant circuits are present, which may rotate around inexcitable 
cardiac tissue (e.g. atriotomy scars), prosthetic material (e.g. patches) and other atypical 
conduction obstacles in the atrium. Those macro reentrant circuits are generally not ca-
votricuspid isthmus dependant [17]. This can lead to different appearances of the ‘’flutter 
waves’’ on ECG (figure 2).

IART may occur after any CHD repair that results in atrial scarring but the prevalence is 
highest in patients with a Fontan circulation and Mustard and Senning repair of transposi-
tion of the great arteries (TGA). Here, we will only discuss the cardiac defects where IART 
can be expected to occur. 

The Fontan procedure is standard performed in patients with a univentricular heart (e.g. 
tricuspid atresia, pulmonary atresia and double inlet ventricle). The incidence of IART in 
these patients increases steadily with age and the duration of the post- operative interval. 
At least 50% of the patients experience IART after 20 years of follow-up. Risk factors for 
the development of IART besides older age and type of anatomic lesion are 1) advanced 
age at time of surgery 2) early postoperative arrhythmias 3) sinus node dysfunction 4) 
double inlet left ventricle [18-21]. It cannot be excluded that elevated (left) atrial pressure 
perse does augment the incidence of IART. However, we are not aware of studies support-
ing this hypothesis. Recent studies show that extraconduit Fontan surgery may yield lower 
IART rates compared with the lateral tunnel and older style Fontan operations. Potentially, 
this relates to more limited scar formation resulting from less suture lines in the extracar-
diac Fontan procedure. However the follow up duration of these studies is short and it is 
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too early to declare the extracardiac Fontan procedure superior with respect to the late 
development of arrhythmias [22-25]. Pericaval reentry is a common mechanism of IART in 
patients after Fontan procedure in contrast to periannular reentry circuits which are more 
prevalent in patients with biventricular CHD repair. The activation wavefront in pericaval 
tachycardia propagates around the inferior vena cava (IVC) and involves the isthmus be-
tween the IVC and the tricuspid/right-sided AV valve annulus [26]. These arrhythmias can 
often be treated with RF ablation, and successful ablation sites are commonly found on 
the right atrial lateral wall [27].

Figure 2. 12 lead ECGs from a 39 years old female with univentricular heart and common atrium 
with two different macro reentrant atrial tachycardias. A: Atrial tachycardia which is consistent 
with IART. The black arrow points to the positive flutter wave in the inferior leads. B: Atrial 
tachycardia which is consistent with typical atrial flutter. The black arrow points to the flutter wave 
which is negative in the inferior leads and positive in lead V1.
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The prevalence of atrial arrhythmias is approximately 25% after 20 years of follow-up after 
surgery for TGA which accounts for 5% to 7% of CHD. IART prevalence is similar among 
patients with Mustard or Senning baffles [28,29]. It occurs in 2-10% of patients after 4-10 
years of follow up after surgery. 

Similar to Fontan procedures Mustard and Senning repair requires comprehensive inci-
sions and atrial suture lines which predispose for sinus node dysfunction and atrial ar-
rhythmias. IART may induce a rapid ventricular response and is associated with late post 
operative sudden cardiac death, which is the major cause of death in these patients [29-
32]. The reentry circuits are predominantly found around the tricuspid annulus, coronary 
sinus ostium, orifices of the caval veins and right atrial myocardium that is part of the 
surgically created pulmonary or venous atrium [30,33,34].

Atrial arrhythmias occur in 10% of patients after repair of tetralogy of Fallot (TOF) after up 
to 35 years of follow up. Older age at repair and impaired hemodynamics are risk factors 
[35,36]. Recently, Biviano et al. showed that approximately 50% of the drug reftractory 
and/or severly symptomatic patients had cavostricuspid isthmus dependent atrial flutter. 
The other 50% of patients had scar-related or a combination of scar related and cavotri-
cuspid isthmus dependent macro reentrant tachycardia [37,38].

In patients with atrial septal defect (ASD) atrial fibrillation and atrial flutter are the most 
common atrial arrhythmias.  Unfortunately, most studies do not report the type of atrial 
flutter. Matovan et al. reported that IART occurred in only 2,9% of patients after surgical 
closure of ASD  [39,40].

Only a limited number of studies have been conducted on the value of anti arrhythmic 
drug therapy of IART in adults with CHD. The “natural history” of IART is currently charac-
terized by frequent recurrence of tachycardias, irrespective of anti-arrhythmic drug use. 
Recently, catheter ablation of IART has gained interest, and different ablation strategies 
are being explored. There is also much interest in new generation of class III anti-arrhyth-
mic drugs with fewer side effects. Dofetelide seems to be a viable adjunct to ablation and 
pharmacological approaches for the treatment of atrial arrhythmias in adult patients with 
CHD [41]. 

Atrial fibrillation
Atrial fibrillation is characterized by disorganized atrial depolarization wavefronts wan-
dering through the atria and precluding effective atrial contraction. Atrial fibrillation is 
less common than IART and accounts for 20-30% of the atrial tachycardias in patients 
with CHD. It may occur in every cardiac condition causing left atrial dilatation but is more 
likely to be seen in older patients but with residual left sided hemodynamic defects and 
patients who had never undergone surgery. Atrial fibrillation occurs mainly in left-sided 
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defects, in contrast to IART, which predominantly occurs in right sided defects. Principles 
of management are drawn from the general adult population including rate control and 
anticoagulation therapy. Rhythm control is often preferred because of hemodynamic im-
provement in this population and may be established by cardioversion, prophylactic anti- 
arrhythmic drug therapy, atrial pacing, ablation of focal atrial fibrillation and even with 
surgical therapy [42].

Focal Atrial Tachycardia
Focal atrial tachycardia (FAT) is caused by rapid impulse generation of a single atrial fo-
cus. There is focal spread of activation and no reentry. Frequently, FAT occurs in short 
recurrent bursts with a rate between 150 and 200 bpm and terminates spontaneously. 
When incessant, tachycardia-induced cardiomyopathy can develop. FAT can sometimes 
be observed as an acute and transient disorder after cardiac surgery but is idiopathic in 
most cases In adults with CHD, FAT is rare but has been described in some small studies. 
De Groot et al. reported the presence of FAT in 8 of the 43 CHD patients with atrial tachy-
cardias. The origin of the FAT was the free wall of the right atrium in most cases. In this 
study, FAT appeared after ablation of atrial flutter in two patients and after termination 
of IART in one. Interestingly, in two patients with atrial fibrillation on surface electrocar-
diogram (ECG), detailed mapping revealed a rapidly firing focus giving rise to fibrillatory 
conduction. Therefore, endocardial mapping may be useful to exclude or demonstrate the 
possibility of focal activity in case of recurrent presumed atrial fibrillation in adults with 
CHD [30,43-46].

In a retrospective review of electrophysiologic and electroanatomic data of 216 patients 
with CHD, Seslar et al. found 22 nonautomatic FATs in 17 patients. Non automatic FAT, 
by definition, can be initiated and terminated by programmed electrical stimulation and 
emanates from an atrial point source of activation. In this study, none of the 17 patients 
were suspected of having nonautomatic FAT mechanism by noninvasive assessment. 
Eleven of the 17 patients had a presumptive diagnosis of atrial flutter. The origin of the 
nonautomatic FAT was the right atrium in 72% and left atrium in 28% of the foci. In this 
study nonautomatic FAT was indistinguishable from other forms of atrial tachycardia on 
ECG [47]. Therefore, care must be taken to judge ECGs too rapidly without knowledge of 
the intracardiac recordings of the arrhythmias. This might be true in general but applies 
more strongly to the adult population with CHD. 

Accessory Atrioventricular Pathways

Ebstein anomaly of the tricuspid valve and ccTGA are associated with a higher incidence 
of right sidedaccessory pathways (AP). Ebstein anomaly is characterized by displacement 
of the posterior and septal leaflets of the tricuspid valve downward the apex of the right 
ventricle. It is often associated with an ASD and accounts <1% of all forms of CHD. In 
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patients with Ebstein anomaly preexcitation and Wolff-Parkinson-White syndrome have 
been reported in up to 20% of cases. These are nearly all right sided pathways with the 
majority located in the inferior half of the tricuspid valve annulus. Multiple APs have been 
found in up to 50% of cases [48].

Approximately 2-5% of patients with ccTGA will suffer from one or more accessory atrio-
ventricular connections. This increased incidence of APs has been attributed to the Eb-
stein like malformation of the left sided systemic AV valve [49,50].

Catheter ablation has become the preferred management strategy of the accessory atrio-
ventricular pathways in adults with CHD. However, the procedure is more difficult to per-
form in hearts with congenital defects compared to normal hearts and therefore may 
yield lower success rates. An alternative option is surgical elimination of the accessory 
pathway [51].

Ventricular Tachycardia and Sudden Cardiac Death

The major cause of death in adults with CHD is sudden cardiac death (SCD) with a preva-
lence of 19-26% [8,9,11]. The cause of SCD is predominantly arrhythmic including ven-
tricular tachycardia (VT), ventricular fibrillation but also complete AV block. Sometimes, 
especially in patients with TGA, rapidly conducted IART or slow IART with increased risk 
of 1:1 AV conduction is responsible for SCD. VT’s are usually based on reentrant circuits 
around scar tissue resulting from ventriculotomy and inserted patches around VSD’s and 
conduits. VTs may also develop in patients with ventricular hypertrophy and ventricular 
dysfunction with diffuse fibrosis in whom no surgery was performed. SCD is commonly 
encountered in patients with repaired aortic stenosis, TGA, TOF and aortic coarctation 
with an incidence of 0.54, 0.49, 0.15 and 0.13% per year respectively, in a relatively young 
population [10].

The prevalence of VT is approximately 12% in patients after repair of TOF during a follow-
up duration up to 35 years [35]. Risk factors of VT and SCD in patients with TOF that have 
been published include: older age at repair, right ventriculotomy, transannular patch, left 
ventricular dysfunction, right ventricular dilatation, QRS> 180ms and inducibility of VT at 
electrophysiological study. However, these risk factors have a low specificity and they are 
therefore a modest predictive value [52]. 

In adults with TGA sustained VT occurs in 5% of cases after a mean follow-up duration 
of 9±6 years [53]. VT and SCD is more likely to occur in patients with additional cardiac 
anomalies, documented atrial flutter or fibrillation, presence of heart failure symptoms, 
NYHA class ≥ III and impaired systemic ventricular function [53,54].

Data on ventricular arrhythmias and SCD in other CHD are limited. Patients with valvar 
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aortic stenosis, VSD and pulmonary stenosis have frequent ventricular ectopy, in up to 
38% of patients, which is significantly more compared to the normal adult population. 
Five to 10% of these patients have more complex ventricular ectopy (non sustained and 
sustained VT or VF) [55,56]. In patients with VSD the clinical relevance of these ventricular 
arrhythmias is unknown and therefore longer follow-up might be required [57]. Aortic 
stenosis has the highest risk of SCD. Non sustained ventricular tachycardia (NSVT) occurs 
in 22% of the operated patients with aortic stenosis. In asymptomatic patients SCD is re-
ported to occur in less than 2% of the adult population (which is still a multiple of the in-
cidence in the general aged adjusted population). Mild aortic stenosis (peak gradient <25 
mmHg) is associated with a low incidence of ventricular arrhythmia. The risk of ventricular 
arrhythmia and mortality is correlated with the severity of the outflow tract gradient and 
significantly increased in patients with outflow tract gradient of >50 mmHg [55,58].

Nowadays, life threatening VTs in adults with CHD are predominantly treated with im-
plantable cardioverter defibrillators (ICDs) and catheter ablation. However, any reversible 
cause for VTs and hemodynamic impairment should be managed first.  The number of pa-
tients with CHD that receive an ICD for primary or secondary prevention of SCD is steadily 
increasing. Implications for ICD implantation are straightforward for those who have sur-
vived cardiac arrest or who have sustained ventricular tachycardia with hemodynamic 
compromise. Implications, in particular with respect to the occurrence of inappropriate 
therapy, are less clear when ICD is considered for primary prevention in an asymptom-
atic or minimally symptomatic patient. The heterogeneous nature of the CHD population, 
small size of subpopulations and relatively low incidence of SCD has made it difficult to 
initiate large randomized trials [59-61].

Bradyarrhytmias

Sinus Node Dysfunction and Atrioventricular Block
Sinus node dysfunction (SND) occurs predominantly in patients with Mustard or Senning 
repair of TGA, ccTGA and in all varieties of Fontan circulation. This is thought to be due to 
direct injury of the sinus node resulting in SA exit block, interruption of sinus node blood 
flow and excessive atrial scarring during surgical repair of the lesions. Also, progressive 
loss of sinus rhythm during long term follow-up may implicate an additional pathophysi-
ological process. 

Up to 50% of patients with Mustard repair will lose sinus rhythm by the time they 
reach adulthood. The incidence of loss of sinus rhythm is approximately 2.4% per year 
[31,62,63]. SND at electrophysiological studies is common but appears not predictive for 
identification of patients at risk for developing sick sinus syndrome at follow-up [64]. In 
patients with Fontan circulation the prevalence of SND has been reported to range be-
tween 9%-60%. Several studies have reported conflicting results about type of Fontan 
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procedure (lateral versus extracardiac conduit) and the risk of SND favouring one over the 
other [65-67].  

AV conduction abnormalities in adults with CHD can be caused by direct trauma to the AV 
conduction tissue or abnormalities during development. The highest risk for postopera-
tive heart block occurs with surgery meant to relieve left ventricular outflow obstruction 
and in patients with ccTGA. It may, however, be observed after repair of VSD and TOF. 
Complete heart block can also occur spontaneously, particularly in patients with ccTGA. 
This is probably due to displacement of the AV node resulting in depressed conduction 
through the AV node. Dual AV nodes have also frequently been reported in many of these 
patients. The incidence of spontaneous complete AV block in patients with ccTGA has 
been reported to range between 17% and 22% during long term follow-up and the overall 
risk of spontaneous heart block is 2% per year [68,69]. 

The treatment of SND associated with symptoms or hemodynamic compromise and high 
grade atrioventricular block consists of pacemaker implantation. In patients with a Fon-
tan circulation this frequently implies introduction of an epicardial pacing lead, although 
transvenous pacemaker atrial and ventricular lead implantation has been reported in a 
small number of patients. The latter is associated with thrombus formation around the 
pacing lead. In patients with a Mustard correction of TGA and a leaking baffle, endocardial 
approach should be avoided because of the risk of paradoxical embolism. 

Interventional and surgical therapy of arrhythmias in CHD

In this section we will discuss the results and technical challenges of interventional and 
surgical therapy of arrhythmias in CHD. First, catheter ablation of several arrhythmias will 
be discussed, followed by challenges in ICD therapy. Second, pacemaker and resynchro-
nization therapy are evaluated. Finally, the value of surgical approach for arrhythmias will 
be discussed. 

Catheter ablation in CHD
Advances in three-dimensional mapping techniques and catheter technologies have im-
proved invasive arrhythmia management in adults with CHD. Successful ablation requires 
understanding of the underlying cardiac condition, history and anatomy of previously 
performed procedures, the location of surgical conduction barriers and variation in the 
conduction system. Unfortunately, the surface ECG provides limited accuracy in predict-
ing the chamber of origin of the arrhythmia, let alone the pathophysiological mechanism. 
Therefore, in addition to the ECG, electrophysiological studies and imaging using com-
puted tomography and magnetic resonance imaging might be extremely useful, if not 
inavoidable for the diagnosis and treatment of arrhythmias [70,71].
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There are basically two approaches to diagnose the target for ablation in the electrophysi-
ology laboratory. The first is mapping the arrhythmia either by activation mapping with 
or without the use of 3D navigation systems or by entrainment mapping which provides 
evidence that the side from where the entrainment is applied forms a critical part of the 
arrhythmic circuit. The second approach defines the substrate by searching for abnormal 
fractionated potentials that indicate local abnormal conduction. Similarly, according to 
the approach used, ablation of the arrhythmia can be based upon the mechanism demon-
strated or on the abnormal electrogram encountered (substrate modification).

IART is the most frequently occurring arrhythmia that is successfully treated with catheter 
ablation in adults with CHD. However, successful ablation of accessory pathways and VT 
has been reported as well. Despite the promising success rates of catheter ablation in 
adults with CHD, there are several technical challenges. First of all, vascular access can be 
compromised by multiple prior interventions and venous cut downs. Alternative access 
routes for venous access in case of ileofemoral venous occlusion or interrupted vena cava 
inferior consist of the internal jugular and subclavian veins. Secondly, catheter access to 
certain anatomic regions and or structures of the right atrium may be limited by the pres-
ence of intraatrial baffles and patches. In patients with a lateral Fontan circulation, access 
to the pulmonary venous atrium can be achieved via baffle fenestration, transbaffle punc-
ture or by a hybrid procedure. In case of an extracardiac conduit, access can be achieved 
by transthoracic puncture, hybrid procedure or retrograde via the aorta. In patients with 
TGA and surgical repair of ASD punctures across intraatrial baffle and patches may also be 
necessary [72-78]. Thirdly, complex anatomy invalidates the use of standard fluoroscopic 
landmarks and may complicate the procedure. Finally, it may be difficult to create an ef-
fective radiofrequency (RF) lesion once a suitable target for ablation has been identified. 
This is often due to hypertrophied myocardium, fibrosis of the myocardium and abnormal 
flow conditions in enlarged right atria. However, catheters with large or irrigated tips can 
be used to create deeper RF lesions, which seem to reduce this problem [79]. Until now 
most experience has been gained with RF- catheter ablation. However, alternate energy 
sources such as cryoablation are being explored more frequently [80,81]. 

Catheter ablation of intra atrial reentrant tachycardia in CHD
Several studies have reported RF-catheter ablation of IART in adults with CHD with acute 
success rates between 60-90%. Acute procedural success has been defined as interrup-
tion of all re-entry circuits during application of radiofrequency energy, and the inability to 
re-induce any IART.  The early outcome of RF-ablation of IART in the largest studies includ-
ing paediatric and adult patients is summarized in Table 2.  Data on long term outcome 
of RF ablation are limited in adults with CHD. However, the recurrence rate of IART using 
the original or a novel reentry circuit is reported to be between 17% and 51% within four 
years after successful ablation in several studies. The recurrence risk is particularly high in 



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Chapter 2

32

Fontan circulation (up to 51%) and in those patients with multiple IART circuits. The major 
barrier to ablation in Fontan circulation is the combination of a thick atrial wall and large 
numbers of IART circuits in one patient [82-95]. Sometimes, a dual loop IART can be pre-
sent, which can be recognised when RF- ablation produces a sudden transformation to a 
new re-entrant tachycardia with a different cycle length maintained by the second circuit 
loop. Dual loop IART has been demonstrated in up to 20% of patients with CHD and IART 
[96]. Failure to recognise the transformation of tachycardia may preclude successful RF 
ablation of IART.

Catheter ablation of Focal Atrial Tachycardia in CHD
In patients with CHD, FATs are predominantly found in adults with moderately or severe 
congenital defects and often in combination with other atrial tachycardias (e.g. IART, typi-
cal atrial flutter). The foci are frequently located in the right atrium. Successful RF-ablation 
has been reported in 100% of the patients with FAT and 77% of patients with nonauto-
matic FAT.  However, more studies are needed to characterize the exact mechanism of FAT 
and the long term results of ablation therapy [45,47]. 

Table 2. Reported outcome for radiofrequency ablation of intra atrial reentrant tachycardia in 
patients with congenital heart disease

Author Year
N of 

patients
N of IART 
circuits

Acute 
succes

Mapping technique

De Groot 2009 19 30 73% 3D Electroanatomic

Tanner 2004 36 52 87% Entrainment and Electroanatomic

De Groot 2003 17 _ 85% 3D Electroanatomic

Zrenner 2003 12 14 86% Entrainment and Electroanatomic

Kannankeril 2003 40 47 87% -

Triedman 2002 134 369 66% Entrainment and Electroanatomic

Delacretaz 2001 20 47 81%
Entrainment and 3D 

Electroanatomic

Zrenner 2001 25 43 91% Entrainment

Collins 2000 88 110 71% - 80% Entrainment

Chan 2000 19 21 90% Entrainment

Kanter 2000 11 13 73% Entrainment

Triedman 1997 45 73% Entrainemnt

Kalman 1996 18 26 81% Entrainment

Van Hare 1996 10 13 77% Entrainment

Triedman 1995 10 30 77% Entrainment

IART: intra atrial reentrant tachycardia
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Catheter ablation of Accessory Pathways in CHD
Catheter ablation for APs has been reported in patients with most types of CHD. However, 
most publications involve Ebstein anomaly. Acute success rate of AP ablation has been 
reported to be between 76% and 87% in patients with Ebstein anomaly, which is lower 
than in patients with an AP without Ebstein’s anomaly [97].  Factors likely to account for 
the lower success rate of ablation include 1) difficulties in localisation of the AV groove 
leading to a lack of specificity for what appear to be excellent signals for ablation 2) multi-
ple, right sided APs 3) complex geometry of the AP 4) dilated right heart chambers which 
may complicate catheter stabilization for right free wall AP 5) fractionated electrograms. 
Helpful strategies for finding the AV ring are right coronary angiography and a search for 
annular electrograms during EP study. Complications which may occur during RF- catheter 
ablation near the AV node are complete heart block and injury to the circumflex coronary 
artery. Data on long term outcome of RF ablation in Ebstein anomaly is limited. However, 
the recurrence rate has been reported to be around 25%, which is higher than in pa-
tients with structurally normal hearts after AP ablation. Both multiple APs and right sided 
APs are associated with a high risk of recurrence. Although APs are common in Ebstein’s 
anomaly, they are rare in other forms of CHD. Chetaille et al. reported an acute success 
rate of AP ablation in 69% of patients with CHD other than Ebstein anomaly. The recur-
rence rate of bypass tract conduction is significantly lower (19%) in those patients than in 
Ebstein’s anomaly [98-100].

Catheter ablation of Ventricular Tachycardia in CHD
Limited studies are available on mapping and ablation of VT in adults with CHD. Most 
experience with VT ablation in CHD involves patients with TOF. Small series have reported 
acute success rates between 50-90% for targeting hemodynamically stable VTs. Reasons 
for ablation failure in these patients are hemodynamic instability, non inducibility of VT 
during EP study, complex anatomy and difficulties with vascular access.  The recurrence 
rate of VT is estimated between 9% and 40% within 5 years of follow up [101-104].  Some 
degree of recurrence is not surprising considering the difficulty of creating an accurate 
lesion during ablation in the often hypertrophied right ventriclar wall, particularly in pa-
tients with TOF [105]. Recurrence of sustained VT can result in serious complications in-
cluding SCD. Therefore, catheter ablation should not serve as the sole therapy for VTs in 
CHD and ICD implantation should be considered. 

Implantable Cardioverter Defibrillators in CHD
The number of patients with CHD that receive an ICD for primary or secondary prevention 
of SCD is steadily increasing. The most common CHD diagnosis among ICD recipients is 
TOF followed by TGA and aortic stenosis. ICD implantation in patients with CHD might be 
challenging because of complex anatomy, vascular access difficulties and associated extra-
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cardiac abnormalities. Transvenous leads should be avoided in patients with intracardiac 
shunting because of risk of paradoxical embolism. In patients with single ventricle after 
Fontan procedure there is a risk of thrombus formation around the lead. A major com-
plication of ICD implantation in adults with CHD is lead failure which accounts for 21% to 
44% of the complications. Recently, subcutaneous ICD implantation has been developed 
to avoid complications which may occur with transvenous lead placement. Subcutaneous 
ICD implantation may be considered in patients who do not require cardiac pacing. How-
ever, experience in CHD is limited [106].

Khairy et al. demonstrated a high rate of appropriate (30%) and inappropriate shocks 
(24%) and complications (30%) not related to shocks in 121 patients with TOF with an ICD 
for primary or secondary prevention of SCD.  The actuarial rates of appropriate shocks for 
the primary and secondary prevention were 7.7% and 9.8% per year, respectively. Inap-
propriate shocks in this study were most frequently caused by supra-ventricular arrhyth-
mias, which is in line with the findings of Yap et al. in 64 adults with CHD [61] and Witte et 
al [107]. In TOF patients with an ICD for primary prevention an end diastolic pressure ≤12 
mmHg and non sustained VT predicted appropriate ICD discharges. 

Left ventricular ejection fraction (EF) < 35% is a powerful prognostic factor and indication 
for ICD therapy in adults with ischemic or dilated cardiomyopathy [108-110]. In CHD the 
right ventricle is often impaired and might create an arrhythmogenic substrate. However, 
the association between right ventricular dysfunction and SCD has not been well estab-
lished. The existing studies (predominantly retrospective) are hampered by heterogene-
ity of the cardiac defects, small numbers of patients and non-standardised assessment 
procedures of the right ventricular. Further studies are required to evaluate role of right 
ventricular dysfunction as a prognostic factor for SCD. 

Pacemaker therapy in CHD
Bradyarrhythmias requiring pacemaker implantation are highly prevalent in adults with 
CHD. For high grade AV block the indication for pacing is straightforward but pacemaker 
implantation may also be indicated to reduce symptoms of fatigue, dizziness or syncope 
in some patients with AV junctional escape rhythm, severe resting bradycardia, or chrono-
tropic incompetence. Similarly to ICD implantation, implantation of pacemakers in adults 
with CHD might be complicated by several technical challenges including difficulties in 
venous access and lead positioning. These difficulties can be caused by congenital (e.g 
anomalies of superior veins, persistent left superior vena cava) and acquired cardiovascu-
lar abnormalities and intracardiac shunting [38]. 

In patients after Mustard or Senning repair of TGA the venous route to the atrium and ven-
tricle can be limited by baffle or conduit obstruction. Baffle obstruction typically occurs at 
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the limb of the systemic venous pathway, more often in Mustard than Senning patients 
with a prevalence of 36% [63,111]. Percutaneous angioplasty and/or stent placement 
may be necessary for recanalization of occluded superior baffle to permit lead placement 
[112].  After achieving access to the systemic venous atrium, fixation of the lead can be 
complicated by distorted atrial anatomy and the absence of common anatomical land-
marks such as the right atrial appendage where the lead is frequently positioned. Atrial 
lead placement in unusual sites may be difficult and special attention should be payed to 
avoidance of phrenic nerve stimulation. If baffle leak with right-to-left shunting is present, 
transvenous lead placement should be avoided because of the risk of tromboembolic com-
plications. Closure of the shunt with surgery or an occlusion device should be performed be-
fore transvenous pacemaker implantation or an epicardial approach should be considered. 

Pacemakers are implanted in 9% of patients with a Fontan circulation. Epicardial lead 
placement has been most commonly used for permanent atrial pacing but advances in 
lead and pacemaker technology now offer new opportunities and transvenous leads may 
also be utilized. Chronic epicardial lead performance is inferior to transvenous leads, with 
higher pacing and lower sensing thresholds, earlier battery depletion and higher lead fail-
ure rates than transvenous leads. Unfortunately, placement of transvenous atrial leads in 
Fontan patients may be limited by the potential increased risk of thromboembolism, risk 
of Fontan pathway obstruction and anatomical constraints limiting feasibility of ventricu-
lar pacing. Moreover, certain Fontan modifications completely exclude vascular access to 
the atrium (e.g. extracardiac conduit type). Transvenous ventricular pacing can be accom-
plished with a lead placed into a ventricular branch of the coronary sinus only in patients 
with classic atriopulmonary Fontan anastomosis [113,114].

In adults with CHD the incidence of lead fracture and failure is high and therefore lead 
extractions, repositions and new placements are increasingly required. This accounts for 
pacemaker leads as well as ICD leads. Laser lead extraction laser has been reported to be 
successful in ≥90% of adults with CHD with a low incidence of complication (6%). Despite 
adherence of the lead to the heart or vascular structures and altered anatomy the safety 
and efficacy profile has been reported to be comparable to patients without CHD [115].

Cardiac resynchronization therapy
Cardiac resynchronization therapy (CRT) has been shown beneficial in patients with symp-
tomatic left ventricular (LV) dysfunction (LVEF <35%) and a left bundle branch block. Acute 
hemodynamic efficacy, functional improvement, decrease in hospital heart failure hos-
pitalization and all cause mortality have been reported. However, approximately 30% of 
patients do not respond to this therapy [116-119].

Experience with and reported outcome of CRT is limited in patients with CHD. Here, we 
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will discuss the short term results of CRT in the largest retrospective studies including 
pediatric and adult patients with resynchronization therapy. 

Cecchin et al. showed in 46 patients of whom the majority (77%) had CHD (single ventricle 
28%%, TGA 24%) that the median EF increased from 34% to 44% early post-CRT. This im-
provement was predominantly seen in patients with CHD. In this study patients with sin-
gle ventricle had a strong response to CRT which was defined as either an improvement of 
2-3 ordinal points in NYHA functional class and or increased ventricular function by 10≥ EF 
units. After a median follow-up duration of 0.7 years, overall improvement of functional 
class was observed in 87% of the patients and the median QRS duration decreased from 
149ms to 120 ms [120].

In a multicenter study consisting of 103 patients from which 71% with CHD (TGA 17%, sin-
gle ventricle 7%), Dubin et al. showed an increase of mean EF from 26% to 40% post-CRT 
during a median follow-up of 0.4 years. In this study patients with TGA had a significant 
increase in EF and decrease in QRS duration. Contrary to the study by Cecchin et al. Dubin 
reports no benefit of CRT with respect to EF and QRS duration in patients with a single 
ventricle. Only two out of seven patients improved functionally [121].

Recently, Thambo et al. described the effect of CRT in an animal model in a prospective 
case controlled study. In this study the effect of CRT was measured in 15 piglets with 
mimicked repaired TOF, right ventricular dysfunction, and dyssynchrony. After a follow-up 
duration of 0.4 years, CRT significantly improved right and left ventricular function [122].

Indications for CRT in CHD are derived from the randomized clinical trials in the non-CHD 
population and include systemic left ventricular dysfunction (LVEF<35%), a wide QRS in-
terval (left or right bundle branch block) and NYHA class III or IV. Recently, it was demon-
strated that CRT is also beneficial in patients with an impaired LV function, wide QRS dura-
tion without class III or IV heart failure [123]. The implications of these results for patients 
with CHD remain to be established. 

The short term results of CRT in CHD appear encouraging, but the effect of CRT on SCD 
is unknown. Major challenges are technical issues and unique forms of dyssynchrony 
[124,125]. Prospective clinical trials focusing on long-term benefit are needed.

Surgical management of arrhythmias in CHD
The surgical approach for arrhythmia treatment is mainly reserved to patients in whom 
transcatheter ablation procedures have failed or to patients with (residual) lesions requir-
ing concomitant cardiac surgery. 

In adults with CHD surgical intervention of arrhythmia has been shown to be highly ef-
fective for IART and atrial fibrillation, particularly in Fontan circulation. Mavroudis et al 
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showed that arrhythmia recurrence was 12.5% during a mean follow-up of 2.5 years in 40 
patients with Fontan conversion in association with modified right atrial Maze procedure 
for IART and Cox- MAZE III operation for atrial fibrillation [126]. In a large study of patients 
with TOF, the performance of right atrial arrhythmia surgery dramatically reduced the 
risk of late development of tachycardia compared with those without arrhythmia surgery 
(75% versus 33%) [127]. Surgical results for atrial reentry tachycardia in association with 
repair of other CHD have shown a recurrence rate less than 10% during a median follow-
up of 4 years [128].

Techniques for VT surgery include resection of endocardial fibrosis or aneurysm, ablation 
of areas of early activation or scar and empiric ablation. Surgical management of VT is less 
successful than surgery for supraventricular tachycardias in CHD with a reported success 
range between 50% and 70%.  This may be due to inadequate mapping and deep or left 
ventricular origin of the VT. However, although the incidence of VT may be reduced, im-
plantation of an ICD might still be mandatory [129].

Surgical management of arrhythmias is predominantly performed in patients with re-
paired CHD with older techniques. Modifications of these techniques have reduced the 
incidence of mainly supraventricular arrhythmias, especially in patients with TGA who are 
treated now with arterial switch procedure and Fontan operation with lateral tunnel or 
extracardiac conduit. Table 3 summarizes the differences in indication and technique of 
surgical and catheter based approaches. 

ExpErt CommEntary & fIvE-yEar vIEw
Arrhythmias are a major cause of morbidity in adults with CHD. This may be due to the de-
fect itself or arise as a consequence of prior corrective surgery. The underlying mechanism 
of arrhythmia is often related to surgical scarring, and re-entrant tachycardias may rotate 
around patches and suture lines.

Improvements in mapping and ablation technologies, coupled with a better understand-
ing of arrhythmia mechanism has improved outcome of ablation in adults with CHD. How-
ever, the acute success rates of ablation seem to be lower compared to the general adult 
population. Moreover, high recurrence rates have also been reported in several studies 
during short and mid-term follow-up.  This may be due to the complex anatomy in combi-
nation with vascular access issues, conduction system abnormalities, and multiple reentry 
circuits. Long term outcome studies of ablative therapy are limited. Detailed follow-up 
might supply clues for better management. 

Bradyarrhythmias requiring pacemaker implantation are highly prevalent in adults with 
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CHD.  However, transvenous lead placement is challenging due to vascular access issues, 
lead fixation in altered chambers and frequent need for lead extraction due to high risk 
of lead failure. 

SCD is a major cause of death in adults with CHD. ICD implantation may be beneficial in 
selected high risk patients. In the future controlled randomized trials are needed to im-
prove risk stratification of SCD and to show true benefit of ICD implantation. In addition, 
the high incidence of inappropriate shocks might be reduced by better risk stratification.

Cardiac resynchronization seems to be a promising treatment strategy in CHD. Improve-
ments in functional class and EF have been described in small studies. However, no uni-
form approach has yet emerged. In the future, clinical trials focusing on long term out-
comes are mandated. 

Modifications of surgical techniques seem to be promising in reducing the risk of late ar-

Table 3. Differences in Indication and Technique of Surgical and Catheter based Approaches

Catheter Ablation Surgical Management

Typical AFL
RF- ablation of 

Cavotricuspid Isthmus 

Modified right atrial MAZE  
procedure (incisional)

Modified right atrial MAZE procedure 
(non-incisional: RF- or cryoablation)                                          

IART

RF- or Cryoablation 
between the scar and 

another fixed obstacle (e.g. 
ICV, tricuspid annulus)                                 

Modified right atrial MAZE 
procedure (incisional)                                          

Modified right atrial MAZE procedure 
(non-incisional: RF- or cryoablation)  

AF

PV isolation 
CFEA                                                                          

Autonomic ablation 
(elimination of autonomic 

triggers for AF)

Cox MAZE III procedure (incisional)
Cox MAZE III procedure (non-incisional: 

RF- or cryoablation and microwave) 
Minimaze                                                               

FAT Focal RF- ablation -

AP
RF- ablation of AP                         

Cryoablation of (septal) AP 
Epicardial dissection

Endocardial dissection

VT
Focal RF- ablation                                  

Ablation at the border zone 
of scar 

Subendocardial resection
Encircling endocardial ventriculotomy

Resection and focal cryoablation

AFL:atrial flutter; IART:intra atrial reentrant tachycardia; AF:atrial fibrillation; FAT:focal atrial 
tachycardia; AP:accessory pathway; VT:ventricular tachycardia; RF: radiofrequency; ICV:inferior 
caval vein; PV: pulmonary vein; CFEA:complex fractionated electrogram ablation.



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

 Interventional and Surgical Treatment of Cardiac Arrhythmias in Adults with CHD

39

2

rhythmias in adults with CHD. However, studies comparing the old and the new surgical 
techniques are needed to confirm this.

Key issues

In adults with congenital heart disease:

• Arrhythmias are a major cause of morbidity and mortality.

• Sudden cardiac death (SCD) is one of the leading causes of death.

• Advances in mapping and ablation technologies have improved acute success of abla-
tion of predominantly atrial arrhythmias.

• Bradyarrhythmias requiring pacemaker implantation are highly prevalent.

• Implantable cardioverter defibrillator therapy (ICD) for primary prevention of SCD 
may be beneficial in selected high risk patients.

• Transvenous lead placement is challenging due to vascular access issues, lead fixation 
and frequent need for lead extraction.

• Short term results of cardiac resynchronization therapy (CRT) are encouraging.

• Future studies will have to focus on long term results of ablative therapy, risk stratifi-
cation of SCD for ICD implantation, outcome of CRT and comparison of old and new 
surgical techniques regarding occurrence of late arrhythmias. 
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ABSTRACT

Background

Supraventricular tachycardias (SVT) are a major cause of morbidity in adults with congeni-
tal heart disease (CHD). Few data exist on safety and efficacy of antiarrhythmic drugs in 
this population. Our aim was to determine the efficacy of antiarrhythmic drugs in adults 
with CHD and first-onset SVT on maintaining sinus rhythm after conversion. 

Methods

This was a multicenter retrospective study including adults with CHD and first-onset SVT 
from January 2008 to January 2011. 

Results

First-onset SVT occurred in 92 of 7171 patients without previous SVT (mean age 51±16 
years, 57% female). SVTs included atrial fibrillation and flutter in more than 80% of the 
patients. The majority of these patients had septal defects (50%) and left sided lesions 
(21%). The acute management of SVTs resulted in sinus rhythm in 83 patients and 89% of 
these patients were instituted on oral antiarrhythmics to prevent SVT recurrence. After a 
mean follow-up duration of 2.5±1.4 years only 45% of the patients were free from SVT. 
Class III antiarrhythmics (85% sotalol, 15% amiodarone) were associated with a signifi-
cantly lower risk of SVT recurrence compared to all other antiarrhythmic drugs (HR 0.5, 
95% CI 0.27-0.96, P=0.036). However, adverse effects of medication occurred in 22% of 
the patients, mainly in patients with amiodarone. 

Conclusion

In conclusion, in adults with CHD and first-onset of SVTs, class III antiarrhythmics are more 
efficacious in maintaining sinus rhythm after cardioversion than other antiarrhythmics. 
Sotalol may be considered as a first choice therapy as this is associated with fewer adverse 
effects than amiodarone.
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INTRODUCTION
Congenital heart disease (CHD) is the most prevalent form of major birth defects with 
an incidence of nearly 1%.1 Owing to diagnostic and therapeutic improvements during 
the past few decades the population of adult patients with CHD is growing and ageing.2  
However, supraventricular tachyarrhythmias (SVT) have been recognized as a major cause 
of morbidity and have been associated with an increased risk of mortality in this popula-
tion.3-6 The 20-year risk of developing atrial arrhythmias is 7% in a 20–year-old CHD pa-
tient and increases to 38% in a 50-year-old CHD patient. Atrial arrhythmias are associated 
with a 2.5-fold higher risk of adverse events with a near 50% increase in mortality.7 Fur-
thermore, referrals for arrhythmias, the majority of which are supraventricular, account 
for 31-47% of the hospital admissions in the adult CHD population.8, 9 Because of the 
altered anatomy and physiology arrhythmias in CHD are difficult to treat.10, 11 Evidence-
based guidelines for pharmacological treatment of atrial arrhythmias are well established 
in the general adult population, few data exists on its efficacy and safety in the adult CHD 
population.12 Therefore, we analyzed the short- and long term efficacy of different antiar-
rhythmic drugs in adults with CHD and first-onset SVT.  

METhODS
This was a multicenter retrospective study including adults with CHD and new-onset of 
SVTs. Patients were identified from the Concor database. Concor (CONgenital CORvitia) is 
a nationwide registry of adults with CHD in the Netherlands and aims to facilitate research 
on outcome and etiology of CHD.13, 14 All adult patients with CHD who developed new-
onset of SVTs of any type and duration from January 2008 to January 2011 were included 
in this study. These inclusion dates were chosen as this allowed a follow-up duration of 
at least 1 year after new-onset of SVT. Exclusion criteria were permanent atrial fibrillation 
(AF) or flutter (AFL) and SVTs due to identified noncardiac causes (e.g. anemia, electrolyte 
imbalance and hyperthyroidism).  

Baseline characteristics included demographics, main cardiac diagnosis, concomitant 
cardiac conditions, surgical history, medication use, heart failure symptoms, echocardio-
graphic data within 6 months of first-onset of SVT, ECG parameters, and ablations. Heart 
failure was defined as a syndrome with typical symptoms (e.g. breathlessness, ankle swell-
ing, and fatigue) and signs (e.g. elevated jugular venous pressure, pulmonary crackles, 
and displaced apex beat) resulting from an abnormality of cardiac structure or function. 
Echocardiographic data included ventricular function, chamber size, and degree of valvu-
lar regurgitation and or stenosis. Ventricular function was classified as normal (ejection 
fraction (EF) ≥50%), mildly (EF 40-49%), moderately (EF 30-39%) and severely (EF<30%) 
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impaired. Ventricular and atrial size were qualitatively assessed as normal or enlarged. 
Valvular dysfunction was graded as absent or mild, moderate and severe from continu-
ous waved Doppler tracings and Doppler colour flow mapping.  ECG measurements were 
rhythm (spontaneous or paced), rate, PR interval, QRS duration and QT interval. Adverse 
clinical events were classified as cardiovascular death, trombo-embolic events, hospital-
ization for heart failure or arrhythmia and pacemaker insertion.

Supraventricular tachycardia is any tachycardia that originates in the atria or that uses the 
atrium or atrioventricular junction and that requires the participation of tissue above the 
bifurcation of the Bundle of His for propagation as a critical component of the tachycardia 
circle. .Arrhythmias were classified according to the ACC/AHA/ESC guidelines15 and in-
cluded AF, AFL, atrial tachycardia (AT), atrioventricular nodal re-entry tachycardia (AVNRT) 
and unspecified SVT. Arrhythmias were diagnosed by routine ECG. In this study we only 
included patients with sustained SVTs who required treatment. In 10% of the patients 
spontaneous conversion to sinus rhythm occurred before treatment was started. Date 
of first SVT, type of SVT, cardiac symptoms during SVT, acute and long term pharmaco-
logical and interventional management of SVT and whether the treatment was successful 
in restoring sinus rhythm was recorded. The acute management of SVTs included vagal 
manoeuvres, electrical cardioversion (ECV), intravenous (IV) drug therapy, and oral drug 
therapy. Long term management of SVTs consisted of new anti-arrhythmic drug prescrip-
tion, pacemaker implantation for brady-arrhythmias and catheter or surgical ablations. 
Antiarrhythmic drugs were grouped following the classification by Vaughan Williams.16 

Data analyses were performed with SPSS software for Windows (19.0 for Windows; SPSS 
Inc., Chicago. Illinois, US). For all analyses two tailed probability values <0.05 were consid-
ered statistically significant. Descriptive statistics for nominal data were expressed in ab-
solute numbers and percentages. After confirming normality, mean values and standard 
deviations were calculated for normally distributed continuous variables. When compar-
ing frequencies and means, the  2-test and Student’s t-test was used, respectively. To 
identify clinical variables associated with the recurrence of first-onset SVT we performed 
univariate Cox regression analysis. Kaplan-Meier estimates were constructed for time to 
first, second, third and fourth SVT recurrences among various antiarrhythmic drugs and 
onset of adverse clinical events. Comparison between groups was performed by log-rank 
statistics. 
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RESUlTS
From the 9537 patients registered in the Concor database at January 2008, 7171 had no 
history of SVT. First-onset SVT occurred in 92 of 7171 patients (43% male) with an annual 
incidence of 0.4%. The mean duration of follow-up until the development of SVT was 30± 
9 years. First-onset SVTs included AF (68%), AFL (14%), AVNRT (8%), AT (7%), and unspeci-
fied SVT (3%). The underlying cardiac lesion was a septal defect in majority of the patients 
(Figure 1). Concomitant conditions were present in 57 patients (62%) and are summarized 
in Table 1. All patients were treated for their cardiac lesion according to current guide-
lines. Seventy patients (76%) were symptomatic during their first arrhythmic episode. Ar-
rhythmic symptoms, heart failure symptoms and a combination of both were present in 
54%, 13% and 33% of the patients, respectively.  

Patients with first-onset SVTs were older than patients without any arrhythmias (51±16 
versus 38±14 years, P<0.001). The gender distribution was similar in patients with (43% 
male) and without SVTs (48% male, P=0.570). The highest incidence of first-onset SVT was 
in patients with a truncus arteriosus (15%) univentricular heart (3%), ASD (3%) and TGA 
(1%). In all other diagnoses the incidence of first-onset SVT was less than 1%.  Figure 2 
shows the first and later recurrences of SVT.

The acute management of SVTs consisted of electrical cardioversion (38%), oral antiar-
rhythmics (38%) and intravenous antiarrhythmic drugs (11%) and resulted in sinus rhythm 
in 83 out of 92 patients (90%). Table 2 gives a detailed summary of the acute treatment. 
Spontaneous conversion to sinus rhythm occurred in only 10% of the patients. The pa-
tients without sinus rhythm restoration after the acute management were older at first 
onset of SVT (69±9 vs 49±15 yrs, P<0.001), had less frequently repaired cardiac lesions 

49%

11%
7%

5%

5%

4%

19%
Septal defects
Left sided lesions
Repaired TOF
Mustard or Senning repair TGA
Fontan Circulation
Repaired truncus arteriosus
Other

Figure 1. Cardiac Diagnoses among 92 patients with new onset SVTs. Abbrevations: TOF; tetralogy 
of Fallot, TGA; transposition of great arteries, UVH; univentricular heart.
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(44% vs 78%, P=0.026), had more often an impaired systemic ventricular function (33% vs 
8%, P=0.050) and higher mean creatinine level (108±30 vs 76±18 µmol/Liter) compared to 
patients with sinus rhythm recovery. 

Seventy out of the 83 patients (84%) who converted to sinus rhythm after the acute man-
agement were instituted on oral antiarrhythmic drugs to maintain sinus rhythm.  Various 
antiarrhythmic drugs of different classes were used in these patients and included class III 

Table 1. Baseline Characteristics of 92 patients with first onset of Supraventricular Tachycardias

Mean age at first onset SVT (years) 51±16

Male 48 (52%)

Surgical repair of CHD 67 (73%)

Concomitant conditions 57 (62%)

  Heart failure 26 (28%)

  Systemic hypertension 25 (27%)

  Smoking 13 (14%)

  Obesity (Body mass index≥30) 9 (10%)

  Diabetes mellitus 8 (9%)

  Cerebrovascular Accident 6 (7%)

  Myocardial infarction 2 (2%)

Medication at baseline 58 (63%)

  Anti Arrhythmics -

  Betablocker 6 (7%)

  Diuretics 17 (19%)

  ACE inhibitors 15 (16%)

  Coumarin 10 (11%)

  Aspirin 10 (11%)

Echocardiography available  58 (63%)

  At least moderately impaired SVF 6 (10%)

  At least moderately impaired PVF 9 (16%)

  At least moderate SAVR 14 (24%)

  At least moderate PAVR 19 (33%)

  Dilated left or right atrium 32 (55%)

Abbrevations: SVT, supraventricular tachycardia; CVA, cereberovascular accident; AF, atrial 
fibrillation; AFL, atrial flutter, AVNRT, atrioventricular nodal re-entry tachycardia, ACE, 
angiotensine-converting enzyme; SVF, systemic ventricular function; PVF, subpulmonary 
ventricular function; SAVR, systemic atrioventricular valve regurgitation; PAVR, pulmonary 
atrioventricular valve regurgitation



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Efficacy of Antiarrhythmic Drugs in Adults with CHD and SVT

57

3

Table 1. Baseline Characteristics of 92 patients with first onset of Supraventricular Tachycardias

Mean age at first onset SVT (years) 51±16

Male 48 (52%)

Surgical repair of CHD 67 (73%)

Concomitant conditions 57 (62%)

  Heart failure 26 (28%)

  Systemic hypertension 25 (27%)

  Smoking 13 (14%)

  Obesity (Body mass index≥30) 9 (10%)

  Diabetes mellitus 8 (9%)

  Cerebrovascular Accident 6 (7%)

  Myocardial infarction 2 (2%)

Medication at baseline 58 (63%)

  Anti Arrhythmics -

  Betablocker 6 (7%)

  Diuretics 17 (19%)

  ACE inhibitors 15 (16%)

  Coumarin 10 (11%)

  Aspirin 10 (11%)

Echocardiography available  58 (63%)

  At least moderately impaired SVF 6 (10%)

  At least moderately impaired PVF 9 (16%)

  At least moderate SAVR 14 (24%)

  At least moderate PAVR 19 (33%)

  Dilated left or right atrium 32 (55%)

Abbrevations: SVT, supraventricular tachycardia; CVA, cereberovascular accident; AF, atrial 
fibrillation; AFL, atrial flutter, AVNRT, atrioventricular nodal re-entry tachycardia, ACE, 
angiotensine-converting enzyme; SVF, systemic ventricular function; PVF, subpulmonary 
ventricular function; SAVR, systemic atrioventricular valve regurgitation; PAVR, pulmonary 
atrioventricular valve regurgitation

Figure 2. Kaplan Meier estimate to SVT recurrences.

Table 2. Acute treatment of first onset Supraventricular Tachycardias (n=92)

 Patients Success rate 

Electrical cardioversion 35 (38%) 31 (89%)

Vagal manouvres* 2 (2%) 0 (0%)

Intravenous drug therapy 14 (15%) 14 (100%)

  Adenosine 3 (21) 3

  Amiodarone 3 (21) 3

  Sotalol 2 (14) 2

  Flecainide 2 (14) 2

  Verapamil 2 (14) 2

  Metroprolol 1 (7) 1

  Procainamide 1 (7) 1

Oral drug therapy 34 (37%) 30 (88%)

  Sotalol 14 (41%) 14

  Amiodarone 2 (6%) 2

  Metroprolol 10 (29%) 6

  Verapamil 4 (12%) 4

  Procainamide 4 (12%) 4

Spontaneous conversion 9 (10%) 9 (100%)

*These patients were treated with intravenous drugs after unsuccessful vagal manouvres
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antiarrhythmics (38% sotalol, 5% amiodarone), class II antiarrhythmics (35%), class I anti-
arrhythmics (13%) and class IV anti-arrhythmics (8%). The drugs and corresponding mean 
daily dosages are listed in Table 3. There were only 5 patients who were treated with a 
combination of anti-arrhythmic drugs: 4 with class III or IV antiarrhythmics in combination 
with a betablocker, 1 patient with class IC in combination with a betablocker. After a mean 
follow-up duration of 2.5±1.4 years only 45% of the patients were free from first SVT re-
currence (Figure 2).  Class III antiarrhythmics was associated with a significantly lower risk 
of SVT recurrence compared to all other antiarrhythmic drugs (HR 0.5, 95% CI 0.27-0.96, 
P=0.036). Notably, the use of class IV antiarrhythmics (verapamil) in 7 patients was associ-
ated with a 71% freedom of recurrence (not significant versus all other antiarrhythmics). 
These drugs were prescribed predominantly for AVNRT or rate control for AF. Figure 3 
shows freedom from SVT in patients with and without class III antiarrhythmic drugs during 
follow-up. The type of SVT was the same during recurrence as the first-onset SVT in 90% of 
the cases. Type of first-onset SVT did not alter the risk of SVT recurrence during follow-up. 
There was no difference in recurrence rate of SVT in patient with AF against other types 
of SVT (P=0.403). Overall, anticoagulants were prescribed in 63 out of 92 patients (68%). 

During follow-up 26 SVT ablations were performed in 23 patients.  In all patients ablations 
were performed only after the first recurrence of SVT. Most of these patients had closed 
septal defects (52%). The ablation procedures included a concomitant Cox MAZE-III op-
eration in 65%, radiofrequency ablation in 31% and a mini-MAZE in 4% of the patients. 
The following arrhythmias were ablated: AF (55%), AFL (23%), AT (12%) and AVNRT (12%). 
Ablations were classified as successful according to the electrophysiologist directly after 

Table 3. Long term management of first-onset Supraventricular Tachycardias  in 83 patients to 
maintain sinus rhythm. Drugs and dosages used in patients.

Number of patients Mean Dosage (mg/day)

No antiarrhythmic drugs 13 (16%) _

Class I 

     Propafenone 4 (5%) 563±309

     Flecainide 5 (6%) 120±45

Class II 

     Metoprolol 22 (27%) 69±44

Class III 

     Sotalol 28 (34%) 156±51

     Amiodarone 4 (5%) 350±191

Class IV 

     Verapamil 7 (8%) 166±75
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the procedure in 18 patients (78%). During a mean follow-up duration of 1.3 ± 0.9 years 
after first ablation, 12 out of 18 patients with successful ablation (67%) were free from 
SVT versus 1 out of 5 patients (20%) without successful ablation. Three patients had a 
second ablation during follow-up and were free of recurrences after a mean follow up of 
0.64 ± 0.49 years.  

Heart failure at baseline was the only clinical variable associated with recurrences of SVT’s 
during follow-up (HR 1.9, 95%CI 1.09-3.54 P=0.023). Underlying cardiac defect, electrocar-
diographic measurements and echocardiographic parameters were not associated with 
the recurrences of SVTs. 

Side effects due to antiarrhythmic drugs occurred in 20 patients (22%). In 85% of these 
patients the prescription was changed due to these side effects and included switching to 
another anti-arrhythmic drug (40%), discontinuation of the anti-arrhythmic drug (20%) 
and lowering of the dosage of the anti-arrhythmic drug (15%). Table 4 summarizes the 
side effects of antiarrhythmic drugs in individual patients. Most side effects (75%) oc-
curred in patients with class III antiarrhythmic drugs and were especially driven by the use 
of amiodarone. Severe side effects occurred in all patients with amiodarone (daily mean 
dosage 350 mg) and included thyroid dysfunction (n=4) and high grade atrioventricular 
block (n=1). Sotalol induced QT prolongation without torsades de pointes in one patient. 

During follow up, 20 out of the 92 patients had an adverse clinical event. These clinical 
events included pacemaker implantation for tachy-brady syndrome in 9 patients, hospital 
admissions due to arrhythmias or heart failure in 8 patients, cardiovascular death in 2 pa-

Figure 3. Kaplan Meier estimate to first recurrence of SVT in patients with and without class III 
antiarrhythmic drugs.
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tients and stroke in 1 patient. Of the 2 patients who died, 1 died due to heart failure and 
1 due to septic endocarditis. Figure 4 shows freedom from adverse clinical events after 
first and later-onset SVT. After a mean follow-up duration of 2±1 years, 78% of the patients 
were free from an adverse clinical event. 

ECG before onset of first-SVT as well as after treatment with antiarrhythmic drugs was 
available in approximately 50% of the patients. The mean QRS and QTc duration increased 
significantly during follow-up in these patients. The mean QRS duration increased from 
118±24 ms to 128±30 ms and mean QTc from 442±28 ms to 459±59 ms, respectively 
(P=0.002). 

Table 4. Side effects of antiarrhythmic drugs in 20 patients

Class I (n=9)          Class II (n=25)              Class III (n=32)             Class IV (n=7)            

Hyper or hypothyroidism - - 4 -

Dizziness 1 1 2 -

Bradycardia - - 2 -

Fatigue - - 1 -

High grade AV block - - 1 -

QT prolongation - - 1 -

Unknown, i.e. drugs not tolerated - 2 3 1

Figure 4. Kaplan Meier estimate for freedom from adverse clinical events after first-onset SVT. 
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DISCUSSION
To our knowledge this is the first study investigating the efficacy of various antiarrhythmic 
drugs in adults with CHD. The annual incidence of first-onset of SVT within the study period 
was 0.4%, and consisted of AF in the majority of cases. This incidence is 3-4 fold higher than 
the general adult population.17  Spontaneous conversion to sinus rhythm occurred in only 
10% of the patients. During a mean follow-up of 2.5 years SVT recurred in 55% of the pa-
tients. The presence of heart failure was the only clinical variable associated with recurrence 
SVT in univariate analysis.  Class III antiarrhythmic drugs, of which the majority consisted 
of sotalol, were most effective in preventing SVT recurrence. Significant adverse effects oc-
curred predominantly in patients with amiodarone. Embolic complications were rare (1%). 

AF is less common than AFL in patients with CHD and accounts for 20-30% of all atrial 
tachycardias.18 Interestingly, in our study, we found that approximately 70% of the pa-
tients with first onset SVT had AF. A possible explanation for this difference is that the 
majority of our patients had also concomitant cardiac conditions such as heart failure, hy-
pertension and diabetes which also may lead to AF. Furthermore, in CHD, AF is more likely 
to be seen in older patients with residual left sided hemodynamic defects and patients 
who have never undergone surgery.18 These characteristics were present in one fourth of 
our patients. 

A meta-analysis of 44 randomized clinical trials demonstrated that several class  IA, IC 
and III anti-arrhythmic drugs were approximately 50% more effective in maintaining si-
nus rhythm compared to placebo or no treatment. Amiodarone was better in reducing 
AF recurrence compared to sotalol or class I anti-arrhythmic drugs.19, 20 In our study the 
results differ slightly from this meta-analysis, as we found all class III antiarrhythmics to 
significantly reduce SVT recurrences. Class I, II and IV anti-arrhythmic drugs were not sig-
nificantly superior in maintaining sinus rhythm than no anti arrhythmic treatment. No-
tably, lack of significance of class IV antiarrhythmics probably relate to the low number 
of patients who used these drugs.There is few data on the efficacy and safety of anti-
arrhythmic drug therapy in CHD patients. In our study class III anti-arrhythmic drugs were 
significantly more effective in preserving sinus rhythm after conversion to normal sinus 
rhythm compared to all other oral antiarrhythmic drugs. However, downside of class III 
anti-arrhythmic drugs are the adverse effects, these are more frequent and often more 
severe compared to other antiarrhythmic drugs. 

There is few data on the efficacy and safety of anti-arrhythmic drug therapy in CHD pa-
tients. In our study class III anti-arrhythmic drugs were significantly more effective in pre-
serving sinus rhythm after conversion to normal sinus rhythm compared to all other oral 
antiarrhythmic drugs. However, downside of class III anti-arrhythmic drugs are the ad-
verse effects, these are more frequent and often more severe compared to other antiar-
rhythmic drugs.
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Amiodarone is associated with the risk of non-cardiac toxicities which limits its routine 
application, particularly in young patients who may require therapy for many years. Amio-
darone is used in adults with CHD, many of whom have a combination of poorly tolerated 
arrhythmias refractory to treatment with other antiarrhythmics and ventricular dysfunc-
tion that precludes the use of more negatively inotropic alternatives. Thyroid dysfunction 
is one of the potentially serious complication of amiodarone therapy, with a prevalence 
of 1% to 24% in older patients with acquired heart disease21, 22 and 36% in CHD23. Female 
sex and severe cyanotic heart defects are significant risk factors for developing thyroid 
dysfunction in CHD.23 In this study thyroid dysfunction was present in all patients with 
amiodarone and most patients were male with mild to moderate CHD.  

In this study, the majority of the patients with class III antiarrhythmic drugs used sotalol.   
Previously, Miyazaki et al showed in 44 adults with CHD that sotalol was effective for re-
fractory tachyarrhythmias (27 SVTs, 8 ventricular tachycardias (VT), 9 combined SVT/VT). 
Sotalol resulted in complete control of tachyarrhythmias in 41%, partial control in 34% 
and no control in 25% of the patients.24 In our study two-third of the patients with so-
talol was free from arrhythmia during follow-up. The difference in efficacy rate of sotalol 
might be explained by the fact that we included only patients with new-onset SVT and 
not patients with refractory arrhythmias. Sotalol is known for its proarrhythmic effect due 
to prolongation of the QTc interval and abnormal T wave morphology which may lead to 
polymorphic ventricular tachycardia. In this study only one patient had QT prolongation. 
Sotalol should be withdrawn when QTc interval exceeds 500ms.19

Ablation is generally reserved for patients with symptomatic SVTs despite optimal medical 
treatment. In this study SVTs recurred in 43% of the patients after ablation. Improvements 
in mapping and ablation technologies, coupled with a better understanding of arrhythmia 
mechanism, has improved outcome of ablation in adults with CHD. Acute success rates 
of ablation in CHD seem to be lower compared with the general adult population. High 
recurrence rates have also been reported in several studies.10, 25-27 This may be due to the 
complex anatomy in combination with vascular access issues, conduction system abnor-
malities, regional conduction slowing, reduced atrial voltage, double potential fraction-
ated intracardiac electrograms and multiple re-entry circuits. Detailed follow-up might 
supply clues for better management.10 

This was a retrospective study with a limited sample size. Patients were identified from 
the Concor registry. The registration of complications (e.g. SVT, HF, death) in this database 
may be delayed. Moreover, patients with more severe cardiac conditions are registered 
at an earlier stage than those with mild conditions which may lead to a selection bias.13 
The data collection was limited to data in medical records. Therefore the laboratory find-
ings, ECG parameters and echocardiography parameters were incompletely available. 
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Moreover, the annual incidence of first-onset of SVT’s may be underestimated because 
of delayed documentation in medical records. The decision to treat a patient with a given 
antiarrhythmic drug was not uniform and there was no standard antiarrhythmic drug dos-
ing. Moreover, our results could have been influenced by non-compliance. However, ECG 
changes recorded at the last out-patient visit are consistent with the use of the prescribed 
anti-arrhythmic drugs.
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ABSTRACT

Background

Little is known about the clinical impact of arrhythmias after surgery for congenital heart 
disease (CHD) in adults. Therefore, we investigated the prevalence of in-hospital arrhyth-
mias after CHD surgery and their impact on clinical outcome.  

Methods

This was a multicenter retrospective study and included adults who underwent congenital 
cardiac surgery between January 2009 and December 2011. Clinical events were defined 
as all cause mortality, heart failure (HF) requiring medical treatment, thrombo-embolic 
event, major infections and permanent pacemaker (PM) implantation.

Results

Overall, 419 patients were included (mean age 38±14 years, 55% male). Arrhythmias 
occurred in 134 patients (32%) and included supraventricular tachycardia (SVT, n=100), 
bradycardias (n=47) and ventricular tachycardia (VT, n=19). In multivariate analysis age 
≥40 years at surgery (OR 2.48, 95% Cl 1.40-4.60, P=0.003), NYHA class ≥II (OR 2.42, 95% 
Cl 1.18-4.67, P=0.009), significant subpulmonary AV-valve regurgitation (OR 2.84, 95% Cl 
1.19-6.72, P=0.018), coronary bypass time (OR 1.35/60 minute increase, 95% Cl 1.06-1.82, 
P=0.019) and CK-MB (OR 1.05 per 10 U/L increase, 95% Cl 1.01-1.09, P=0.021) were as-
sociated with in-hospital arrhythmias. Overall, 58 clinical events occurred in 55 patients 
(13%) and included in majority of the cases permanent PM implantation (5%), HF (4%) 
and death (2%). In-hospital arrhythmias were independently associated with clinical 
events (OR 7.80, 95% CI 2.41-25.54, P=0.001).

Conclusion

Arrhythmias are highly prevalent after congenital heart surgery for adults and are associ-
ated with worse clinical outcome. Older and symptomatic patients with significant valvu-
lar heart disease at baseline are at risk of in-hospital arrhythmias. 
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INTRODUCTION
Arrhythmias are a widely recognized complication of cardiothoracic surgery and may  de-
velop at any time of follow-up in patients with congenital heart disease (CHD). However, 
in the early post-operative period, haemodynamic compromise can occur due to these 
arrhythmias which can lead to delayed recovery. The reported incidence of in-hospital 
arrhythmias after cardiac sugery in children is op to 48%. Although many arrhythmias are 
transient and have limited hemodynamic significance, others are life-threatening or ir-
responsive to therapy. In children, the occurence of early-postoperative arrhythmias have 
been associated with a longer stay at the intensive care unit  (ICU), longer ventilation time, 
and higher in-hospital mortality.[1-4] Early post-operative arrhythmias are also predictive 
of worse late outcome including ventricular dysfunction, late arrhythmias and late mortal-
ity among various cardiac defects.[5-7] 

The number of adults with congenital heart disease has increased over the past few de-
cades and is currently estimated at >1 million in the United States and 1.2 million in Eu-
rope.[8]  Approximately 20% of these adults require cardiovascular surgery during mid-
term follow-up, either for first corrective surgery (60%) or for reoperation for residual 
defects or long-term complications (40%).[9, 10] 

Despite the increasing frequency of adults with CHD undergoing cardiac surgery, there are 
limited published data on in-hospital arrhythmias and their impact on clinical outcome. 
We investigated the prevalence and treatment of in-hospital arrhythmias in adults who 
underwent cardiac surgery for CHD. In addition, we studied clinical events including major 
complications and in-hospital mortality.   

METhODS

Study Design

This was a retrospective multicenter study including adults with CHD who underwent car-
diac surgery between January 2009 and December 2011. Patients were recruited from the 
Academic Medical Center and the Deutsches Herzzentrum Berlin. Exclusion criteria were 
heart transplantation and age <18 years at time of cardiac surgery. Patients were identi-
fied from two cardiac surgery databases. 

preoperative data

Baseline characteristics included age, gender, main cardiac diagnosis, concomitant car-
diac conditions, previous cardiac surgery, documented arrhythmias, medication use and 
New York Heart Association (NYHA) classification. The European System for Cardiac Op-
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erative Risk Evaluation II (EuroSCORE) was calculated for each patient.[11] The complex-
ity of the congenital defect was classified as mild, moderate and complex as previously 
described.[12] Echocardiographic data included ventricular function, chamber size and 
valvular function. Ventricular function was assessed by 2-dimensional echocardiography 
and classified as normal (ejection fraction (EF) ≥50%), mildly (EF 40-49%), moderately (EF 
30-39%) and severely (EF<30%) impaired. Since the aorta does not always arise from the 
morphological left ventricle we classified the ventricles as systemic and subpulmonary 
throughout the manuscript instead of left and right ventricle. Ventricular and atrial size 
were qualitatively assessed as normal or enlarged. Valvular dysfunction was graded as ab-
sent or mild, moderate and severe from continuous waved Doppler tracings and Doppler 
color flow mapping.[13]  ECG measurements were rhythm (spontaneous or paced), rate, 
PR interval, QRS duration and QT interval. 

peri-and postoperative Data

Peri-and post-operative data included type of surgical repair(s), number of procedures, 
cardiopulmonary bypass (CPB) time, aortic cross clamp (ACC) time, duration of Intensive 
Care Unit (ICU) stay, laboratory findings, postoperative arrhythmias, clinical events, and 
in-hospital mortality. Laboratory findings consisted of electrolytes, renal function, blood 
count, brain natriuretic peptide (BNP) and maximum level of Creatine Kinase Myoglobu-
line Band (CK-MB).  Adverse clinical events were classified as all cause mortality, thrombo-
embolic event, heart failure requiring intravenous diuretics, major infections (mediasti-
nitis, endocarditis), implantation of permanent pacemaker or implantable cardioverter 
defibrillatior (ICD), acute renal failure, acute respiratory distress syndrome and multiple 
organ failure. Heart failure was defined as a syndrome with typical symptoms (e.g. breath-
lessness, ankle swelling, and fatigue) and signs (e.g. elevated jugular venous pressure, 
pulmonary crackles, and displaced apex beat) resulting from an abnormality of cardiac 
structure or function.

Arrhythmias

Postoperative arrhythmias were defined as arrhythmias occurring during the hospitaliza-
tion period of the patient. Tachyarrhythmia’s were classified according to guidelines[14] 
and consisted of supraventricular tachycardia (SVT) and ventricular tachycardia (VT). SVTs 
included atrial fibrillation (AF), atrial flutter (AFL), atrial tachycardia and unspecified SVT. 
VT’s included ventricular fibrillation or flutter, sustained and nonsustained monomorphic 
or polymorphic VT. Bradycardia was usually due to conduction disorders at the level of 
the atrioventricular node or sinoatrial node. Frequent supraventricular or ventricular 
extrasystoles were not considered as an arrhythmia. When a patient experienced more 
than one type of arrhythmia (distinctly different in morphology and/or character from the 
previous one) in the early post-operative period this was also recorded. New onset of ar-
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rhythmia was defined as the onset of an arrhythmia after an arrhythmia free period of at 
least 5 years and no use of antiarrhythmic drugs.  

Management of arrhythmias in terms of electrical cardioversion, antiarrhythmic drug 
therapy, temporary pacing, and implantation of a permanent pacemaker or implantable 
cardioverter defibrillator (ICD) was recorded.  Substitution of magnesium or calcium was 
not considered as arrhythmia treatment.

Statistical analysis

Data analyses were performed with SPSS software for Windows (19.0 for Windows; SPSS 
Inc., Chicago, Illinois, US). For all analyses two tailed probability values <0.05 were con-
sidered statistically significant. Descriptive statistics for nominal data were expressed in 
absolute numbers and percentages. After confirming normality, mean values and standard 
deviations were calculated for normally distributed continuous variables. When compar-
ing frequencies and means, the 2-test and Student’s t-test was used, respectively. Uni-
variate and stepwise multivariate logistic regression analysis were used to identify clinical 
variables associated with the occurrence of in-hospital arrhythmias or adverse clinical 
events. Variables with probability values ≤0.05 in univariate analyses were considered in 
multivariate models.

RESUlTS
Overall, 419 patients underwent cardiac surgery during the inclusion period: 48% had first 
cardiac surgery and 52% had reoperations. The mean age at surgery was 38 years (range 
18 to 83 years) and 55% of the patients were male. The mean hospital duration was 10±9 
days. Mild CHD was present in 51%, moderate CHD in 38% and severe CHD in 11% of the 
patients. Figure 1 shows the underlying cardiac lesions. Almost half of the patients had 
more than one cardiac procedure performed during their cardiac surgery, thus 631 surgi-
cal procedures were performed in 419 patients. 

Arrhythmias occurred in 134 out of 419 patients (32%) and included SVT in 24% (AF 14%, 
6% AFL, 3% unspecified SVT, 1% AT), bradycardias in 11% (8% high grade AV block) and VT 
in 5% (4% VF or sustained VT) of the patients. The majority of the arrhythmias occurred 
within the first 3 days after surgery (Figure 2). The prevalence of the arrhythmias accord-
ing to the underlying cardiac lesions is shown in Figure 1. The prevalence of arrhythmias 
was highest in Ebstein anomaly (73%), septal defects (35%) and (congenitally corrected) 
transposition of the great arteries ((cc) TGA, 35%). Figure 3 shows the prevalence of ar-
rhythmias according to type of surgery. In-hospital arrhythmias occurred most often in 
patients with atrioventricular valve surgery (±50%) and partial anomalous pulmonary ve-
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Figure 1. The type and prevalence of in hospital arrhythmias (%) among main cardiac diagnosis. 
Abbrevations: LVOTO, left ventricular outflow tract obstructive; TOF, tetralogy of Fallot; (cc) 
TGA, (congenitally corrected) transposition of great arteries; RVOTO, right ventricular outflow 
tract obstructive; UVH, univentricular heart; VT, ventricular tachycardia; SVT, supraventricular 
tachycardia.

Figure 2. Initial episode of postoperatve arrhythmia.
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nous connection correction (±60%). Patients with operations not involving the myocar-
dium such as the David or Bentall procedure had the lowest prevalence (±20%) of in-hos-
pital arrhythmias. Remarkably, in-hospital arrhythmias of which the majority consisted of 
SVTs occurred in more than 70% of the patients with a concomitant Cox-Maze procedure. 
Atrial reduction was not performed in any of the included patients. 

patients with and without In-Hospital arrhythmias

Table 1 shows the baseline characteristics of patients with and without in-hospital ar-
rhythmias. Patients who experienced in-hospital arrhythmias were older at surgery than 
patients without arrhythmias (43±15 vs 35±13 years, P<0.001), were more likely to have 
a higher NYHA functional class (40% vs 24%, P<0.001) and previous documented tachyar-
rhythmia’s (41% vs 17%, P<0.001). Dilated atria (left and/or right) were also more fre-
quently present in patients with arrhythmias than in patients without arrhythmias (65% 
vs 43% P<0.001). 

Operative data of patients with and without arrhythmias are summarized in Table 2. Pa-
tients with more than one procedure during surgery more often had arrhythmias than pa-
tients with only one procedure (44% vs 23%, P<0.001). The mean EuroSCORE II was higher 

Figure 3. Type and prevalence of in-hospital arrhythmias among various surgical procedures in 419 
patients. Abbrevations: ASD, atrial septal defect; PVR, pulmonary valve replacement; TVR, tricuspid 
valve replacement; MVR, mitral valve replacement; AVR, aortic valve replacement; VSD, ventricular 
septal defect; PAPVC, partial anomalous pulmonary venous connection; VT, ventricular tachycardia; 
SVT, supraventricular tachycardia. 
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Overall          
(N=419)

Arrhythmia     
(N=134)

Free of Arrhythmia      
(N=285)

P-value 

Demographics

  Age (years) 38 ± 14 43 ± 15 35 ± 13 <0.001

  Male n (%) 231 (55) 82 (61) 149 (52) 0.052

Medical History  n (%)

  NYHA ≥ II 121 (29) 54 (40) 67 (24) <0.001

  Previous cardiac surgery 220 (52) 75 (56) 145 (51) 0.443

  Mild CHD 216 (51) 64 (48) 152 (53) 0.288

  Moderate CHD 158 (38) 56 (42) 102 (36) 0.238

  Severe CHD 45 (11) 14 (10) 31 (11) 0.895

EuroSCORE II 2.2 ± 1.7 2.6 ± 2.0 1.9 ± 1.5 <0.001

Medication n (%) 263 (63) 100 (74) 163 (57) 0.003

  Antiarrhythmics 36 (9) 24 (18) 12 (4) <0.001

  Diuretics 83 (20) 43 (32) 40 (14) <0.001

  ACE/ARB 96 (23) 33 (25) 63 (22) 0.576

  Betablockers 110 (26) 47 (35) 63 (22) 0.006

  Anticoagulant/Antiplatelet drugs 106 (25) 55 (41) 51 (18) <0.001

Previous Arrhythmias  n (%) 103 (25) 55 (41) 48 (17) <0.001

  SVTs 90 (21) 52 (39) 39 (14) <0.001

     AFL/AF/AT 73 (17) 46 (34) 27 (9) <0.001

     AVNRT 2  (0.5) 1 (1) 1 (1) 0.589

     SVT nos 15 (4) 11 (8) 4 (3) 0.645

   VT 11 (3) 6 (4) 5 (2) 0.001

     NSVT’s 7 (2) 4 (3) 3 (1) 0.443

     VF 4 (1) 2 (2) 2 (1) 0.154

  Brady arrhythmias 16 (4) 6 (4) 10 (4) 0.352

     SSS 4 (1) 3 (2) 1 (0.3) 0.065

     High grade AV block 12 (3) 3 (2) 9 (3) 0.592

Electrocardiogram available n (%) 410 (98) 133 (99) 277 (97)

  Non sinus rythm 53 (13) 32 (24) 21 (7) <0.001

  PR interval ms 170 ± 34 177 ± 38 167 ± 32 0.010

  QRS duration ms 114 ± 29 116 ± 29 113 ± 29 0.285

  QT interval ms 404 ± 45 407 ± 47 403 ± 43 0.343

  QTc interval ms 434 ± 39 444 ± 43 430 ± 33 <0.001

Table 1. Baseline Characteristics of patients with and without in-hospital arrhythmias
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in patients with versus without arrhythmias (2.6±2.0 vs 1.9±1.5 P<0.001). In patients with 
arrhythmias the average cardiopulmonary bypass time (CBP) time was 16 minutes longer 
(P=0.020) than patients without arrhythmias. The mean length of ICU stay was more than 
double for patients with arrhythmias compared to those without arrhythmias (4.0±5.9 vs 
1.7±1.5, P<0.001). Laboratory findings showed a higher mean CK-MB max in patients with 
arrhythmias compared to patients without arrhythmias (97±112 vs 63±62 P<0.001). 

Clinical Variables Associated with Arrhythmias

In multivariate analysis age ≥40 years at surgery (OR 2.48, 95% CI 1.40-4.60 P=0.003), 
NYHA class ≥II (OR 2.42, 95% CI 1.18-4.67, P=0.009), significant subpulmonary atrio-
ventricular valve regurgitation (OR 2.84, CI 1.19-6.72, P=0.018), increased CPB time (OR 
1.35/60 minutes increase, 95% CI 1.06-1.82 P=0.019) and increased CK-MB max (OR 1.05 
per 10 U/L increase, 95% CI 1.01-1.09 P=0.021) were independently associated with in-
hospital arrhythmias (Table 3).  Previously documented arrhythmias and dilated atria 
were not associated with in-hospital arrhythmias in multivariate analysis.

Twenty- four percent of the patient with postoperative arrhythmias had pre-operatively 
non-sinus rhythm on their ECG. These patients could therefore not be at risk of develop-

Table 1. Continued

Echocardiography available n (%) 394 (94) 128 (96) 266 (93)

  Dilated SV 79 (19) 25 (19) 54 (19) 0.817

  At least moderately impaired SVF 17 (4) 10 (7) 7 (3) 0.019

  At least moderately impaired PVF 23 (6) 12 (9) 11 (4) 0.040

  At least moderate PVR 54 (13) 12 (9) 42 (15) 0.079

  At least moderate PAVR 56 (13) 31 (23) 25 (9) <0.001

  At least moderate SAVR 40 (10) 22 (16) 18 (6) 0.001

  Dilated left and/or right atrium 208 (50) 87 (65) 121 (43) <0.001

  Dilated left atrium 102 (24) 45 (33) 57 (20) 0.006

  Dilated right atrium 146 (35) 65 (48) 81 (28) <0.001

Abbreviations: NYHA, new york heart association; CHD, congenital heart disease; ACE, 
angiotensin converting enzyme inhibitor; ARB, angiontensin receptor inhibitors; AFL, atrial 
flutter; AF, atrial fibrillation; AT, atrial tachycardia; AVNRT, AV nodal reentrant tachycardia; SVT 
nos, supraventricular tachycardia not otherwise specified; NSVT, non sustained ventricular 
tachycardia; VT, ventricular tachycardia; VF, ventricular fibrillation; SSS, sick sinus syndrome; SV, 
systemic ventricle; SVF, systemic ventricular function; PVF, subulmonary ventricular function;  
PR, pulmonary regurgitation; PAVR, subpulmonary atrioventricular valve regurgitation; SAVR, 
systemic atrioventricular valve regurgitation. 
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Table 2. Comparison of perioperative data between patients with and without arrhythmias in the 
early postoperative period

 
Overall 
(N=419)

Arrhythmia    
(N=134)

Free of 
Arrhythmia 

(N=285)
P-value

Surgical Data n (%) 419 (100) 134 (100) 285 (100)

  One procedure during operation 243 (58) 57 (43) 186 (65) <0.001

  At least two procedures 176 (42) 77 (57) 99 (35) <0.001

  Left sided lesions 171 (41) 45 (34) 126 (44) 0.034

  Right sided lesions 192 (46) 65 (49) 127 (45) 0.407

  Both sided lesions 56 (13) 24 (18) 32 (11) 0.065

Operative Data available n (%) 410 (98) 131 (98) 278 (98)

  CBP time (min) 124 ± 67 135 ± 75 119 ± 62 0.020

  Aortic cross clamp time (min) 84 ± 46 88 ± 48 83 ± 45 0.317

  Deep hypothermia (Cº) 34.6 ± 4.8 34.4 ± 5.0 34.8 ± 4.7 0.672

ICU available n (%) 419 (100) 134 (100) 285 (100)

  ICU stay (days) 2.5 ± 4.0 4.0 ± 5.9 1.7 ± 1.5 <0.001

Laboratorium findings available n (%) 414 (99) 132 (99) 282 (99)

  Hemoglobuline (mmol/L) 8.8 ± 1.1 8.8 ± 1.2 8.7 ± 1.1 0.233

  Hematocrit(L/L blood) 0.41 ± 0.05 0.42 ± 0.05 0.41 ± 0.05 0.223

  Sodium (mmol/L) 140 ± 3 140 ± 4 141 ± 3 0.013

  Pottasium (mmol/L) 4.0 ± 0.4 4.0 ± 0.5 4.0 ± 0.4 0.119

  Magnesium (mmol/L) 0.92 ± 0.10 0.94 ± 0.08 0.91 ± 0.11 0.027

  Creatinine (μmol/L) 75 ± 17 78 ± 18 74 ± 16 0.008

  NT-pro-BNP pre-surgery (pg/ml) 724± 1761 1155 ± 2267 535 ± 1453 0.017

  CK-MB-Max post- surgery (U/L) 74 ± 86 97 ± 112 63 ± 62 <0.001

Abbreviation: CBP, coronary bypass time; ICU, intensive care unit; BNP, brain natriuretic peptide; 
CK-MB, creatinine kinase myocardial band
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Table 3.  Clinical Variables Associated with Arrhythmias (n=135) after surgery for CHD. 

 Univariate Analysis Multivariate Analysis 
Variable OR 95% CI P value OR 95% CI P value
Baseline Charecteristics
  Male 1.40 0.92-2.12 0.118

  Age > 40 years 2.48 1.62-3.78 <0.001 2.48 1.40-4.60 0.003

  NYHA≥ II 2.33 1.49-3.66 <0.001 2.42 1.28-4.77 0.009

  Previous arrhythmias 3.55 2.23-5.63 <0.001

  Antiarrhythmic drugs 5.44 2.58-11.47 <0.001

  Heart failure medication 2.56 1.47-4.44 0.001

Operative data

  Left sided lesions 0.64 0.42-0.98 0.040

  At least 2 procedures during surgery 2.54 1.67-3.86 <0.001

  CBP time (per 60 min) 1.27 1.11-1.52 0.021 1.35 1.06-1.82 0.019

  Aortic cross clamp time (min) 1.00 1.00-1.01 0.316

  Euroscore II 1.24 1.10-1.39 <0.001

Laboratorium findings

 Creatinine pre-surgery (μmol/L) 1.02 1.00-1.00 0.011

 CK-MB max post-surgery (10 U/L) 1.05 1.02-1.08 0.001 1.05 1.01-1.09 0.021

Echocardiography

  At least moderately impaired SVF 3.14 1.17-8.44 0.024

  At least moderately impaired PVF 2.40 1.03-5.60 0.043

  At least moderate PAVR 3.04 1.71-5.42 <0.001 2.84 1.21-6.72 0.018

  At least moderate SAVR 2.86 1.48-5.56 0.002

  Any dilated atrium 2.26 1.49-3.52 <0.001

Electrocardiogram

  Non sinus rythm 3.92 2.16-7.11 <0.001

  PR interval (ms) 1.01 1.00-1.02 0.013

  QRS interval (ms) 1.00 1.00-1.01 0.247

  QTc interval (ms) 1.01 1.01-1.02 <0.001

Abbreviations: CHD, congenital heart disease; NYHA, new york heart association; CBP, cornoray 
bypass time; ICU, intensive care unit; CK-MB, creatinine kinase myocardial band; SVF: Systemic 
Ventricular Function; PVF;Pulmonary Ventricular Function; PAVR: subpulmonary atrioventricular 
valve regurgitation; SAVR: subsystemic atrioventricular valve regurgitation. 
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ing atrial arrhythmias in the postoperative period.  However, after exclusion of patients 
with pre-operative non-sinus rhythm, multivariate analyses showed the same clinical vari-
ables associated with postoperative arrhythmias.

Adverse Clinical Events

Overall, 58 clinical events occurred in 55 patients (13%) and included permanent PM 
or ICD implantation (5%), HF (4%), death (2%), major infections (1%), thrombo-embolic 
event (1%) and other (1%). Table 4 summarizes the adverse events according to type of 
in-hospital-arrhythmias. In-hospital arrhythmias were independently associated with ad-
verse clinical events (OR 7.80, 95% CI 2.41-25.54, P=0.001) which was especially driven 
by bradycardias and subsequent PM implantation. However, even when permanent PM 
implantation was excluded as a clinical event, postoperative SVT was independently as-
sociated with an increased risk of clinical events including HF and death (OR 2.40, 95% CI 
1.03-5.69, P=0.046).  Trombo-embolic events did not occur in patients with postoperative 
SVTs.

Management of In-hospital Arrhythmias 

Supraventricular Tachycardias. Thirty-seven out of the 100 patients (37%) with an in-hos-
pital SVT were instituted on at least one type of new oral antiarrhythmic drugs for rhythm 
or rate control before discharge from hospital. These antiarrhythmic drugs included beta-
blocker (n=21, 21%), amiodarone  (n=11, 11%), sotalol (n=3, 3%) and propafenone (n=2, 
2%). 

Table 4. Adverse clinical events in 55 patients with and without arrhythmias in the early post-
operative period

 
Overall           
(n=419)

Arrhythmia  
(n=134)

Free of 
Arrhythmia  

(n=285)

SVT        
(n=100)

VT         
(n=19)

Bradycardia  
(n=47)

Adverse events n  (%) 58 (14) 45 (34) 13 (5) 14 (14) 9 (50) 22 (47)
  Death 10 (2) 7 (5) 3 (1) 1 (1) 5 (26) 1 (2)
  ICD/PM insertion 19 (5) 19 (14) 0 (0) 2 (2) 3 (16) 14 (30)
  Heart failure 16 (4) 13 (10) 3 (1) 8 (8) 0 (0) 5 (11)
  Major infection 4 (1) 2 (1) 2 (1) 1 (1) 0 (0) 1 (2)
  Thrombo-embolic event 4 (1) 2 (2) 2 (1) 0 (0) 1 (5) 1 (2)
  Other 5 (1) 2 (2) 3 (1) 2 (2) 0 (0) 0 (0)

Abbrevations: SVT, supraventriculair tachycardia; VT, ventricular tachycardia; ICD, implantable 
cardioverter defibrillator; PM, pacemaker
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Bradycardias. Bradycardias occurred in 47 patients (11%) and consisted of high degree AV 
block (8%), sinus node dysfunction (3%). Permanent PMs were implanted in 14 out of 47 
patients (30%, 10 with a high degree AV block (21%), 4 with sinus node dysfunction (9%)). 
Permanent PMs were implanted between 6 to 31 days post surgery. 

Ventricular Tachycardias. Overall 19 patients (5%) had VTs of which 15 were sustained 
VTs (4%) and 4 nonsustained VTs (1%). In 7 patients (37%), defibrillation resulted in sinus 
rhythm. Cardiopulmonary resuscitation was successfully performed in 5 patients (26%). 
One patient (5%) received amiodarone IV which also resulted in sinus rhythm. Eventu-
ally, 5 out of 19 patients (26%) with VTs had an ICD implanted before discharge from the 
hospital.

DISCUSSION
To our knowledge this is the largest study investigating the prevalence and risk factors for 
in-hospital arrhythmias after cardiac surgery in adults with CHD. Postoperative arrhyth-
mias occurred in 32% of the patients which is a similar prevalence as in acquired heart 
disease [15, 16] and twofold higher than reported in children with cardiac surgery for CHD 
[1, 3]. In-hospital arrhythmias were associated with a worse clinical outcome which was 
especially driven by bradycardias and subsequently permanent PM implantation. Howev-
er, when permanent PM implantation was excluded, SVTs were independently associated 
with a more than two-fold increased risk of clinical events. In multivariate analysis, ad-
vanced age, heart failure, significant valvular heart disease, prolonged CPB time and myo-
cardial injury during surgery were associated with in-hospital arrhythmias. These findings 
are in line with previous studies in acquired heart disease. [17-19] 

SVTs were the most common in-hospital arrhythmias encountered in this study with an 
incidence of 24%, predominantly consisting of AF and AFL. SVTs were associated with a 
more than twofold increased risk of worse clinical outcome including HF requiring intrave-
nous diuretics and death. Long term management of SVTs with antiarrhythmic drugs was 
required in more than one third of these patients. 

In acquired heart disease, postoperative SVTs are common complications of cardiac sur-
gery and are associated with an increased morbidity. The incidence of postoperative 
stroke, the hospital length of stay, the incidence of ventricular arrhythmias and the need 
for permanent PM are all increased in these patients. Therefore, several studies have fo-
cused on prophylactic pharmacological therapy including betablockers, [20] sotalol [21] 
and amiodarone [22] to prevent SVTs in the early postoperative period. All of these anti-
arrhythmic drugs have been shown to be effective in reducing postoperative SVTs. How-
ever, there is limited evidence that prophylactic treatment of SVT results in a (long term) 
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favorable outcome. Indeed, betablockers prevent postoperative SVTs in patients undergo-
ing cardiac surgery for acquired heart disease and have been shown to decrease postop-
erative mortality.[23] Patients recovering from open heart surgery often have heightened 
sympathetic tone which might increase the risk of postoperative SVTs. [20, 23] Betablock-
ers antagonize the effect of catecholamines on the myocardium. The benefit is seen when 
betablockers are administrated prior or immediately after surgery. [24] An explanation for 
limited use of antiarrhythmic drugs is their possible negative inotropic effect and the lack 
of consensus on their use in the guidelines.

In contrast to acquired heart disease, in adult CHD there are no clinical trials on prophylac-
tic pharmacological therapy to prevent SVTs in the early postoperative period. Despite the 
independent relation between the occurrence of SVTs postoperatively and clinical events, 
the effect of treating the arrhythmias on hard outcomes are largely unknown. This study 
does not supply evidence that active control of those arrhythmias in adults with CHD con-
fers beneficial clinical outcome including morbidity and mortality. 

In this study, the prevalence of sustained ventricular arrhythmias was 3.6%. This preva-
lence is low but still twofold higher compared to patients who undergo coronary artery 
bypass grafting and valve surgery.  [25, 26] The occurrence of VT can be regarded as a 
marker for clinical deterioration since approximately one fourth of the patients with life 
threatening arrhythmias died in this study. After coronary bypass surgery, the occurrence 
of VT has been associated with increased mortality [25], although others find increased 
in-hospital mortality but no difference in long-term survival  [26]

Early postoperative heart block is a serious complication after surgery for CHD with a 
reported incidence between 1 and 3% [27, 28] depending on the era of surgery and the 
cardiac lesion. In this study, 8% of the patients developed high grade AV block which was 
mainly transient. Only one third of these patients required a permanent pacemaker im-
plantation. 

Limitations

This study has limitations inherent to any retrospective study. Data collection was limited 
to data in medical records. The actual incidence of arrhythmias might have been underesti-
mated because of lack of predefined duration of continued monitoring after cardiac surgery 
and lack of Holter-monitoring. Moreover, patients who are doing well after surgery were 
potentially monitored less rigorously and some patients without arrhythmias who were dis-
charged from the hospital might have developed arrhythmias afterwards. In addition, the 
accuracy of type of arrhythmia might be compromised as differential diagnosis of VT and 
SVT, especially on telemetry, might be difficult. Furthermore, this study was not designed to 
define the effect of postoperative arrhythmias on long-term morbidity and mortality. 
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CONClUSION
In-hospital arrhythmias occur in approximately 30% of the adults undergoing surgery for 
CHD and are associated with a worse clinical outcome. Advanced age, heart failure, sig-
nificant valvular heart disease, prolonged CPB time and myocardial injury during surgery 
were independently associated with in-hospital arrhythmias. Further studies are required 
to investigate the efficacy of prophylactic pharmacological therapy for these arrhythmias 
on morbidity and mortality. 
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ABSTRACT

Background 

Sudden cardiac death (SCD) is a major cause of mortality in adults with congenital heart 
disease (CHD). The aim of this study was to determine the adult CHD population at risk of 
SCD and the clinical parameters associated with SCD.

Methods and Results

We performed a multicenter case-controlled study. Patients who died suddenly due 
to proven or presumed arrhythmia were included (cases). For each case, two controls 
matched on diagnosis, type of surgical intervention, age and gender were included. From 
three databases including 25790 adults with CHD, 1189 deaths (5%) were identified, 
of whom 213 patients (19%) died suddenly. Arrhythmic death occurred in 171 of 1189 
patients. The underlying cardiac lesions were mild, moderate and severe CHD in 12%, 
33% and 55% of the SCD cases, respectively. Clinical variables associated with SCD were 
supraventricular tachycardia (SVT, OR 3.5, 95% CI 1.5-7.9, P=0.004), moderate to severe 
systemic ventricular dysfunction (OR 3.4, 95% CI 1.1-10.4, P=0.034), moderate to severe 
subpulmonary ventricular dysfunction (OR 3.4, 95% CI 1.1-10.2, P=0.030), increased QRS 
duration (OR 1.34 (per 10 ms increase), 95% CI 1.10-1.34, P=0.008), and QT dispersion (OR 
1.22 (per 10 ms increase), 95% CI 1.22-1.48, P=0.008).

Conclusions

The clinical parameters found to be associated with SCD in adults with a broad spectrum 
of CHD, including systemic right ventricles, are similar to those in ischemic heart disease. 
Moreover, even those patients with mild cardiac lesions, are potentially at risk for SCD. 
This highlights the need for further prospective studies as well as vigilant ongoing follow-
up of the adult with CHD.
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INTRODUCTION
Sudden cardiac death (SCD) accounts for 15% of total mortality and 5.6% of annual mortal-
ity in the Unites States and the vast majority is due to fatal arrhythmia.  Similar event rates 
have also been reported in Europe. Approximately 70% of SCD cases are attributable to 
coronary heart disease and 10% to acquired or hereditary cardiac diseases.1-3 In patients 
with ischemic and non-ischemic cardiomyopathy (CMP) left ventricular ejection fraction 
≤35% is the most important predictor of SCD and implantable cardioverter defibrillator 
(ICD) therapy has been proven to be effective in primary and secondary prevention of 
SCD in these patients.4, 5 Similarly, in adults with congenital heart disease (CHD), SCD is a 
prominent cause of death (19%-26%)6, 7. During the past few decades life expectancy has 
remarkably improved in CHD due to better surgical and interventional techniques.8, 9 The 
annual incidence of SCD in the entire CHD population is relatively low (0.09% per year) 
but much higher than in age-matched controls. When applied to the adults with CHD in 
USA and Canada, approximately 765 and 90 SCD events will occur annually, respectively.10, 

11 Additionally, as the majority of infants born with CHD will now survive into adulthood 
the prevalence of SCD will steadily increase. Adults with repaired tetralogy of Fallot (TOF) 
and or Mustard or Senning repair for complete transposition of great arteries (TGA) have 
been studied previously and several potential risk factors for SCD have been identified.12-15 
Unfortunately, the predictive value of these risk factors is relatively low and it is uncertain 
whether these proposed risk factors are relevant to other forms of CHD. Moreover, as 
the CHD population is growing and ageing, the risk profile for SCD might have changed. 
Therefore, we performed a multicenter case-control study to investigate patients with 
various CHD that died suddenly. Our primary objective was to define clinical parameters 
associated with SCD. We studied the cause of SCD in this population and determined the 
circumstances under which SCD occurred.

METhODS

Study Design and population

This was an international retrospective case-controlled study of adults (age≥ 18 years) 
with CHD and proven or presumed arrhythmic death. Cases were defined as adult CHD 
patients with SCD and controls were alive adult CHD patients without SCD. Patients with 
moderate or severe heart failure were not excluded. Those patients with non-arrhythmic 
causes of sudden death were excluded.  For each SCD case two control patients who were 
alive were matched to 1) age (plus or minus 5 years of corresponding SCD case), 2) gender, 
3) diagnosis 4) type of surgical intervention (e.g prior shunt, palliative or corrective sur-
gery, valve replacements etc) 5) date of surgical repair (within five years of corresponding 
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SCD case) and 6) center (when available). Cases and controls were recruited from the Con-
cor database, the Toronto Congenital Cardiac Centre for Adults (TCCCA) and the University 
Hospital Leuven. Concor (CONgenital CORvitia) is a Dutch registry of adults with CHD since 
2001 and included 11535 patients.16 TCCCA serves as the adult continuity clinic in Toronto 
for CHD in Ontario, Canada and all consecutive patients seen in the clinic are entered into 
a database since 1980. This database contains approximately 8000 adults with CHD. Uni-
versity Hospitals Leuven registered approximately 6255 adults with CHD since 1970. Data 
collection was completed in March 2011. 

Definitions

SCD is historically defined as 1) death due to cardiovascular causes within one hour of 
onset or significant worsening of the symptoms or 2) unwitnessed death during sleep. 
In this study, SCD included 1) proven or documented arrhythmic death (instantaneous 
death with documented ventricular fibrillation (VF) or ventricular tachycardia (VT)), 2) 
arrhythmic death by exclusion (instantaneous death or circumstances compatible with 
SCD, without severe disease that would lead to death soon and in the absence of a non-
arrhythmic cause of death at autopsy) and 3) arrhythmic death by default (abrupt loss of 
consciousness and disappearance of pulse but no further data). 17

Data collection 

Information about circumstances of SCD, location, cardiopulmonary resuscitation (CPR), 
or autopsy was collected from general practitioners, relatives, hospitals involved in follow 
up and ambulance care in region. Based on this information, the actual or probable cause 
of SCD was determined. Medical records were reviewed and most recent data before the 
event were obtained and compared with controls at the same time frame. The median 
time between last outpatient or clinical visit and death was 4 months for the SCD cases 
(25th percentile 1 month, 75th percentile 9 months) and the median time since last out-
patient or clinical visit  was 2 months for the controls (25th percentile was 0 months and 
75th percentile 12 months). The complexity of the congenital defect was classified as mild, 
moderate and complex.18 Eisenmenger syndrome was defined as the presence of systemic 
pulmonary arterial pressures or high pulmonary vascular resistance with reversed or bi-
directional shunts or in single ventricle through a large defect between the systemic and 
pulmonary circulation at ventricular, atrial or aorto-pulmonary levels.19  All patients were 
considered to have contraindications for cardiac surgery because of high pulmonary vas-
cular resistance. Patients with progressive or severe pulmonary hypertension after surgi-
cal repair of defects were not considered as Eisenmenger syndrome.

Arrhythmias were classified according to the ACC/AHA/ESC guidelines.20 Arrhythmic 
symptoms included palpitations or (pre)syncope. Rhythm (spontaneous or paced), RR 
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interval, QRS duration, QT interval and QT dispersion were analyzed manually from stan-
dard (25mm/s and 1mV/cm) 12-lead ECGs. Moreover, investigators examining the ECGs 
were blinded to case status. Ventricular paced rhythms for both SCDs and controls were 
compared. Heart failure symptoms included decreased exercise tolerance, dyspnea and 
peripheral edema. Chest X-rays were studied for cardiomegaly (defined as cardio-thoracic 
ratio (CTR) >50%) and redistribution of the pulmonary flow. Ventricular function was as-
sessed by two-dimensional echocardiography and classified as normal (ejection fraction 
(EF) ≥50%), mildly (EF 40-49%), moderately (EF 30-39%) and severely (EF<30%) impaired. 
Since the aorta does not always arise from the morphological left ventricle we classified 
the ventricles as systemic and subpulmonary throughout the manuscript instead of left 
and right ventricle.  Left ventricular enlargement was defined as end diastolic diameter ≥ 
60mm. Right ventricular size was qualitatively assessed as normal or enlarged from the 
echocardiography reports. Valvular dysfunction was graded as absent or mild, moderate 
and severe from continuous waved Doppler tracings and Doppler colour flow mapping. 21

Statistical analysis

Data analyses were performed with SPSS software for Windows (18.0 for Windows; SPSS 
Inc., Chicago. Illiois, US). For all analyses two tailed probability values <0.05 were con-
sidered statistically significant. Descriptive statistics for nominal data were expressed in 
absolute numbers and percentages. After confirming normality, mean values and stan-
dard deviations were calculated for normally distributed continuous variables. When 
comparing frequencies and means, the 2-test and Student’s t-test was used, respectively. 
To identify clinical parameters associated with SCD univariate and stepwise multivariate 
conditional logistic regression models were used. Variables with probability values ≤0.10 
in univariate analyses were considered in multivariate model (backward stepwise, entry 
threshold P=0.05, removal threshold P= 0.10). Holter monitoring and exercise tests lacked 
in more than half of the cases and were therefore excluded from the multivariate analysis. 
The clinical parameters associated with SCD among the different CHD conditions were 
also assessed. Here, no multivariate analysis was performed because of the small number 
of cases in each underlying CHD condition. Results were reported in odds ratios (OR) with 
95% confidence intervals (CI). 

RESUlTS

Events

Overall, 1189 of 25790 adults (5%) died of whom 213 died suddenly (19%). The causes 
of sudden death were proven or presumed arrhythmia in 171 (80%), aortic dissection or 
aneurysm rupture in 19 (9%), cerebrovascular accident in 8 (4%), pulmonary embolism/
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hemorrhage in 8 (4%), myocardial infarction in 4 (2%) and upper gastrointestinal bleeding 
in 3 (1%) patients. Patients who died from a non-arrhythmic cause of sudden death were 
excluded from further analysis. Of the remaining 171 SCDs, 131 (77%) experienced an out 
of hospital cardiac arrest, cardiopulmonary resuscitation (CPR) was performed in 84%. 
Hundred-and-eighteen (69%) events occurred at rest, 19 (11%) during sleep and only 17 
(10%) during exercise. No information was available regarding the circumstances at time 
of cardiovascular collapse in 17 (10%) patients. Autopsy reports were available for 38 SCD 
cases (22%) and showed known clinical cardiac defects only, with no other explanation for 
sudden death than a fatal arrhythmia. Rhythm documentation at the time of event was 
available for 37 patients (22%) and showed VF in 23 (62%), VT in 4 (11%), combined VT/
VF in 4 (11%), supraventricular tachycardia (SVT) in 3 (8%) and bradyarrhythmia in 3 (8%) 
patients. 

Characteristics of Sudden Cardiac Deaths versus Controls

The underlying cardiac lesions were mild, moderate and severe CHD in 12%, 33% and 55% 
of the SCDs, respectively. The more specific underlying cardiac defects of the 171 SCDs are 
shown in Figure 1. Characteristics of SCD cases versus controls are summarized in Table 
1. For 165 SCDs, 310 suitable control patients were identified. For 20 SCDs we were able 
to find only one control patient and for six SCDs none.  These 6 SCDs were excluded from 
further analyses. SCDs were more often in a worse functional class (24% vs 5%, P<0.005) 
than controls and subsequently more likely to be using heart failure drugs (42% vs 14%, 
P<0.001). Both SVTs (40% vs 25%, P=0.001) and nonsustained VT (NSVT, 15% versus 9%, 
P=0.032) occurred more frequently in SCDs compared to controls and anti-arrhythmic 
medication was also used more frequently (24% vs 12%, P=0.001).  Amiodarone was the 

Figure 1.  Cardiac Defects in 171 Sudden Cardiac Death Cases.  Abbreviations: (cc) TGA, 
(congenitally corrected) Transposition of Great Arteries; TOF, tetralogy of Fallot. 
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most frequently prescribed drug for SCDs (65%), followed by sotalol (20%). In contrast, 
controls used sotalol (46%) more frequently than amiodarone (38%). Table 2 shows the 
clinical parameters of the SCDs and controls. 

Clinical Parameters Associated with Sudden Arrhythmic Death 

Univariate and multivariate analysis are summarized in Table 3. Clinical parameters asso-
ciated with SCD  in multivariate analysis were documented SVTs (OR 3.5, 95% CI 1.5-7.9, 

Table 1. Characteristics of Sudden Cardiac Deaths and Controls

Variable Cases (n=165) Controls (n=310) P Value

Medical History n (%)

  Male 106 (64) 195 (63) 0.773

  Mean age 36±15 37±14 0.480

  Documented CAD 9 (5) 5 (2) 0.018

  Non cardiac diseases 47 (28) 86 (28) 0.864

  Syndrome as cause of defect 11 (7) 18 (6) 0.709

  NYHA functional class III 40 (24) 17 (5) <0.001

Symptoms during last outpatient visit n (%)

  Heart failure symptoms 62 (38) 42 (14) <0.001

  Arrhythmic symptoms 28 (17) 35 (11) 0.082

Documented Arrhythmias n (%)

    SVT 66 (40) 77 (25) 0.001

       AF/AFL 57 (35) 58 (19) <0.001

    Ventricular arrhythmias 29 (18) 30 (10) 0.013

      Sustained VT/VF 5 (3) 3 (1) 0.096

      NSVT 25 (15) 27 (9) 0.032

    Bradyarrhythmias 23 (14) 33 (11) 0.289

Arrhythmia Treatment n (%)

    Cardiac Medication 115 (70) 180 (58) 0.013

      Anti-arrhythmic drugs 40 (24) 37 (12) 0.001

      Heart failure drugs 69 (42) 44 (14) <0.001

    Pacemaker Implantation 34 (21) 50 (16) 0.111

    AICD 2 (1) 6 (2) 0.560

    Ablation of Arrhythmia 5 (3) 12 (4) 0.639

Abbreviations: CAD, coronary artery disease; NYHA, new york heart association; SVT, 
supraventricular tachycardia; AF, atrial fibrillation; AFL, atrial flutter; VT, ventricular tachycardia; 
VF; ventricular fibrillation; NSVT, nonsustained ventricular tachycardia; VT, ventricular 
tachycardia; AICD, automated implantable cardioverter-defibrillator
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Table 2. Results of Clinical Data in Sudden Cardiac Deaths and Controls 
Variable Cases (n=165) Controls (n=310) P value
ECG available n (%) 150 (91) 305 (98)
   Baseline rhythm non-sinus 46 (31) 58 (19) 0.005
   Ventricular paced rhythm 25 (17) 39 (13) 0.257
   Mean QRS duration (ms)ª 129±30 114±25 <0.001
   QRS duration≥140 msª 39 (26) 48 (15) 0.002
   QT intervalª 385±60 390±44 0.429
   QTc intervalª 427±63 417±42 0.074
   QTdispersionª 70±26 54±20 <0.001
Echocardiography available n (%) 157 (95) 305 (98)
   Moderate to severe ventricular dysfunction
     Systemic ventricle 56 (36) 42 (14) <0.001
     Subpulmonic ventricle 31 (20) 19 (6) <0.001
  Dilated Systemic ventricle 56 (36) 69 (23) 0.003
  Dilated Subpulmonic ventricle 58 (37) 91 (30) 0.070
  RVOT obstruction≥ moderate 8 (5) 20 (7) 0.701
  PR≥ moderate 29 (18) 38 (12) 0.082
  PAVR≥ moderate 52 (33) 68 (22) 0.042
  LVOT obstruction≥ moderate 17 (11) 15 (5) 0.020
  AR≥ moderate 18 (11) 20 (7) 0.069
  SAVR≥ moderate 34 (22) 44 (14) 0.033
24h-Holter available n (%) 71 (43) 122 (39)
  Documented arrhythmias 55 (77) 68 (56) 0.002
     Mean number of PVC 1395±3345 1121±7376 0.781
     Ventricular arrhythmias 23 (32) 23 (19) 0.033
     SVT 27 (38) 38 (31) 0.329
     Pauses 6 (8) 15 (12) 0.408
Exercise Tests available n (%) 54 (33) 146 (47)
   Arrhythmia during exercise 15 (28) 8 (5) <0.001
     Ventricular arrhythmias 11 (20) 3 (2) <0.001
     SVT 3 (6) 2 (1) 0.092
     Onset of Second or third degree AV- block 1 (2) 3 (2) 0.927
X-Ray available n (%) 139 (84) 234 (75)
    CTR>0.05 107 (77) 111 (47) <0.001
    Pulmonary edema 19 (14) 6 (3) <0.001
Lab available n (%) 121 (73) 252 (81)
    Creatinine (μmol/L) 98±44 80±25 <0.001
Abbreviations: RVOT, right ventricular outflow tract; PR, pulmonary valve regurgitation; PAVR, 
subpulmonary atrioventricular valve regurgitation; LVOT, left ventricular outflow tract; AR 
aortic valve regurgitation; SAVR, systemic atrioventricular valve regurgitation; PVC, premature 
ventricular beats; SVT, supraventricular tachycardia; CTR, cardiothoracic ratio ªExcluding patients 
with ventricular paced rhythm



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Sudden cardiac death in adult congenital heart disease

97

5

Table 3.  Clinical Variables Associated with Sudden Cardiac Death in Univariate and Multivariate 
Analysis in 165 SCD cases and 310 matched controls 

 Univariate Analysis Multivariate Analysis 
Variable OR 95% CI P value OR 95% CI P value
Baseline Charecteristics
  Documented CAD 6.4 1.34-30.83 0.020
  Heart failure symptoms 4.2 2.54-6.90 <0.001
  Arrhythmic symptoms 1.6 0.95-2.86 0.075
  SVT 2.5 1.50-4.02 <0.001 3.5 1.50-7.95 0.004
  NSVT 2.0 1.09-3.66 0.025
  Heart failure drugs 5.6 3.24-9.66 <0.001
  Anti-arrhythmic drugs 2.5 1.44-4.44 0.001
Electrocardiogram
  Basal heart rhythm nonsinus 4.1 1.90-8.98 <0.001
  QRS duration (per 10 ms increase) 1.34 1.22-1.48 <0.001 1.22 1.10-1.34 0.008
  QRS duration≥140 ms 4.1 1.44-11.53 0.008
  QT interval 0.99 0.99-1.00 0.345
  QTc interval 1.00 0.99-1.01 0.108
  QT dispersion (per 10 ms increase) 1.34 1.22-1.63 <0.001 1.22 1.10-1.48 0.008
Echocardiography
  Moderately to severely impaired SVF 6.3 3.21-12.23 <0.001 3.4 1.10-10.43 0.034
  Moderately to severely impaired PVF 5.5 2.50-12.31 <0.001 3.4 1.06-10.18 0.030
  Dilated systemic ventricle 2.7 1.54-4.63 <0.001
  Dilated pulmonary ventricle 2.0 1.13-3.42 0.016
  Severe SAVR 3.4 1.15-9.99 0.027
  Severe LVOT obstruction 10.7 1.30-88.85 0.028
Holter Findings
  Documented Arrhythmias 3.3 1.19-8.99 0.021
     Ventricular arrhythmias 2.4 0.94-6.05 0.067
     SVT 1.3 0.56-3.16 0.512
Exercise Test
  Induced arrhyhmias 6.6 1.43-30.21 0.016
     Ventricular arrhythmias 4.8 1.00-23.24 0.049
Abbreviations: CAD, coronary artery disease; SVT, supraventricular tachycardia; NSVT, 
nonsustained ventricular tachycardia; SVF,systemic ventricular function; PVF, subpulmonary 
ventricular function; SAVR, systemic atrioventricular valve regurgitation; LVOT, left ventricular 
outflow tract
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P=0.004), QRS duration (OR 1.34, (per 10 ms increase) 95% CI 1.10-1.34, P=0.008), QT 
dispersion (OR 1.22, (per 10 ms increase) 95%, CI 1.22-1.48, P=0.008), moderately to se-
verely impaired systemic ventricular function (SVF, OR 3.4, 95% CI 1.1-10.4, P=0.034) and 
moderately to severely impaired subpulmonary ventricular function (PVF, OR 3.4, 95% 
CI 1.1-10.2, P=0.030). Neither heart failure symptoms or worse NHYA functional class, 
nor documented ventricular arrhythmias and anti-arrhythmic medication altered the risk 
of SCD.  Cardiac surgery and subsequently ventriculotomy with myocardial scar was not 
found as a specific risk factor for SCD as this was a matching criteria for controls. 

SVTs were more common in the SCDs before death than in controls. SVT was documented 
during CPR in 3 patients. Patient 1 had repaired TOF, accessory pathway and atrial tachy-
cardia and used propefanone for his arrhythmias. This patient also showed pauses>2.1 
seconds during Holter monitoring but did not have any protection for bradycardia.  Pa-
tient 2 had a univentricular heart, documented NSVTs and SVTs but used only digoxine 
as arrhythmia management. Patient 3 had also a univentricular heart but without docu-
mented arrhythmias or anti-arrhythmic medication usage in history. Given these data, 
we are not able to draw any firm conclusions with respect to drugs used to control SVT 
resulting in unprotected bradycardia leading to VT or VF or ischemia and SCD.

Figure 2A depicts the QRS duration and Figure 2B the QT dispersion in individual SCD cases 
and controls (ventricular pacing excluded). Mean QRS duration was significantly longer in 
SCDs compared with controls (129±30ms vs 114±25ms, P=0.001). A complete right bundle 
branch block was present in 34% versus 23% of SCDs and controls respectively. Even when 
these patients were eliminated from the analysis, mean QRS duration was still signifi-
cantly increased in SCDs compared to controls (P=0.007). A complete left bundle branch 
block was rare in SCDs and controls (4% vs 1%). In patients with ventricular paced rhythms 
(25 SCDs and 39 controls) the mean QRS duration in SCDs (177±29) and controls (188±34) 
was not significantly different (P=0.161). QT dispersion was increased (≥70ms) in 50% of 
SCDs and only in 16% of controls (P<0.001). Figure 3 and 4 show that mean QRS duration 
and QT dispersion were greater in SCDs compared to controls regardless of ventricular 
function. 

We also analyzed the patients with proven SCD (n=37) and presumed (n=128) SCD sepa-
rately. The determinants for SCD were the same in proven and presumed SCDs.

Clinical Parameters Associated with Sudden Arrhythmic Death Among Various Congenital 
Heart Disease Conditions

Table 4 summarizes the statistically significant factors associated with SCD among the 
various cardiac conditions in univariate analysis. 24h-Holter monitoring and exercise test 
results of which the majority was performed in TOF and (cc) TGA patients were not associ-
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ated with the risk of SCD. Figure 5 shows the age at time of death according to underly-
ing cardiac defects. Overall, 33 SCD cases (58% male) had Eisenmenger syndrome. Eisen-
menger syndrome resulted predominantly from septal defects (58%) and univentricular 
heart physiology (27%).  

The underlying cardiac defects were complete transposition of the great arteries (TGA) in 
18 SCDs (70% male) and congenitally corrected- TGA (cc-TGA) in 12 patients. Fifteen of the 
18 complete TGA patients (83%) were treated with Mustard or Senning repair, two with 
an arterial switch procedure (11%) and one with a Rastelli procedure (1%). Seven of the 
18 complete TGA patients (39%) also had repaired VSD. Nine of the 12 cc-TGA patients 
(75%) had associated cardiac defects (7 VSD and pulmonary stenosis and 2 Ebstein-like 
malformation of tricuspid valve). Of these, six patients were treated with VSD closure and 
five also with a left ventricular to pulmonary artery conduit. After surgical repair 27 of the 
30 SCDs with complete TGA or cc-TGA had (90%) had a systemic right ventricle. 

Overall, 26 patients with SCD (69% male) had surgically repaired TOF of whom 12 has had 
a previous palliative shunt (46%). Surgical repair took place at mean age of 12±14 y and 
pulmonary valve replacement with a homograft was performed in 31% of the patients 
during follow-up. Four out of 26 TOF patients had complete AV block requiring permanent 

Figure 2. A, QRS duration in Sudden Cardiac Deaths (n=125) and Controls (n=266). B, QT 
dispersion in Sudden Cardiac Deaths (n=123) and Controls (n=195).
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Figure 3. A, Mean QRS duration in sudden cardiac deaths (n=124) vs controls (n=266) according 
to systemic ventricular function. Ventricular paced rhythms excluded. B, Mean QRS duration in 
sudden cardiac deaths (n=125) vs controls (n=237) according to subpulmonary ventricular function. 
Ventricular paced rhythms excluded.
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Figure 4. A, Mean QT dispersion in sudden cardiac deaths (n=125) vs controls (n=191) according 
to systemic ventricular function. Ventricular paced rhythms excluded. 4,  Mean QT dispersion in 
sudden cardiac deaths (n=124) vs controls (n=175) according to subpulmonary ventricular function. 
Ventricular paced rhythms excluded.
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pacemakers in the late post-operative period. A history of complete AV block was not as-
sociated with the risk of SCD (P=0.439).

Left sided outflow tract lesions were present in 21 SCDs. These included isolated aortic 
valve stenosis (AS, n=9, mean age 33±8 y), isolated bicuspid aortic valve (BAV, n=5, mean 
age 46±23 y) and coarctation of the aorta (CoA, n=7, mean age 35±18 y). All CoA were 
complex; five had BAV and two VSD. Overall, 18 of 21 patients had undergone surgery for 
severe AS. The incidence of moderate to severe AS was similar for SCDs and controls. In 
this subgroup no clinical variables associated with SCD were found. 

Nineteen SCDs (11%) had septal defects including atrial septal defect (ASD, n=8), ven-
tricular septal defect (VSD, n=9) and atrioventricular septal defect (AVSD, n=2). Thirteen 
patients had surgical closure and four patients percutaneous closure of the defect. Only 
two patients (1 ASD, 1 VSD) were untreated as their shunt was not hemodynamically rel-
evant. Patients with ASD were older (mean age 60±21 y) than patients with a VSD or AVSD 
(mean age 29±8 y) and two of them had documented coronary artery disease. Postopera-

Figure 5. Age at time of death among several cardiac defects. Abbreviations: (cc) TGA: (congenitally 
corrected) transposition of great arteries, TOF: tetralogy of Fallot
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tive atrio-ventricular block was present in three SCD cases and was not associated with 
SCD. Moderately to severely impaired SVF and PVF was present in 18% and 1% of SCDs 
and controls, respectively.  

Overall, 25 SCD cases had a cyanotic cardiac condition without Eisenmenger physiology 
of which seven were palliated with a Fontan procedure (4%, 86% male). There was no sig-
nificant difference in baseline characteristics, and clinical parameters between SCDs and 
controls with a Fontan procedure. Of the remaining 18 cyanotic SCDs (11%, 61% female) 
seven were palliated with an aortapulmonary shunt and three with a bidirectional cavo-
pulmonary anastomosis.  

DISCUSSION
To the best of our knowledge this is the largest international study investigating the cir-
cumstances of SCD in adults with CHD. This study defines clinical parameters associated 
with SCD in a large cohort of adults with CHD and among various cardiac defects.  The 
majority of patients was male and died suddenly at rest, only 10% died during active 
physical exertion. The rhythm most often recorded at time of sudden cardiac arrest was 
VF. Not only adults with severe cardiac conditions were at risk of SCD but also adults 
with less complex CHD such as septal defects and left ventricular outflow tract obstruc-
tion. Clinical parameters independently associated with SCD were documented prior SVTs 
(predominantly atrial flutter or fibrillation), increased QRS duration, QT dispersion and 
moderately to severely impaired systolic function of the systemic and/or subpulmonic 
ventricle. The clinical variables associated with SCD differed among the various underlying 
cardiac defects.

ventricular Dysfunction 

The relationship between left ventricular systolic dysfunction and death due to heart 
failure and ventricular arrhythmias in patients with ischemic heart disease is well estab-
lished.22, 23 This study shows that systemic ventricular dysfunction is associated with SCD 
in a general CHD population, particularly in adults with (cc) TGA, cyanotic patients with or 
without Eisenmenger physiology and surgically repaired TOF patients. Published results of 
the predictive value of systemic ventricular dysfunction in repaired TGA are conflicting.24, 

25 In the present study impaired systolic function of the systemic and subpulmonic ven-
tricle were associated with SCD in Eisenmenger syndrome patients and surgically repaired 
TOF patients. In one of the largest cohorts of Eisenmenger syndrome (n=171) impaired 
ventricular function, neither systemic nor subpulmonic, was predictive of death. In that 
study 20 patients died of whom 11 suddenly.26 The association of impaired systolic func-
tion of the systemic and subpulmonic ventricle with SCD has been described earlier in 
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TOF patients.14  Left ventricular dysfunction in TOF may in part be explained by older age 
at repair with longer periods of volume overload and chronic hypoxemia, right ventricular 
dysfunction leading to left ventricular dysfunction and regurgitation of the aortic or mitral 
valve.  However, further studies are needed to identify the exact mechanism of LV dys-
function in these patients.

In this study none of the SCDs with moderately to severely impaired systemic ventricular 
function who may have been considered at “high risk” of SCD received an ICD for primary 
prevention of SCD. This may in part be attributable to the era in which these deaths oc-
curred. Secondary ICD prophylaxis for SCD via the transvenous route has been available 
since the mid-90’s and the benefit of primary prophylaxis for SCD was appreciated with 
the publication of MADIT4 and SCD-Heft27 over the past decade. The lack of evidence based 
criteria for prophylactic ICD implantation in CHD may in part explain the conservative ap-
proach to ICD implantation in more recent years. Left ventricular ejection fraction below 
35% is a powerful prognostic factor and indication for ICD therapy in adults with ischemic 
and dilated cardiomyopathy. In CHD, the right ventricle is often impaired and might create 
an arrhythmogenic substrate. In this study, left or right ventricular dysfunction was associ-
ated with an at least three-fold increased risk of SCD. Therefore, ICD therapy should be 
considered in adults with CHD and an at least moderately impaired ventricular function 
after elimination of reversible causes of ventricular dysfunction. 

In this study one fifth of the SCD cases had pacemaker implantation for complete AV 
block. Chronic right ventricular pacing may contribute to left ventricular dysfunction. One 
might speculate that biventricular pacing may improve ventricular function and prevent 
SCD in CHD. 

QrS duration and Qt dispersion  

Increased QRS duration is associated with an increased risk of all cause mortality and SCD 
in patients with ischemic cardiomyopathy.28 In adults with CHD, an association between 
QRS duration and SCD was reported in TOF, TGA and Eisenmenger syndrome.12, 13, 26 While 
QRS duration was significantly increased in SCDs, we were not able to demonstrate an as-
sociation between QRS duration and SCD in TOF and TGA which might be explained by the 
low number of SCDs in these subgroups. 

In healthy control subjects, QT dispersion ranges from 10 to 70ms. However, overlap in 
values between healthy controls and cardiac patients or between patients with and with-
out adverse outcome have been reported.29 Prognostic information on QT dispersion in 
CHD is limited.30 In this study increased QT dispersion was associated with SCD and was 
above the upper normal limit in 50% of SCD cases. The QT dispersion was within the nor-
mal range in the majority of controls (84%). 
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Documented arrhythmias

In the present study atrial flutter or fibrillation was associated with SCD, especially in TGA 
and TOF. This association has been described earlier in patients with TGA but not in TOF.13 
Further studies are needed to clarify whether atrial tachyarrhythmias are a surrogate 
marker for SCD or a consequence of ventricular dysfunction. Documented NSVT’s were 
uncommon in SCD cases (18%) and not associated with SCD. Anti-arrhythmic drugs were 
used more often by the SCDs than controls as arrhythmias were more often present in 
SCDs. One might speculate that lack of back-up pacing in these patients might have been 
a contributing factor with bradycardia- induced ventricular arrhythmias leading to SCD.

Sudden Arrhythmic Death in Septal Defects

While repaired septal defects are considered benign and ventricular arrhythmias or SCD have 
been reported as uncommon31, in the present cohort 11% of SCD cases had septal defects 
(89% were closed). The few untreated septal defects were not hemodynamically relevant. 
Patients with ASD repair were older and potentially coronary artery disease rather than CHD 
might have been the cause of SCD. Almost half of the SCD cases with VSD/AVSD had pace-
maker insertion for complete AV block and the remaining had associated cardiac anomalies.

Study Limitation

This study has limitations inherent to any retrospective study. Data collection was limited 
to data in medical records. Rhythm documentation at the time of event or autopsy re-
ports was not available for all SCDs and thus it is not possible to ascertain that their death 
were solely arrhythmic in nature. On the other hand, the actual incidence of SCD might 
have been underestimated because of the strict definitions applied in this study. Data 
on syncope lacked in majority of the SCD cases and could therefore not be used for risk 
stratification.  Patients were retrieved from 3 databases with different inclusion periods 
which precluded determination of the annual incidence rate of SCD in the general CHD 
population.  Moreover, the prognosis of patients and thus the incidence of SCD might 
have been influenced by changes in treatment recommendations during the study period. 
Assessment of ventricular function may be challenging in CHD due to abnormal ventricu-
lar geometry. Cardiac magnetic resonance imaging (cMRI) is more accurate in measuring 
EF in some cardiac lesions (e.g. systemic right ventricle). Unfortunately in this study quan-
tification of ventricular EF by cardiac MRI was frequently lacking, in which case qualitative 
data were used. Furthermore, a cut-off value for pulmonary arterial blood pressure to de-
fine Eisenmenger syndrome was not used in this study. The number of patients among the 
various cardiac defects was small and therefore multivariate analyses were not performed 
for these subgroups.  A prospective analysis of the risk factors reported here would princi-
pally be preferable but is extremely difficult to achieve due the low incidence of SCD and 
the heterogeneity within the CHD population. 
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Conclusion and clinical implications

We have identified several clinical parameters associated with SCD in adults with a broad 
spectrum of CHD including systemic right ventricles. These parameters may be helpful 
for identifying high risk patients and may guide clinicians in their treatment strategy. The 
identified clinical parameters are similar to the risk factors for SCD in ischemic cardio-
myopathy and include documented SVTs, impaired ventricular function, increased QRS 
duration and prolonged QT dispersion. It is important to be aware that SCD occurs at a 
relatively young age in CHD. The treating cardiologist should focus on preserving ven-
tricular function as a means of reducing the risk of SCD. Reversible causes of ventricular 
dysfunction should also be treated at a young age. While patients with repaired cyanotic 
and left-sided outflow lesions have previously been identified as at risk for SCD, this study 
reveals that a broader spectrum of adults with CHD, even those with cardiac lesions tradi-
tionally considered ‘mild’, are potentially at risk of SCD. This highlights the need for further 
prospective studies as well as vigilant ongoing follow-up of the adult with CHD.

ClINICAl PERSPECTIVE
Sudden cardiac death (SCD) is a major cause of mortality in adults with congenital heart 
disease (CHD). As this population ages, the population at risk and the risk factors associ-
ated with SCD may be changing.  Therefore, we conducted a multicenter case-controlled 
study to determine the adult CHD population at risk of SCD and the clinical parameters 
associated with SCD. From three databases including 25790 adults with CHD, 1189 deaths 
(5%) were identified, of which 213 (19%) patients died suddenly. The cause of sudden 
death was proven or presumed arrhythmia in 171 of 1189 patients (14%, 64% male, mean 
age 36±15 years). Most cases of SCD occurred at rest (69%) or during sleep (11%). The 
underlying cardiac lesions were mild, moderate and severe CHD in 12%, 33% and 55% of 
the SCD cases, respectively. We have identified several clinical parameters associated with 
SCD in adults with CHD that may be helpful in identifying high risk patients and may guide 
clinicians in their treatment strategy. The identified clinical parameters are similar to the 
risk factors for SCD in ischemic cardiomyopathy and include documented SVTs, impaired 
ventricular function, prolonged QRS duration and increased QT dispersion. While patients 
with repaired cyanotic and left-sided outflow tract lesions have previously been identified 
as at risk for SCD, this study reveals that a broader spectrum of adults with CHD, even 
those with cardiac lesions traditionally considered ‘mild’, are potentially at risk of SCD. 
This highlights the need for further prospective studies as well as vigilant ongoing follow-
up of the adult with CHD.
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ABSTRACT

Aims 

Sudden cardiac death (SCD) is a major cause of mortality in adults with congenital heart 
disease (CHD). Several risk factors for SCD including conduction disturbances and ven-
tricular dysfunction have been described previously. However, ECG and echocardiographic 
parameters may change over time and the predictive value of such temporal changes, 
rather than their point estimates, for SCD remains unknown.

Methods 

This was a retrospective case-control study in adults with CHD and proven or presumed 
SCD and matched controls. Data was obtained from 3 databases including 25. 000 adults 
with CHD. Sequential measurements were performed on electrocardiograms and echo-
cardiograms. Ventricular function was assessed by echocardiography and graded on a four 
point ordinal scale: 1=normal (EF ≥50%), 2=mildly impaired (EF 40-49%), 3=moderately 
impaired (EF 30-39%) and 4=severely impaired (EF<30%). 

Results 

Overall, 131 SCDs (mean age 36±14 years, 67% male) and 260 controls (mean age 37±13 
years, 63% male) were included. At baseline median QRS duration was 108ms (range 58-
168ms) in SCDs and 97ms (range 50-168ms) in controls and increased over time at a rate 
of 1.6±0.5 ms/year vs 0.5±0.2 ms/year in SCDs and controls, respectively (P=0.011). QT 
dispersion at baseline was 61ms (range 31-168ms) in SCDs and 50ms (range 21-129ms) 
in controls. QT dispersion increased at a rate of 1.1±0.4 ms/ year in SCD victims and de-
creased at a rate of 0.2±0.2 ms/year in controls (P=0.004). Increase of QRS duration ≥5ms 
per year was associated with an increased risk of SCD (OR 1.9, CI 1.1-3.3, P=0.013). Change 
from any baseline systemic ventricular function (normal, mild or moderately impaired) to 
severe ventricular dysfunction over time was associated with the highest risk of SCD (OR 
16.9, 95% CI 1.8-120.1, P=0.008).

Conclusion 

In adults with CHD, QRS duration and ventricular dysfunction progress over time. Progres-
sion of QRS duration and the rate of impairment of ventricular function served to identify 
those at increased risk of SCD. 
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INTRODUCTION
Sudden cardiac death (SCD) is a major cause of mortality in adults with congenital heart 
disease (CHD).1-4 Potential risk factors for SCD in adults with CHD include functional sta-
tus, prior arrhythmias, surgical characteristics, hemodynamic and electrocardiographic 
parameters. Measurements of these parameters at a single time point are valuable in 
predicting SCD.5-11 However, these parameters are known to vary considerably during the 
course of disease and treatment. Changes in these parameters over time rather than their 
absolute value may have prognostic importance. In patients with acquired heart disease 
and heart failure, increase in QRS duration over time has been associated with increased 
mortality, emphasizing that death may be predicted by looking carefully at the nature of 
changes in several clinical parameters rather than at their absolute value.12 Insight into 
time dependent changes in functional parameters is relevant as it may serve to identify 
patients at risk for this devastating event. We have recently published a case-control that 
showed that several clinical parameters were associated with SCD in adults with CHD. 
These clinical parameters included documented prior supraventricular tachycardias, in-
creased QRS duration, prolonged QT dispersion and moderately to severely impaired sys-
tolic function of the systemic and/or subpulmonary ventricle.5

The purpose of the current study was to investigate whether changes over time in elec-
trocardiographic and echocardiographic parameters may enhance prediction of SCD. Our 
hypothesis was that patients with SCD could be discriminated from controls by the course 
of these changed parameters, long before the occurrence of SCD. 

METhODS

Study population

Cases and controls were recruited from the CONCOR (CONgenital CORvitia) database, the 
Toronto Congenital Cardiac Centre for Adults, and the University Hospital Leuven. These 
three large databases contained >25.000 adults with CHD. A case-control study on adults 
with CHD and SCD has been published previously.5 Patients who died suddenly due to an 
arrhythmia were included (cases). For each case, two controls matched on CHD diagnosis, 
type of surgical intervention, date of surgical intervention, age and gender were included. 
Control subjects were randomly selected from a list of potential candidates fulfilling the 
matching criteria. Clinical data of these subjects were collected afterwards. In this study, 
all patients with SCD and controls with more than one ECG or echocardiogram were in-
cluded. At least two sequential ECGs and or echocardiograms were available in 131 out of 
the 171 SCD cases (77%) and 260 out of the 310 matched controls (84%). 
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Definitions

SCD is historically defined as 1) death due to cardiovascular causes within one hour of 
onset or significant worsening of the symptoms or 2) unwitnessed death during sleep. 
In this study, SCD included 1) proven or documented arrhythmic death (instantaneous 
death with documented ventricular fibrillation (VF) or ventricular tachycardia (VT)), 2) 
arrhythmic death by exclusion (instantaneous death or circumstances compatible with 
SCD, without severe disease that would lead to death soon and in the absence of a non-
arrhythmic cause of death at autopsy) and 3) arrhythmic death by default (abrupt loss of 
consciousness and disappearance of pulse but no further data).13

ECG Measurements

Rhythm RR interval, QRS duration, QT interval and QT dispersion were analyzed manually 
from all leads of the standard (25mm/s and 1mV/cm) 12-lead ECGs. For the QRS duration 
mean value was used, the QT dispersion was the maximum QT interval minus minimum 
QT interval. Investigators examining the ECGs were blinded to case status. Ventricular 
paced rhythms were excluded from analysis. Investigators examining the ECGs were blind-
ed to case status. Complete left bundle branch block (LBBB) was defined as QRS duration 
≥120 ms, rS, or QS pattern in lead V1, wide slurred R wave in I, aVL, and V6, and T-wave 
inversion in leftward leads. Complete right bundle branch block (RBBB) was defined as 
QRS duration ≥120 ms, qRS or qrS in I and V6, rsR′ or qR in V1, and ST depression and T 
inversion in right precordial and limb leads with ST-T vectors discordant to terminal mean 
QRS spatial vector.

Echocardiograms

Ventricular function was assessed qualitatively by two-dimensional echocardiography 
and was graded in a four point ordinal scale: 1= normal (ejection fraction (EF) ≥50%), 
2= mildly impaired (EF 40-49%), 3= moderately impaired (EF 30-39%) and 4= severely 
impaired (EF<30%). Since in CHD, the aorta does not always arise from the morphological 
left ventricle, we classified the ventricles as systemic and subpulmonary throughout the 
manuscript instead of left and right ventricle.  

Temporal Analysis of Data

All data were plotted backward in time and organized in the following time frames: within 
one year of last follow-up or SCD (t 0), 1-2 years (t-1 ), 3-4 years (t-2), 5-6 years (t-3), 7-8 
years (t-4), ≥9 years (t-5) from last follow-up, respectively. 
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Statistical analysis

Data analyses were performed with SPSS software for Windows (19.0 for Windows; SPSS 
Inc., Chicago. Illiois, US). For all analyses two tailed probability values <0.05 were con-
sidered statistically significant. Descriptive statistics for nominal data were expressed in 
absolute numbers and percentages. After confirming normality, mean values and standard 
errors were calculated for normally distributed continuous variables. When comparing 
frequencies and means, the 2-test and Student’s t-test was used, respectively. 

Changes of electrocardiographic and echocardiographic data over time were investigat-
ed using mixed linear models, taking into account sequential data of each patient (see 
supplemental figures). To identify changes over time which may be associated with SCD, 
logistic regression analysis was used. Results were reported in odds ratios (OR) with 95% 
confidence intervals (CI). 

RESUlTS

Characteristics of the Study population

In the three databases including more than 25.000 adults with CHD, 171 patients died 
suddenly and were matched to 310 living controls.5 Hundred and thirty-one out of 171 
SCD cases (77%) and 260 out of 310 matched controls (84%) had more than 1 ECG and/
or transthoracic echocardiogram. For 2 SCDs we were able to find only 1 control patient. 
These patients were included in this study. Clinical characteristics including the main car-
diac diagnosis for SCD cases and controls are summarized in Table 1.  The mean follow-up 
duration was 7±5 years.

Electrocardiographic Parameters

Overall, from 120 out of 131 SCD cases (92%) and 242 out of the 260 controls (93%) had 
sequential ECGs were available. Figure 1 shows changes in median QRS duration and QT 
dispersion in SCD cases and controls over time. At earliest ECG median QRS duration was 
108ms (range 58-168ms) versus 97ms (range 50-168ms) and QT dispersion 61ms (range 
31-168ms) versus 50ms (range 21-129ms) in SCD and controls, respectively. Shortly be-
fore SCD, median QRS duration and QT dispersion cross the upper limit of normal value in 
SCD cases but not in controls. QT dispersion increased significantly over time in SCD cases 
but decreased in controls: 1.1±0.4 ms/ year in SCD cases versus -0.2±0.2 ms/year in con-
trols (P=0.004, see supplemental Figure 2). There was no significant association between 
the magnitude of changes in QT dispersion over time and the risk of SCD. 

At the last ECG available, median QRS duration was 122ms (range 79-251ms) ms versus 
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108 (range 57-197ms) (P<0.001) and median QT dispersion 71ms (range 17-193ms) versus 
54ms (range 13-136ms, P<0.001) for the SCD cases and controls, respectively.

In both SCD cases and controls, QRS duration increased significantly over time: 1.6±0.5 
ms/year in SCD cases and 0.5±0.2 ms/year in controls (P=0.011, see supplemental Figure 
1). The relation between the magnitude of change in QRS duration per year and the risk 
of SCD is shown in Figure 2. Increase of QRS duration≥5ms per year was associated with 
a nearly twofold (OR 1.9, CI 1.1-3.3, P=0.013), and increase of QRS duration≥10ms per 
year with a nearly threefold higher risk of SCD (OR 2.8, CI 1.6-5.0, P<0.001). The risk of 
SCD was reduced by 30% and 80% when QRS duration decreased ≥5ms and ≥10ms per 
year, respectively. Overall, increase in QRS duration ≥5ms/year was present in 42% of 
SCDs versus 25% of controls with sequential ECGs (P=0.013). This increase in QRS duration 
was significantly more frequent observed in Eisenmenger syndrome (44% of SCDS vs 21% 
of controls, P=0.050) and closed septal defects (42% of SCDs vs 5% of controls, P=0.001) 
compared to other lesions.

Increase in PR interval was 0.4±0.6ms/year in SCD cases and 0.2±0.4ms/year in controls 

Table 1. Charecteristics of SCD cases and Controls with sequential ECGs or Echocardiograms 

Variable Cases (n=131) Controls (n=260)

Male n (%) 88 (67) 165 (63)
Mean age at last follow-up 36±14 37±13
Main cardiac diagnosis n (%)
  Cyanotic Eisenmenger Syndrome 29 (22) 44 (17)
  (cc) TGA 21 (16) 50 (19)
  Repaired TOF 20 (15) 40 (15)
  Left Sided Outflow Lesions 17 (13) 35 (13)
  Closed Septal Defects 15 (11) 26 (10)
    VSD 7 (5) 12 (5)
    ASD 6 (5) 11 (4)
    AVSD 2 (2) 3 (1)
  Cyanotic Non-Eisenmenger 15 (11) 29 (11)
  Fontan Circulation 6 (5) 21 (8)
  Ebstein Anomaly 3 (2) 9 (3)
  Other 3 (2) 2 (1)
Sequential Electrocardiogram  n (%) 120 (92) 242 (93)

Sequential Echocardiogram  n (%) 81 (62) 201 (77)

Abbreviations: (cc) TGA, (congenitally corrected) transposition of great arteries; TOF, tetralogy 
of Fallot; VSD, ventricular septal defect; ASD, atrial septal defect; AVSD, atrioventricular septal 
defect
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Figure 1B. Changes in mean QT dispersion (ventricular pacing excluded) over years in SCDs and 
controls in serial ECGs.

Figure 1A. Changes in mean QRS duration (ventricular pacing excluded) over years in SCDs and 
controls in serial ECG. Ventricular paced rhythms were present in 25 SCDs and 29 controls and 
excluded from analysis. 
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(P=0.736). QTc interval increased with 1.2±0.6ms/year and 0.3±0.3ms/year in SCD cases 
and controls, respectively (P=0.147). Changes in PR and QTc interval were not significantly 
different over time. 

Bundle branch block and intra-ventricular conduction delay

In the majority of patients with sequential ECGs increase in QRS duration was due to non-
specific intraventricular conduction delay. Twenty-five out of 120 SCD cases (21%) and 22 
out of the 242 controls (9%) had complete RBBB. Complete LBBB was rare, only 3 out of 
the 120 SCD cases (3%) and 6 out of 242 controls (2%) had complete LBBB. During follow-
up new onset of RBBB occurred in 10 patients (5 SCD cases and 5 controls). New onset of 
LBBB occurred only in 2 control patients.

Cardiac surgery had been performed in 44 patients (9 SCD cases and 35 controls) during 
the study period of 7±5 years. The majority of these patients (84%) underwent pulmonary 
or aortic valve replacement. A new and persistent RBBB after cardiac surgery occurred 
only in 2 control patients (1 patient with a pulmonary valve replacement (PVR) with ho-
mograft and aortic valve replacement and 1 patient with isolated PVR with homograft).

Echocardiographic Parameters

Overall, from 81 out of 131 SCD cases (62%) and 201 out of the 260 controls (77%) had se-

Figure 2.  The association of changes in QRS duration per year with the risk of SCD.  
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quential echocardiograms were available. At last follow-up 34% of SCD cases had a mod-
erately to severely impaired SVF versus 14% of controls. PVF was moderately to severely 
impaired in 19% versus 8% of SCDs versus controls. The association of annual changes in 
ventricular function with the risk of SCD is summarized in Table 2.  The risk of SCD was 
higher if systemic ventricular function (SVF) impaired by at least 1 class per year. Impor-
tantly, the risk of SCD increased only if SVF changed from normal or mild dysfunction to 
moderate or severe dysfunction (OR 2.42, 95% CI 1.21-4.84, P=0.012). Change from any 
baseline SVF (normal, mild or moderately impaired) to severe systemic dysfunction was 
associated with the highest risk of SCD (9.9% of SCDs and 0.5% of controls, OR 16.9, 95% 
CI 1.8-120.1, P=0.008). Change from normal to mild systemic dysfunction (OR 0.45, 95% 
CI 0.20-0.99, P=0.050) was not associated with increased risk of SCD. The same results 
were observed for changes in subpulmonary ventricular function (PVF): deterioration of 
any baseline PVF (normal, mild or moderate) to severe subpulmonary dysfunction was 
associated with an increased risk of SCD (4.9% of SCDs and 0.5% of controls, OR 8.2, CI 
0.9-73.7, P=0.027).

Impairment of PVF by at least 1 class per year was associated with a nearly four-fold 
increased risk of SCD.  Deterioration of PVF over time was consistently more frequent in 
SCD cases than controls irrespective of the underlying cardiac lesions.  Impairment of PVF 
was seen in all SCD cases with cyanotic non-Eisenmenger syndrome and 29% of controls 

Table 2. Association of changes in ventricular function per year with the risk of SCD. 

 SCDs (n=81) Controls (n=201) OR 95% CI P
SVF n (%)
  Impairment of SVF 22 (27) 45 (22) 1.3 0.78-2.19 0.035
  Impairment of SVF ≥1 point 11 (14) 10 (5) 3.0 1.30-6.76 0.010

  Unchanged SVF 45 (56) 126 (63) 0.9 0.54-1.36 0.054

  Improvement of SVF 14 (17) 30 (15) 0.8 0.48-1.79 0.826
  Improvement of SVF ≥1 point 4 (5) 12 (6) 0.7 0.22-2.22 0.543

PVF n (%)
  Impairment of PVF 25 (31) 38 (19) 1.7 0.95-3.07 0.075
  Impairment of PVF ≥1 point 10 (12) 7 (3) 3.6 1.30-9.68 0.013

  Unchanged PVF 51 (63) 123 (61) 0.6 0.50-1.45 0.504

  Improvement of PVF 8 (10) 30 (15) 0.5 0.25-1.29 0.176
  Improvement of PVF ≥1 point 3 (4) 7 (3) 0.9 0.25-3.86 0.970
Abbrevations: OR, odds ratio; CI, confidence interval; SVF, systemic ventricular function; PVF, 
subpulmonary ventricular function
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(P=0.011). In other cardiac lesions impairment of PVF occurred in approximately 30% of 
the SCD cases which was more frequent compared to controls, however not significant.

There was no significant correlation between changes in QRS duration and changes in PVF 
or SVF. 

Cardiac surgery had been performed in 32 patients (10 SCDs and 22 controls) with sequen-
tial echocardiograms. Surgery led to improvement of SVF in 3 patients (1 SCD, 2 controls) 
and improvement in PVF in 6 patients (2 SCDs, 4 controls). Deterioration of SVF occurred 
in 15 patients after cardiac surgery (6 SCD cases, 9 controls) and deterioration of PVF oc-
curred in 10 patients (3 SCDs and 7 controls). Exclusion of patients who had undergone 
surgery did not alter the risk of SCD.  

DISCUSSION
In an overall CHD population, we observed an increase in QRS duration and progression 
of ventricular dysfunction over time. Both the rate and the magnitude of these changes 
correlated with an incremental risk of SCD. Shortly before SCD, QRS duration and QT dis-
persion crossed the upper limit of normal values (QRS>120ms, QT dispersion>70ms). In-
crease in QRS duration was especially observed in SCDs with Eisenmenger syndrome and 
closed septal defects. Deterioration of PVF over time occurred significantly more often in 
SCD cases with cyanotic non-Eisenmenger syndrome. Impairment of SVF, although not sig-
nificant, was more frequently seen in SCD cases with Fontan circulation, Eisenmenger syn-
drome, left sided lesions, closed septal defects and cyanotic non-Eisenmenger patients. 

The relation between QRS duration, increased risk of SCD and life-threatening arrhythmias 
has been reported earlier. This relates to a point estimate in time. In patients with prior 
myocardial infarction or medically refractory heart failure, QRS duration is a significant 
and independent predictor of cardiovascular mortality.14 Prolongation of QRS duration 
over time has been shown to be an even  better predictor of survival in elderly patients 
with heart failure.12  However, little is known about prognostic meaning of changes in elec-
trocardiographic parameters over time in the population of adults with CHD. Progressive 
QRS prolongation was observed in a cohort of 35 TOF patients who received transannular 
patches but also in those who received no patch or a pulmonary homograft during long 
term follow-up.15 Another study found that a QRS duration>180ms, either pre-or postop-
eratively, or the lack of a reduction in QRS duration after pulmonary valve replacement 
in TOF was associated with a worse outcome.16, 17 These results are consistent with our 
findings.

In this study, prolongation of QRS duration was predominantly due to non-specific intra-
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ventricular conduction delay. New onset of complete RBBB or LBBB was rare and caused 
by surgical injury in only minority of these patients. These findings suggest that progres-
sive broadening of the QRS complex might be caused by worsening of ventricular func-
tion. This was also the case in control patients. However, increase of QRS duration over 
time was less progressive in these patients. Increase of QRS duration occurred signifi-
cantly more often in SCD cases compared to controls and especially seen in patients with 
Eisenmenger syndrome and closed septal defects. However, the number of patients in 
different subgroups was small. 

Left ventricular dysfunction is one of the most powerful predictors of mortality in various 
acquired heart disease.18 To the best of our knowledge, few data exists on how ventricular 
function changes over time, or how changes from a given baseline may be used to assess 
the subsequent clinical course or predict survival. In congestive heart failure, there are 
conflicting results on changes in left ventricular ejection fraction over time and its effect 
on outcome. 19, 20

Similarly, in adults with CHD a single measurement of systemic or subpulmonary ventricu-
lar dysfunction has been associated with clinical deterioration and increased mortality in 
various studies.5-7, 21 In this study, we found that impairment of systemic or subpulmonary 
ventricular function over time was associated with an increased risk of SCD. Deterioration 
of systemic or subpulmonary ventricular function from normal, mild or moderate dys-
function to severe dysfunction over time was associated with the highest risk of SCD and 
the only clinically relevant finding. However, since the only systemic ventricular change 
associated with a significantly increased risk of SCD was a change from any class to se-
vere, the opportunity to intervene in a meaningful capacity clinically at this stage may be 
limited. Ventricular function might have been influenced during follow-up as a result of 
therapeutic interventions. The magnitude of this effect is unknown but a limited number 
of patients had undergone cardiac surgery and the incidence of surgery was not different 
between SCD cases and controls. This finding indicates that therapeutic intervention of 
SVF is not a causal determinant of mortality due to SCD. 5

Clinical Implications

Apart from the absolute values of the parameters studied, the dynamic changes appear 
equally interesting and may be an overlooked phenomenon in the assessment of SCD 
risk in patients with CHD. Specific attention and documentation of absolute changes in 
electrocardiographic and echocardiographic parameters may be considered in every day 
practice. Further studies are required to investigate whether rapid increase in QRS dura-
tion and QT dispersion and ventricular deterioration justify implantation of an implant-
able cardioverter defibrillator. 
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Study Limitations

This study has limitations inherent to any retrospective study. Data collection was limited 
to data available in medical records. We were not able to retrieve ECGs and echocar-
diograms in all patients during all time frames.  Also, we haven’t assessed inter- and in-
tra- observer variability for the ECG and echocardiographic measurements. Assessment 
of ventricular function may be challenging in CHD due to abnormal ventricular geometry. 
Cardiac magnetic resonance imaging (cMRI) is more accurate in measuring ejection frac-
tion (EF) in some cardiac lesions (e.g. systemic right ventricle). Unfortunately, in this study 
quantification of ventricular EF by cMRI was frequently lacking and therefore qualitative 
data on ventricular function from echocardiograms were used. The use of anti-arrhythmic 
drugs or angiotensin converting enzyme inhibitors during the study period may have influ-
enced QRS duration and ventricular function. In the databases used, comprehensive data 
on medication use at different time frames was frequently incomplete. 

CONClUSION
In the population of adults with CHD, QRS duration and ventricular dysfunction change 
over time in many patients. The rate - as well as magnitude - of increase of the QRS dura-
tion and the rate at which both systemic and subpulmonary ventricular dysfunction dete-
riorate, serve to identify those at  increased risk of SCD, meriting heightened surveillance. 
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SUPPLEMENTARY DATA

Figure 1.  Line plot of QRS duration in ms versus time in years in SCD cases A and controls B. Each 
line represents a patient. For clarification of the figure only one third of the controls are shown 
here. The bold line is the overall trend of the patient-lines and the dotted lines represent the 95% 
prediction interval. The formula of the line for the SCD cases= 125(a) +1.6 (b)*time and for the 
controls= 112(a) +0.5(b)*time. The slope of the regression line is 1.6 ms/year (SE=0.5) and 0.5 ms/
year (SE=0.2) for the SCDs and controls, respectively. This difference is significant (P=0.011)

Figure 2.  Line plot of QT dispersion in ms versus time in years in SCD cases A and controls B. Each 
line represents a patient. For clarification of the figure only one third of the controls are shown 
here. The bold line is the overall trend of the patient-lines and the dotted lines represent the 95% 
prediction interval. The formula of the line for the SCD cases= 75(a) +1.1 (b)*time and for the 
controls= 53(a) -0.2(b)*time. The slope of the regression line is 1.1 ms/year (SE=0.4) and -0.2 ms/
year (SE=0.2) for the SCDs and controls, respectively. This difference is significant (P=0.004).
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ABSTRACT

Background

Sudden cardiac death (SCD) is an important cause of mortality in adults with congenital 
heart disease (CHD) but its absolute risk is unknown. We validated a risk score model for 
SCD that provides an individualized risk estimate among various CHD.

Methods and Findings

The clinical variables associated with SCD were coronary artery disease, heart failure, su-
praventricular tachycardias, impaired ventricular function, QRS duration≥120ms and QT 
dispersion≥70ms. Points were attributed to each variable depending on the B-coefficient 
based on the hazard ratios of the variables for SCD, simplified hazard ratio or by attribu-
tion of one point per variable. A model was constructed in which 1 point was attributed 
to each variable was used and allowed quantitative assessment of SCD risk with a C-index 
of 0.76. The model was validated in 24 SCD victims and matched controls derived from a 
cohort of 3334 adult patients with CHD and showed good discriminating power (C-index 
0.72).

The absolute risk of SCD was then calculated by the number of risk factors present in one 
single patient multiplied by the lesion specific a priori risk of SCD, which resulted in an an-
nual risk of SCD ranging from <1% to >25%. 

Conclusions 

The validation of this risk score model provides the most accurate individualized estimates 
for the probability of SCD in adults with various CHD available to date. This may guide 
clinicians and patients in assessing individual SCD risk and potentially for implantable car-
dioverter defibrillator therapy. 
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INTRODUCTION
Sudden cardiac death (SCD) is a major cause of late mortality (15-26%) in adults with 
congenital heart disease (CHD). [1-4] The anatomic heterogeneity of CHD and the rela-
tively low absolute annual incidence of sudden arrhythmic events among these patients 
make clinical prediction of SCD cumbersome. [5] However, in the general CHD population 
0.09% to 0.26% of patients die suddenly per year which is still manifold higher than in age-
matched controls. The annual incidence of SCD differs among the various types of CHD. [6, 
7] Specifically, occurrence of SCD in CHD has been studied in Tetralogy of Fallot (TOF) and 
Mustard or Senning repair for transposition of the great arteries, and several potential 
risk factors for SCD have been identified. [8-12] However, the predictive value of these risk 
factors in terms of absolute risk of SCD in those candidates remains unclear. Moreover, 
some risk factors may or may not be relevant to different types of CHD due to anatomic 
heterogeneity, variation in both the type and timing of surgical techniques and relative in-
frequency of fatal arrhythmic events. Hence, despite the seemingly low incidence of SCD 
in CHD, quantitative insight in SCD risk in the overall CHD population is urgently needed.

In patients with ischemic and non-ischemic cardiomyopathy, a previous episode of ven-
tricular tachycardia/fibrillation or left ventricular ejection fraction ≤35% is the most im-
portant predictor of SCD and ICD therapy has been proven effective in primary and sec-
ondary prevention of SCD in these patients. [13-15] There is anecdotal evidence that ICD 
therapy is effective in CHD (annual incidence of appropriate shocks 5-7%) [16-19], but risk 
stratification and consequently the indication for ICD implantation for primary prevention 
are poorly defined in this group. Current guidelines recommend ICD implantation only for 
secondary prevention of SCD in CHD. [20] It is imperative to understand the absolute risk 
of SCD to be able to weight potential benefit versus potential harm of ICD therapy in the 
CHD population. 

Our aim was to validate a risk scoring system for SCD in CHD, based on a set of previously 
reported SCD risk factors, to guide cardiologists and patients in assessing individual SCD 
risk.  After reviewing the available literature we present a simple risk stratification model 
to assess the absolute annual risk of SCD for patients with various congenital heart condi-
tions. Consensus on which percentage of SCD risk is deemed unacceptable in relation to 
the potential harm associated with ICD implantation consequently results in an indication 
for ICD implantation.
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METhODS 

Study overview

We reviewed and summarized the available literature on risk factors for SCD, ventricular 
arrhythmias and outcome of ICD therapy in adults with CHD. A summary of the studies 
including number of patients, methodology and outcome are displayed in the Supple-
mentary Appendix.  The aim of this literature search was to compare the results of earlier 
studies with the risk factors for SCD found in the original data from which the risk score 
model was derived. 

Risk factors for SCD in ChD

We developed a risk score model to predict the annual risk of SCD or life threatening ar-
rhythmias in different types of CHD. This risk score model was based on the original pa-
tient data of a retrospective multicenter case-controlled study that evaluated risk factors 
for SCD in adults with CHD. In that study for each SCD case two control patients who were 
alive were matched to 1) age 2) gender 3) diagnosis 4) type of surgical intervention 5) date 
of surgical repair and 6) center.[1] The current model was used to assess the absolute an-
nual risk of SCD for patients with various congenital heart conditions.

Annual incidence of SCD 

The annual incidence of SCD in adults with CHD was explicitly reported in only a limited 
number of studies (Supplementary Table 3). In this study we derived the incidence of SCD 
from the Concor registry.[21] 

Definitions 

Proven or documented arrhythmic death was defined as instantaneous death with docu-
mented ventricular fibrillation or ventricular tachycardia. Presumed arrhythmic death in-
cluded instantaneous death or circumstances compatible with SCD, without severe disease 
that would lead to death soon and in the absence of a non-arrhythmic cause of death at 
autopsy or abrupt loss of consciousness and disappearance of pulse but no further data. 

Cases were defined as adult CHD patients with SCD and controls were alive adult CHD 
patients without SCD. Supraventricular tachycardias (SVT) included documented atrial fi-
brillation, atrial flutter, atrial tachycardia and unspecified SVT.  Heart failure was defined 
as a syndrome with typical symptoms (e.g. breathlessness, ankle swelling, and fatigue) 
and signs (e.g. elevated jugular venous pressure, pulmonary crackles, and displaced apex 
beat) resulting from an abnormality of cardiac structure or function. Documented coro-
nary artery disease included prior myocardial infarction, history of coronary revasculariza-
tion, luminal stenosis ≥50% on coronary angiography or ischemia on myocardial perfusion 
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scan. QRS duration and QT dispersion were analyzed manually from standard (25mm/s 
and 1mV/cm) 12-lead ECGs. QRS duration and QT dispersion were dichotomized, optimal 
cut-off points were determined based on the best balance of sensitivity and specificity 
(≥80%) resulting in QRS duration≥120ms and QT dispersion≥70ms. We chose to dichoto-
mize QRS duration and QT dispersion because of the ease of use of dichotomous variables 
in practice compared to models with continuous variables. The prognostic value was only 
slightly lowered by this choice. Ventricular function was assessed by two-dimensional 
echocardiography and classified as normal (ejection fraction (EF) ≥50%), mildly (EF 40-
49%), moderately (EF 30-39%) and severely (EF<30%) impaired. Since the aorta does not 
always arise from the morphological left ventricle, the ventricles were classified as sys-
temic and subpulmonary throughout the manuscript instead of left and right ventricle.  

General Statistical analysis

Data analyses were performed with SPSS software for Windows (20.0 for Windows; SPSS 
Inc., Chicago. Illiois, US). For all analyses two tailed probability values <0.05 were con-
sidered statistically significant. Descriptive statistics for nominal data were expressed in 
absolute numbers and percentages. After confirming normality, mean values and standard 
deviations were calculated for normally distributed continuous variables. When compar-
ing frequencies and means, the 2-test and Student’s t-test were used, respectively. 

Model Development

To identify clinical variables associated with SCD univariable and stepwise backward mul-
tivariable conditional logistic regression models were used. The stability of the variable 
selection procedure was evaluated using 1000 bootstrap analysis and variables selected 
at least 400 times were included in the final model. For all logistic regression models, odds 
ratios (OR) with 95% confidence intervals were calculated. To determine the risk of SCD, 
we developed a point-based risk scoring system. Points were attributed to each variable 
in the risk score model depending on the log odds ratio or B-coefficient which was derived 
from multivariable analysis. In this study, the clinical variables associated with SCD in mul-
tivariable analysis were slightly different compared to the original cohort. [1] For the risk 
score model we used dichotomized QRS duration and QT dispersion instead of continu-
ous variables. This resulted in two additional risk factors for SCD in multivariable analysis; 
coronary artery disease (CAD) and heart failure symptoms.  

Internal assessment of the risk score model

The performance of the risk score models was evaluated using the area under the re-
ceiver-operating curve (ROC), known as the C-index. Models with an area under the ROC 
curve of ≥0.7 are considered to have substantial predictive value. A well-known problem 
of predictive multivariable models is that their performance is frequently overestimated 
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because they are evaluated on the sample also used for the construction of the prediction 
model. This phenomenon, known as ‘optimism’, is important for appropriate validation of 
multivariable models. We therefore, internally validated the performance of our model 
by a second bootstrap step which included the variable selection bootstrap procedure. 
The areas under the ROC curves (AUCs) were calculated and are estimates of how well 
patients with SCD will be discriminated from patients without SCD by the score (discrimi-
nating power). 

ROC curves were plotted and the AUCs of the simplified scores were compared with the 
AUCs achieved with the scores based on the estimated B-coefficients. Equally weighted 
factors means that each factor in the score derived from the logistic regression analysis, 
was given a coefficient of 1, leading to the following type of score: PI= x1 +….xk.. Each factor 
contributes 1 to this score if present and 0 if absent in a patient. Hence, the number of risk 
factors present provides the individual value of this simplified score.

The determination of the estimated probability (P) of SCD is detailed in the supplementa-
ry appendix. We calculated 1- year SCD risk assuming exponential survival using baseline 
hazards according to the incidence of SCD among various cardiac defects as summarized 
in Supplementary Table 3.

validation of the risk score model

An independent prospective registry cohort (tertiary center La Paz University Hospital, 
Madrid, Spain) was used to validate our risk score model for SCD. This cohort includes 
3324 adults with CHD from December 1989 to December 2013.[7] From this cohort all 
SCD cases were identified and included according to the definition arrhythmic death and 
inclusion criteria as described above. For determining vital status demographic data were 
crossed with the Spain national death registry.

RESUlTS

Risk score 

Seven clinical variables associated with SCD in CHD in multivariable analysis were identi-
fied: 1) documented CAD, 2) heart failure symptoms, 3) supraventricular tachycardias, 
4) at least moderately impaired systemic ventricular function (SVF), 5) at least moder-
ately impaired subpulmonary function (PVF), 6) QRS duration ≥120ms (ventricular paced 
rhythms excluded) and 7) QT dispersion ≥70ms. The prevalence of these variables has 
been summarized in Table 1. Of note, although statistically significant in multivariable 
analysis, heart failure medication use was not included in multivariable analysis as this 
variable is strongly influenced by the physician’s decision making.
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Based on these seven clinical variables derived from multivariable analysis, three risk 
score models were constructed. The values of B-coefficients and points attributed to each 
characteristic in the three risk score models are summarized in Table 1. Risk score 1 was 
based on the raw logistic regression coefficients. Risk score 2 was based on the logistic 
regression coefficients with rounded to whole or half numbers.  In risk score 3 each clinical 
variable was weighted equally and thus 1 point was attributed to each clinical variable. A 
score was calculated for each patient by adding up the points corresponding to his or her 
risk factors.  The calibration of these risk 3 scores is illustrated in Figure 1. The three scores 
showed excellent calibration.

ROC curves were constructed for the three risk score models (Figure 2A), using the indi-
vidual patient data of the study from which the risk factors were derived. The discriminat-
ing power of each score was assessed using the C-index. Table 2 shows the C-index for 
the three risk score models, which was 0.77 for risk score model 1, 0.77 for risk model 2 
and 0.76 for risk score model 3. There was no essential difference in C-index between the 
three risk score models. Hence, all three risk score models had a good performance and 
simplification did not weaken the discriminative power of the risk score models.  

validation of the risk score model

The validation cohort included 3334 adults with CHD of whom 49% was male. Median 
age at first examination was 22 years (range 18 to 39 years). Median follow-up duration 
was 11 years (range 4 to 18 years).  For determining vital status demographic data were 

Table 1. Clinical variables associated with SCD in multivariable analysis and point attributed to 
each variable in the different risk score models.

 
Prevalence 

%
OR  95% CI P-value

Points 
Attributed 
Model 1

Points 
Attributed 
Model 2

Points 
Attributed 
Model 3

CAD 3 3.48 0.88-13.80 0.077 3.48 3.5 1
HF symptoms 22 2.79 1.56-4.97 0.001 2.79 3.0 1
SVT 30 1.45 0.86-2.45 0.165 1.45 1.5 1
QRS duration ≥120ms 46 1.57 0.96-2.57 0.071 1.57 1.5 1
QT dispersion ≥70ms 24 3.56 2.07-6.09 0.000 3.56 3.5 1
At least moderately 
impaired SVF

21 2.17 1.21-3.89 0.009 2.17 2.0 1

At least moderately 
impaired PVF

11 3.24 1.49-7.06 0.003 3.24 3.0 1

Abbrevations: SCD, sudden cardiac death; CAD, coronary artery disease; HF, heart failure; SVT, 
supraventricular tachycardia; SVF, systemic ventricular function; PVF, subpulmonary ventricular 
function
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crossed with the Spain national death registry. Overall 336 patients had died or had heart 
transplantation at the end of follow-up (10%). The annual incidence of death was 0.9%. 
Sudden arrhythmic death according to the definitions outlined above occurred in 37 pa-
tients (1%). However, for the validation only 24 SCDs were included as only these pa-
tients had complete clinical, electrocardiographic and echocardiographic data which was 
required for this analysis. These 24 SCDs were matched to 24 controls according to, age, 
gender,  diagnosis, type of surgical intervention and date of surgical repair . Age of SCDs 
and controls was 38±15 and 45±15 years, respectively (P=0.118) and 63% was male. The 
underlying cardiac defects according to severity were mild in 17%, moderate in 17% and 
severe in 66% of the SCD cases. The specific cardiac lesions included (congenitally) cor-
rected Transposition of great arteries (21%), TOF (17%), Eisenmenger syndrome (17%), 
Cyanotic non-Eisenmenger syndrome (13%), Septal defects (8%), Left sided lesions (8%), 
Fontan circulation (8%) and other (8%). Corrective surgery was performed in majority of 
the patients (71%). The remaining patients, except for those with Eisenmenger syndrome, 
had undergone palliative surgery. Fifty-four percent of the SCDs was in NYHA class III or 
IV compared to 21% of controls (P=0.017). Heart failure drugs including diuretic and ace-

Figure 1. Calibration plots for risk score 1, 2 and 3 depicting predicted risk against observed risk 
of SCD in validation dataset. Dashed line (45°) from zero denotes ideal calibration line (slope=1, 
intercept=0). 
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inhibitors were used in 79% of SCDs versus 29% of controls (P=0.001). Thirteen percent 
of SCDs used class I, II or III anti-arrhythmic drugs versus 4% of controls. Five out 24 SCDs 
died despite an implantable cardioverter defibrillator for secondary prevention of SCD. 
Figure 3 displays the prevalence of the risk factors of SCD in the patients studied.

The validation cohort did not differ from the cohort from which the risk factors were de-
rived with regards to age (P=0.123) or gender (P=0.868). Also, the prevalence of different 
types of CHD was similar. Figure 2B shows the ROC curves for the three risk score models 
of the independent validation cohort. The C-index was 0.72 (CI 0.57-0.87) for risk score 
model 1, 2 and 3. 

Calculation of absolute risk for SCD

There was no difference in performance of the three risk score models. Therefore, the 
simplest risk score model 3 in which 1 point is attributed to each variable was used to 

Figure 2. Receiver operating curves of the three risk scores in the internal validation cohort (A) and 
external validation cohort (B).

Table 2. Validation of three risk score models. 

Risk Score Model AUC SE
Optimism                   

Corrected AUC
Shrinkage Factor

1 0.771 0.026 0.756 0.912
2 0.768 0.026 0.768 1.003
3 0.756 0.026 0.755 1.001

Abbrevations: AUC, area under the receiver operating curve; SE, standard error
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calculate the absolute annual risk of SCD for patients with various congenital heart condi-
tions (Figure 4). The calculation of the absolute risk of SCD was based on the number of 
risk factors present in one single patient and the a priori risk of SCD among various cardiac 
defects according to the Concor registry (Supplementary Table 3). [21]. In the cohort from 
which the risk factors were derived, the number of risk factors was 0 in 21%, 1 in 32%, 2 
in 21%, 3 in 13%, 4 in 9%, 5 in 3%, 6 in 1% and 7 in 0% of the study population. Hence, the 
patients with a high number of risk factors were underrepresented. Patients with severe 
CHD such as cyanotic defects had the highest risk of SCD. In these patients, for example, 
the presence of only two risk factors in a single patient was enough to confer an annual 
risk of SCD ≥4%. In patients with mild to moderate cardiac defects such as atrial septal 
defects and TOF at least 4 risk factors were required to reach the same risk of SCD. 

applicability in specific conditions

The absolute chance of SCD relies on a priori risk and number of risk factors in a single 
patient. We recalculated the absolute risk of SCD by using published a priori risks (Sup-

Figure 3. The prevalence of risk factors of the SCD cases versus controls in the external validation 
cohort. Abbreviations: HF, heart failure; CAD, coronary artery disease; SVT, supraventricular 
tachycardia; SVEF, systemic ventricular ejection fraction; PVEF, subpulmonary ventricular ejection 
fraction
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7plementary Table 3) for the following conditions: TOF, TGA and left sided lesions. [6, 7] 
There was no difference in cut-off values (displayed in Figure 4) of calculated absolute risk 
of SCD for these diagnoses among those studies, supporting the applicability of the risk 
score among various patients with CHD.

DISCUSSION
We describe the validation of an easily applicable risk score model to calculate the ab-
solute annual risk of SCD among adults with various cardiac defects. By means of this 
risk score model the patient’s individual risk for SCD can be assessed and may give the 
opportunity to prevent SCD.  The risk score model concurs with risk factors previously re-
ported on specific cardiac defects and adds quantitative data for CHD in general and may 
constitute the most exact data available on this issue to date. The performance of the risk 
score model proved good.

relation to previously published risk factors for SCD

The risk for SCD is influenced by the underlying cardiac lesion. Most studies seeking risk 
factors for SCD in CHD have involved patients with surgically repaired TOF and Mustard or 

Figure 4. Annual risk of sudden cardiac death among various cardiac defects and the number of 
risk factors present in a single patient according to the Concor registry. Abbrevations: ASD, atrial 
septal defect; TOF, tetralogy of Fallot; cc TGA, congenitally corrected transposition of the great 
arteries.
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Senning repair for TGA. However, SCD also frequently occurs in other CHD such as Eisen-
menger syndrome, left sided lesions and septal defects which are either less prevalent or 
less well investigated. This risk score model concerned the general population of CHD in-
cluding many types of cardiac lesions and may be applied to a broad spectrum of patients. 
The risk factors that we present here were consistent with previous investigations on risk 
factors for SCD in CHD, [7-11, 16-18] although calculated in a different way. For example, 
previous studies in TOF have shown that the contribution of QRS≥180ms to the risk of 
SCD is much higher than that of an impaired right or left ventricular function alone [8]. 
However, it might be argued that a QRS duration ≥180ms in TOF reflects the combination 
of a surgical scar and impaired or dilated right ventricular function. According to our risk 
score model, TOF patients with a QRS≥180ms would probably score 2 points; 1 for a QRS 
≥120ms and 1 for an impaired right ventricular function. 

Previous studies in TGA showed that an impaired systemic ventricular function, heart fail-
ure symptoms, documented SVTs and prolonged QRS duration seem important risk fac-
tors for SCD. [10, 11] These risk factors are reflected in our risk score model. Thus, our 
risk factors are consistent with previous findings in TOF and TGA patients.  Importantly, 
we show in this study that individual risk factors can be weighed equally without affecting 
the discriminative power of the risk score model allowing an easily applicable clinical tool. 
Indeed, we were able to validate this model in adult patients with CHD.

The decision to proceed to ICD implantation depends on which percentage of risk of sud-
den arrhythmic death is deemed unacceptable. For example, 2 risk factors are required 
for an annual risk of ≥4% for SCD in severe cardiac lesions. In patients with mild to moder-
ate CHD more risk factors are required for a similar annual risk of SCD. The presence of 
one or two conventional risk factors such as diminished left ventricular function may be 
associated with a risk for ICD that is too low to justify ICD implantation in patients with a 
low a priori risk of SCD.

the risk of SCD in relation to disease severity

There are two remarks to be made regarding the results of the presented risk score model. 
First, risk of SCD in left sided lesions seems to be higher than in TOF, even though the latter 
is associated with high risk of SCD and ventricular tachycardia. This might be explained by 
the fact that the majority of the left sided lesions in the original cohort include congenital 
aortic stenosis with a mechanical aortic valve. It is known that patients with aortic steno-
sis in acquired heart disease are at risk of SCD with an annual incidence of SCD ranging 
from 1% in asymptomatic patients to 34% in symptomatic patients [22, 23]. Second, TOF 
patients are the most common recipients of ICDs, are more often protected against SCD 
and may therefore have been underrepresented in our earlier study, as well as in the co-
hort in which we validated the model. [1, 7] In our earlier study only 2 SCD were observed 
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in patients with TGA and with an arterial switch procedure. This precluded us to estimate 
the risk of SCD in these patients. 

possible implication for ICD therapy

SCD in patients included in this analysis was due to proven arrhythmic but also due to 
presumed arrhythmic death (defined as the absence of a non- arrhythmic cause of death 
at autopsy). ICD therapy will only prevent arrhythmic death, hence the benefit of ICD 
therapy may be overstated when sudden death occurs in the absence of arrhythmia. With 
regard to the annual risk for SCD there is no pre-defined cut-off value that merits ICD 
implantation. In adults with CHD, the annual rate of appropriate ICD shocks in patients 
with primary prevention of SCD is 5-7%. [16, 18] These findings are similar to the results 
of ICD outcome in patients with hypertrophic cardiomyopathy [24], ARVC, Long-QT [25] 
syndrome and SCD-Heft [14] and somewhat lower than reported in MADIT-II [13] and 
DEFINITE. [15] However, appropriate shocks are not equivalent to SCD and the incidence 
of appropriate shocks can be lowered using anti-tachycardia pacing and contemporary 
programming. The risk factors described in our study were derived from a case-control 
study on patients with SCD, not appropriate ICD shocks. 

When considering ICD implantation, benefits should be weighted against complications 
which may be more prevalent in the group of younger patients. [26]  ICD implantation in 
patients with CHD might be challenging because of complex anatomy, vascular access dif-
ficulties and associated extracardiac abnormalities. In patients with intracardiac shunts, 
transvenous leads have been associated with an increased risk of systemic thrombo-em-
bolic events and epicardial lead performance may be inferior to transvenous systems. [5, 
27] ICD implantation related complications and inappropriate shocks due to SVTs occur 
in approximately 30% of the CHD population. [16, 18] Furthermore, many present-day 
ICD systems hamper cardiac magnetic resonance imaging (MRI) of the heart which might 
complicate future care for the patient, although recently MRI compatible ICDs have be-
come available. Most complications, however, are the consequence of a stochastic pro-
cess, and can therefore not be predicted on an individual basis. Therefore, the risk/benefit 
ratio of ICD therapy should be carefully and individually assessed.

Limitations

Although the test characteristics of the model presented here are more than satisfactory, 
it should be considered that the risk factors for SCD were derived from a limited number 
of events, and that the confidence interval is large. Our results are further subject to limi-
tations inherent to the observational nature of a retrospectively collected database. Al-
though our risk score has been validated in an independent cohort of patients, eventually 
validation in a multi-center trial will reveal its prospective validity. At this time, however, 
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the data presented here based on 36% of published CHD patients with SCD are the most 
exact data available. 

In this study we used results of pooled analyses to calculate the absolute risk of SCD 
among specific cardiac lesions even though there was some heterogeneity due to subtype 
of CHD. In such cases stratum-specific analyses are preferred over pooled analyses as the 
latter may lead to imprecision of risk estimates. However, lesion specific estimates are 
hard to achieve from the literature due to the low number of patients in each subgroup. 
Therefore, we demonstrated the validity of our model in various CHD populations. 

CONClUSION
We validated a very easily applicable risk score model predicting SCD in CHD. The risk 
scores derived from a large cohort proved valid in an independent cohort (C-index 0.72) 
and could be simplified without significant loss of discriminating power. Therefore, this 
risk score model may have broad applicability in predicting SCD in adults with various 
types of CHD. In addition, this risk score model adds quantitative data to known risk fac-
tors of SCD in CHD and may guide clinicians and patients in decision making for ICD ther-
apy. However, a prospective study is needed to assess the clinical implication of this risk 
score model. 

Clinical Summary

Sudden cardiac death (SCD) is an important cause of mortality in adults with congenital 
heart disease (CHD) but its absolute risk is unknown. We have developed and thoroughly 
validated a very easily applicable risk score model predicting SCD in adult CHD. This risk 
score model may guide clinicians and patients in decision making for implantable cardio-
verter defibrillator therapy. However, a prospective study is needed to assess the clinical 
implication of this risk score model. 



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

A risk score for sudden cardiac death in adult congenital heart disease

143

7

REFERENCE lIST
1. Koyak Z, Harris L, de Groot JR, Silversides CK, Oechslin EN, Bouma BJ et al. Sudden Cardiac 

Death in Adult Congenital Heart Disease. Circulation. 2012;16:1944-1954.

2. Nieminen HP, Jokinen EV, Sairanen HI. Causes of late deaths after pediatric cardiac surgery: a 
population-based study. J Am Coll Cardiol. 2007;50:1263-1271.

3. Oechslin EN, Harrison DA, Connelly MS, Webb GD, Siu SC. Mode of death in adults with 
congenital heart disease. Am J Cardiol. 2000;86:1111-1116.

4. Verheugt CL, Uiterwaal CS, van der Velde ET, Meijboom FJ, Pieper PG, van Dijk AP et al. 
Mortality in adult congenital heart disease. Eur Heart J. 2010;31:1220-1229.

5. Koyak Z, de Groot JR, Mulder BJ. Interventional and surgical treatment of cardiac arrhythmias 
in adults with congenital heart disease. Expert Rev Cardiovasc Ther. 2010;8:1753-1766.

6. Silka MJ, Hardy BG, Menashe VD, Morris CD. A population-based prospective evaluation of 
risk of sudden cardiac death after operation for common congenital heart defects. J Am Coll 
Cardiol. 1998;32:245-251.

7. Gallego P, Gonzalez AE, Sanchez-Recalde A, Peinado R, Polo L, Gomez-Rubin C et al. Incidence 
and predictors of sudden cardiac arrest in adults with congenital heart defects repaired 
before adult life. Am J Cardiol. 2012;110:109-117.

8. Gatzoulis MA, Balaji S, Webber SA, Siu SC, Hokanson JS, Poile C et al. Risk factors for 
arrhythmia and sudden cardiac death late after repair of tetralogy of Fallot: a multicentre 
study. Lancet. 2000;356:975-981.

9. Ghai A, Silversides C, Harris L, Webb GD, Siu SC, Therrien J. Left ventricular dysfunction is a 
risk factor for sudden cardiac death in adults late after repair of tetralogy of Fallot. J Am Coll 
Cardiol. 2002;40:1675-1680.

10. Schwerzmann M, Salehian O, Harris L, Siu SC, Williams WG, Webb GD et al. Ventricular 
arrhythmias and sudden death in adults after a Mustard operation for transposition of the 
great arteries. Eur Heart J. 2009;30:1873-1879.

11. Kammeraad JA, van Deurzen CH, Sreeram N, Bink-Boelkens MT, Ottenkamp J, Helbing WA et 
al. Predictors of sudden cardiac death after Mustard or Senning repair for transposition of 
the great arteries. J Am Coll Cardiol. 2004;44:1095-1102.

12. Khairy P, Landzberg MJ, Gatzoulis MA, Lucron H, Lambert J, Marcon F et al. Value of 
programmed ventricular stimulation after tetralogy of fallot repair: a multicenter study. 
Circulation. 2004;109:1994-2000.

13. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS et al. Prophylactic implantation 
of a defibrillator in patients with myocardial infarction and reduced ejection fraction. N Engl 
J Med. 2002;346:877-883.



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Chapter 7

144

14. Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R et al. Amiodarone or an implantable 
cardioverter-defibrillator for congestive heart failure. N Engl J Med. 2005;352:225-237.

15. Kadish A, Dyer A, Daubert JP, Quigg R, Estes NA, Anderson KP et al. Prophylactic defibrillator 
implantation in patients with nonischemic dilated cardiomyopathy. N Engl J Med. 
2004;350:2151-2158.

16. Khairy P, Harris L, Landzberg MJ, Viswanathan S, Barlow A, Gatzoulis MA et al. Implantable 
cardioverter-defibrillators in tetralogy of Fallot. Circulation. 2008;117:363-370.

17. Khairy P, Harris L, Landzberg MJ, Fernandes SM, Barlow A, Mercier LA et al. Sudden death 
and defibrillators in transposition of the great arteries with intra-atrial baffles: a multicenter 
study. Circ Arrhythm Electrophysiol. 2008;1:250-257.

18. Koyak Z, de Groot JR, Van Gelder IC, Bouma BJ, van Dessel PF, Budts W et al. Implantable 
Cardioverter Defibrillator Therapy in Adults With Congenital Heart Disease: Who Is at Risk of 
Shocks? Circ Arrhythm Electrophysiol. 2012;5:101-110.

19. Khanna AD, Warnes CA, Phillips SD, Lin G, Brady PA. Single-center experience with implantable 
cardioverter-defibrillators in adults with complex congenital heart disease. Am J Cardiol. 
2011;108:729-734.

20. Khairy P, Van Hare GF, Balaji S, Berul CI, Cecchin F, Cohen MI et al. PACES/HRS Expert Consensus 
Statement on the Recognition and Management of Arrhythmias in Adult Congenital Heart 
Disease: developed in partnership between the Pediatric and Congenital Electrophysiology 
Society (PACES) and the Heart Rhythm Society (HRS). Endorsed by the governing bodies 
of PACES, HRS, the American College of Cardiology (ACC), the American Heart Association 
(AHA), the European Heart Rhythm Association (EHRA), the Canadian Heart Rhythm Society 
(CHRS), and the International Society for Adult Congenital Heart Disease (ISACHD). Heart 
Rhythm. 2014;11:e102-e165.

21. van der Velde ET, Vriend JW, Mannens MM, Uiterwaal CS, Brand R, Mulder BJ. CONCOR, an 
initiative towards a national registry and DNA-bank of patients with congenital heart disease 
in the Netherlands: rationale, design, and first results. Eur J Epidemiol. 2005;20:549-557.

22. Pellikka PA, Sarano ME, Nishimura RA, Malouf JF, Bailey KR, Scott CG et al. Outcome of 622 
adults with asymptomatic, hemodynamically significant aortic stenosis during prolonged 
follow-up. Circulation. 2005;111:3290-3295.

23. Chizner MA, Pearle DL, deLeon AC, Jr. The natural history of aortic stenosis in adults. Am 
Heart J. 1980;99:419-424.

24. Maron BJ, Shen WK, Link MS, Epstein AE, Almquist AK, Daubert JP et al. Efficacy of implantable 
cardioverter-defibrillators for the prevention of sudden death in patients with hypertrophic 
cardiomyopathy. N Engl J Med. 2000;342:365-373.



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

A risk score for sudden cardiac death in adult congenital heart disease

145

7

25. Corrado D, Calkins H, Link MS, Leoni L, Favale S, Bevilacqua M et al. Prophylactic implantable 
defibrillator in patients with arrhythmogenic right ventricular cardiomyopathy/dysplasia 
and no prior ventricular fibrillation or sustained ventricular tachycardia. Circulation. 
2010;122:1144-1152.

26. Olde Nordkamp LR, Wilde AA, Tijssen JG, Knops RE, van Dessel PF, de Groot JR. The ICD for 
primary prevention in patients with inherited cardiac diseases: indications, use, and outcome: 
a comparison with secondary prevention. Circ Arrhythm Electrophysiol. 2013;6:91-100.

27. Khairy P, Landzberg MJ, Gatzoulis MA, Mercier LA, Fernandes SM, Cote JM et al. Transvenous 
pacing leads and systemic thromboemboli in patients with intracardiac shunts: a multicenter 
study. Circulation. 2006;113:2391-2397.



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Chapter 7

146



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

A risk score for sudden cardiac death in adult congenital heart disease

147

7

SUPPlEMENTARy  MATERIAl

literature Search

Data from all previously published studies with predictors of SCD, ventricular arrhythmias 
and appropriate ICD therapy were assessed, summarized and included in this analysis 
(Supplementary Table 1). The available literature mainly consisted of retrospective stud-
ies. Although the risk factors seem different among these studies, they actually largely 
overlap. Evidently, there are lesion specific risk factors and not all predictors may be truly 
independent. For example, low ventricular function as corrective surgery may impact on 
QRS duration. The magnitude of the risk of these factors reported varied between the 
studies, probably due to the lesion specific characteristics and different (small) numbers 
of patients included. However, the main difference between the risk factors reported in 
different studies relates to their magnitude of risk with usually large confidence intervals 
and not to the predictor itself. Further, the prevalence of these risk factors within the 
study populations varied as well (Supplementary Table 2). The annual incidence of SCD in 
adults with CHD is explicitly reported in only a limited number of studies (Supplementary 
Table 3) and the reported annual incidence in patients with the same diagnosis varied. A 
consistent finding was that the more severe the cardiac defect the higher the annual risk 
of SCD. 

model presentation

The scoring system was used to determine the estimated probability (P) of SCD. P depends 
on the score Prognostic Index (PI) according to the formula

in which PI = b1x1 ...+ bkxk  is a weighted sum of the values x1, . . .,  xk of k risk factors or 
predictors, each coded as 1 if present and 0 if absent in a patient, with b1, . . . , bk as the 
estimated B-coefficients, each describing the log-odds-ratio associated with the corre-
sponding factor. b0 is the intercept term describing the baseline log-odds of SCD, that 
is, P= (1+exp ( - b0 ))

-1 is the baseline risk of SCD in a patient with no risk factors. Because 
the current data were sampled in a case-control study, we did not use b0  in calculation if 
individual risk scores.
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Supplementary table 3. Incidence of SCD per 1000 patient years in CHD. 
 Van der Velde et 

al.[12] 
Silka et al.[13] Gallego et al.[2] 

Overall 2.7 0.9 2.6
Repaired TOF 1.3 1.5 4.7
Closed ASD 1.0 0.0 0.0
TGA 4.6 4.9 9.5
  Mustard Procedure 3.7 na na
  Arterial Switch 5.4 na na
cc TGA 1.8 na 25
Cyanotic 16.6 na na
  Eisenmenger Syndrome 17.3 na na
  Cyanotic-Non-Eisenmenger 15.5 na 5.4
Fontan Circulation 4.4 na 2.8
Left Sided Lesions 1.4 na na
Ebstein’s Anomaly 5.1 na na
VSD na 0.2 3.6
CoA na 1.3 2.1
AVSD na 0.9 1.8
AS na 5.4 0
PS na 0.3 0
PDA na 0.0 na
Abbrevations: SCD, sudden cardiac death; TOF, tetralogy of Fallot; ASD, atrial septal defect; TGA, 
transposition of great arteries; cc TGA, congenitally corrected transposition of great arteries; 
VSD, ventricular septal defect; CoA, coactation of the aorta; AVSD, atrioventricular septal defect; 
AS, aortic stenosis; PS, pulmonary stenosis; PDA, patent arterial duct; na, not available
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ABSTRACT

Background

The value of implantable cardioverter defibrillators (ICD) in adults with congenital heart 
disease (CHD) is unknown. We investigated long term outcome following ICD implantation 
and developed a simple risk stratification score for ICD therapy.

Methods and Results

One-hundred thirty six adults with CHD and ICD (mean age 41±13 years, 67% male) were 
identified from 10 tertiary referral centers in the Netherlands and Belgium. Indication for 
ICD implantation was primary prevention in 50% of patients. Diagnoses included tetral-
ogy of Fallot (51%), septal defects (20%), (cc) transposition of the great arteries (13%) and 
other (16%). Thirty-one patients (29%) received appropriate ICD shocks during a median 
follow-up of 4.6 years. Secondary prevention indication (HR 3.6, 95% CI 0.8-3.1, P=0.009), 
coronary artery disease (CAD, HR 1.8, 95% CI 0.7-4.8, P=0.042) and symptomatic non-
sustained ventricular tachycardia (NSVT, HR 9.1, 95% CI 2.8-29.2, P=0.001) predicted ap-
propriate ICD shocks. A risk score was developed to evaluate the likelihood of appropriate 
ICD shocks. The 8-year survival curve to first appropriate shocks was 94%, 57% and 26% 
for low, intermediate and high risk patients, respectively. In primary prevention, sympto-
matic NSVTs and combined systemic and subpulmonary ventricular dysfunction predicted 
appropriate shocks (HR 4.3, 95% CI 1.0-17.9, P=0.04). Inappropriate shocks occurred in 
41 patients (30%). Additionally, 40 patients (29%) experienced 45 implantation related 
complications.

Conclusion

Adults with CHD and ICDs receive high rates of appropriate and effective shocks. Patients 
with secondary prevention indication, CAD and symptomatic NSVT are at highest risk of 
receiving appropriate ICD shocks. ICD-implantation is accompanied by considerable mor-
bidity including inappropriate shocks and procedure related complications.
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INTRODUCTION
Despite the tremendous progress in cardiac surgery, diminished long term survival remains 
a major concern in adults with congenital heart disease (CHD). In this population sudden 
cardiac death (SCD) is the most common cause of late mortality 1-4. SCD is commonly en-
countered in patients with repaired aortic stenosis, tetralogy of Fallot (TOF), transposition 
of great arteries (TGA) and aortic coarctation, with an incidence of 0.54, 0.49, 0.15 and 
0.13% per year, respectively, in a relatively young population 5. There are criteria for risk 
stratification in TOF but these have a low specifity and can likely not be extrapolated to 
the entire CHD population 6-8. The lack of universal risk criteria makes the contribution of 
ICD therapy in the reduction of SCD in patients with right ventricular failure unclear. The 
low incidence of SCD and the heterogeneity within the population of CHD precludes large 
prospective studies and indeed no prospective studies have been published so far. 

ICD therapy has been proven to be effective in primary and secondary prevention of SCD 
in adults with ischemic or dilated heart disease and impaired left ventricular function 9-11.  
Although the number of patients with CHD that receive an ICD is steadily increasing risk 
stratification and the indication for ICD implantation for primary prevention are poorly 
defined in this group. Moreover, the effects of ICD therapy during long term follow-up are 
still unknown.  Therefore, we conducted an international retrospective study in adult ICD 
carriers with CHD. Our primary objectives were 1) to quantify the outcome of ICD therapy 
including appropriate ICD discharges, clinical events and ICD related complications and 2) 
to develop a simple risk stratification score for ICD therapy. The secondary objectives were 
inappropriate shocks, any ablation, and mortality. 

METhODS

Study Design and population

This was a multi-center retrospective study which included adult patients with CHD and 
an ICD implanted before March 2010. Patients were identified from the databases of 10 
tertiary referral centers in the Netherlands and in Belgium.  Exclusion criteria were pa-
tients <18 years at first implantation of ICD and patients with CHD and primary electrical 
disease or inherited cardiomyopathy. Data collection was conducted after approval from 
the medical ethics committee in the participating centers in the Netherlands and in Bel-
gium.

Baseline Characteristics

Details on demographics, cardiac diagnosis, medical history, New York Heart Association 
functional class, electrocardiography (ECG) data, echocardiography, 24-hour Holter moni-
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toring, electrophysiological studies (EPS) and information on ablations were retrieved 
from the medical records. The complexity of the congenital defect was classified as mild, 
moderate and complex 12. We analysed the most recent data available prior to first ICD 
implants. Rhythm (spontaneous or paced), rate, QRS duration and QT interval were deter-
mined from standard 12-lead ECGs. Data on left and right ventricular function, chamber 
sizes and degree of valvular regurgitation and or stenosis were collected from echocardi-
ography. Ventricular function was classified as normal (ejection fraction (EF) ≥50%), mildly 
(EF 36-49%), moderately (EF 30-35%) and severely (EF<30%) impaired. The presence of 
ventricular ectopy and NSVT during Holter monitoring before ICD implantation was docu-
mented. EPS was performed according to each institution’s protocol and reviewed for 
inducibility of sustained monomorphic and polymorphic ventricular tachycardia, ventricu-
lar fibrillation (VF) and supraventricular arrhythmias. Ablation of arrhythmias and suc-
cess rate was documented. Non sustained VTs were classified by electrocardiography and 
defined as three or more consecutive beats, terminating spontaneously in less than 30 
seconds. A clinical subdivision consisted of asymptomatic, hemodynamically stable (e.g. 
palpitations) and hemodynamically unstable NSVTs (e.g. pre-syncope).

ICD Related Data

We documented type of ICD (ie single, dual chamber ICD or CRT), type of lead, indication 
for implant, electrical parameters and defibrillation threshold. Indication for ICD implanta-
tion was reviewed in each individual patient with emphasis on (pre) syncope, palpitations, 
impaired ventricular function, clinical non sustained ventricular tachycardia (VT), sponta-
neous sustained VT, inducible VT during EPS, ventricular fibrillation/ resuscitated cardiac 
arrest. In patients with TOF, QRS duration≥180 ms, severely impaired right ventricular 
function and/or dilated right ventricular were also considered an indication for ICD im-
plantation. Secondary prevention was defined as ICD implant after resuscitated cardiac 
arrest, VF or hemodynamically intolerated VT. The absence of a secondary prevention 
indication defined primary prevention. Use of anti-arrhythmic drugs was documented. 

Detection rates for ICD therapy were not uniformly programmed. Device programming 

was performed at the discretion of the patient’s clinical cardiologist. Shocks were clas-
sified as appropriate or inappropriate. Number of shocks per episode, number of epi-
sodes shocked, time to shock since ICD implanted, and whether the shock was successful 
in restoring sinus or paced rhythm was documented. The ventricular tachycardia cycle 
length, programmed defibrillator zone (e.g., slow ventricular tachycardia, fast ventricular 
tachycardia, or ventricular fibrillation), and success or failure of therapy was noted.  Ap-
propriate ICD therapy was defined as a shock or anti-tachycardia pacing (ATP) delivered 
in response to a ventricular tachyarrhythmia (monomorphic VT, polymorphic VT or ven-
tricular fibrillation with a cycle length within the therapy zone of the device). Electrical 
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storm was defined as the occurrence of 3 or more separate episodes of ventricular ar-
rhythmia requiring an ICD shock within 24 hours. Inappropriate ICD therapy was defined 
as a shock or ATP delivered for reasons other than ventricular arrhythmia and was cat-
egorized according to the most probable cause (ie, oversensing, sinus tachycardia, atrial 
flutter, atrial fibrillation, and other form of supra-ventricular tachycardia). An experienced 
electrophysiologist (JRdG, ICvG) classified electrograms of ICD therapy as appropriate or 
inappropriate.

Early and late ICD complications included pocket haematoma, pleural effusion, lead fail-
ure, thrombo-embolic events, pneumothorax, haematothorax, undersensing or oversens-
ing, device malfunction, lead dislodgment, pocket and other infections, pain, erosion and 
migration of the device. ICD complications were considered ‘peri-procedural’ if they oc-
curred within 30 days of implantation and ‘late’ when occurring after>30 days after the 
implantation.

Risk Score

Baseline variables associated with the outcome at univariate analysis were included in a 
multivariate Cox model and tested for their significance and independence in predicting 
the incidence of ICD shocks during follow-up. Three variables were identified and included 
secondary prevention indication, coronary artery disease (CAD) and symptomatic NSVT. 
Each variable received 0 to 4 points depending on the exponential values of β coefficients. 
In the absence of a control group without ICD implantation these risk factors were applied 
to patients included in the Concor database. Concor (CONgenital CORvitia) is a Dutch reg-
istry of adults with congenital heart defects 13. Freedom from appropriate ICD shock was 
compared with survival in patients without ICD therapy in the Concor database.

Statistical analysis

Data analyses were performed with SPSS software for Windows (18.0 for Windows; SPSS 
Inc., Chicago. Illiois, US). Two tailed probability values <0.05 were considered statistically 
significant. Descriptive statistics for nominal data were expressed in absolute numbers 
and percentages. Mean values and standard deviations were calculated for normally dis-
tributed continuous variables. When comparing frequencies, the 2-test or t-test was used 
where applicable. Kaplan–Meier curves were constructed for time to first (in) appropriate 
therapy. Comparison between both groups was performed by log-rank statistics. To iden-
tify factors associated with (in) appropriate ICD therapy univariate and stepwise multi-
variate Cox proportional hazard models were used after proportional hazard assumptions 
were verified. Variables with probability values ≤0.20 in univariate analyses were consid-
ered in multivariate models (forward stepwise). 
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RESUlTS

Baseline Characteristics

One-hundred-fifty-nine patients with CHD were implanted between November 1990 and 
February 2010. Twenty-three patients were excluded because of age< 18 years at time of 
first ICD implantation and/or the concomitant presence of Brugada syndrome, Long QT 
syndrome, arrhythmogenic right ventricular cardiomyopathy and hypertrophic cardiomy-
opathy.  In the remaining 136 patients, ICD implantation was distributed equally in the pri-
mary (n=68) and secondary prevention (n=68) group. The underlying cardiac defects are 
shown in Figure 1. The most common diagnose was TOF (51%). Baseline characteristics 
are summarized in Table 1. Patients with ICDs for primary prevention were predominantly 
male (76%) and had more often moderately to severely impaired systemic ventricular 
function. Indications for primary prevention were inducible sustained ventricular arrhyth-
mia in 21 (31%), NSVT and systemic ventricular ejection fraction (SVEF) ≤35% in 15 (22%),  
NSVT in nine (13%), SVEF≤35% in nine (13%), syncope without documented ventricular 
arrhythmia in six (9%), pre-syncope without documented ventricular arrhythmia in five 
(7%), QRS duration≥180ms and pulmonary ventricular ejection fraction (PVEF) ≤35% in 
two (3%) and palpitations in one (2%) patient. Indications for secondary prevention were 

Figure 1. Cardiac Defects in 136 Patients with Implantable Cardioverter Defibrillator.
Diagnosis included tetralogy of Fallot (TOF), septal defects, and (congenitally corrected) 
transposition of great arteries ((cc TGA), double outlet right ventricle (DORV), isolated valve 
disease, Coarctation of the Aorta (CoA), Marfan syndrome, Ebstein anomaly and other diagnosis.
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resuscitated cardiac arrest or VF in 31 (46%) and spontaneous sustained VT in 37 (54%) 
patients. Note that prolonged QTc interval was related to right bundle branch block in 51% 
of the patients.

Mean age at time of ICD implantation was 41±13 years. Single chamber ICDs were ini-
tially implanted in 54 (40%, more often in secondary prevention, 51% versus 28%), dual 
chamber in 69 (50%) and biventricular ICDs in 13 (10%) patients. The ICD implantation 
consisted of an upgrade of a previously implanted pacemaker in 25 patients, in 13 patients 
subsequent upgrading to biventricular ICD took place. There were no implantation related 
deaths.

Appropriate ICD Therapy

Eighteen patients received appropriate shocks, 5 ATP and 21 both.  Overall, 39 (29%) pa-
tients received at least one appropriate shock over a median follow up duration of 4.6 
years (range 0.1-13.9). The mean VT cycle length was 280±30ms. Twenty-six patients re-
ceived multiple shocks (≥2, anytime during follow-up).  Electrical storm occurred in 12 
patients (9%). Appropriate shocks were caused by monomorphic ventricular tachycardia 
(92%), polymorphic ventricular tachycardia (3%) and VF (5%). All first ICD shocks were suc-
cessful, albeit the VT recurred in 67% of patients. The median follow-up duration after first 
appropriate ICD shock was 3.0 years (range 0.1-11.0). 

Patients with primary and secondary prevention indication experienced significant rates 
of appropriate ICD shocks (19% versus 38%). Figure 2 shows the distribution of ICD shocks 
in both groups. The mean number of shocks was 2.9 and 5.2 in the primary and secondary 
prevention group, respectively. Patients with secondary prevention indication were more 
likely to receive multiple appropriate ICD shocks (P=0.009). Figure 3A shows the time to 
first appropriate shock. 

Determinants of Appropriate ICD Therapy

Predictors of appropriate shocks are summarized in Table 2. Overall, secondary preven-
tion indication (hazard ratio (HR) 3.6, 95% confidence interval (CI) 0.8-3.1, P=0.009), docu-
mented CAD (HR 1.8, 95% CI 0.7-4.8, P=0.042) and documented symptomatic NSVT (HR 
9.1, 95% CI 2.8-29.2, P=0.001) predicted appropriate shocks independently. Seventeen 
patients (13%) had symptomatic NSVTs with complaints of palpitations in 11 and dizzi-
ness/presyncope in 6. In patients with primary prevention, independent predictors of ap-
propriate shocks were symptomatic NSVTs (HR 8.6, 95% CI 0.9-13.8 P=0.001) and com-
bined moderate to severe systemic and subpulmonary ventricular dysfunction (HR 4.3, 
95% CI 1.0-17.9, P=0.04). Even when patients with NSVTs and dizziness or pre-syncope 
were considered a secondary prevention indication in the analysis, the presence of symp-
tomatic NSVTs persisted as a strong predictor of appropriate ICD shocks. CAD was present 
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All Patients 
(n=136)

Primary 
Prevention 

(n=68)

Secondary 
Prevention 

(n=68)
P

Mean age at ICD 
implantation (years)

40.9±13 40.9±14 40.9±12 0.99

Median follow-up 
duration (years)

4.6 (0.01-13.9) 3.3 (0.1-11.7) 5.4 (0.1-13.9) 0.02

Male n (%) 91 (67) 52 (76) 39 (57) 0.01

Severity of CHD n (%)

  Mild CHD 28 (21) 14 (21) 14 (21) 1.00

  Moderate CHD 78 (57) 41 (60) 37 (54) 0.48

  Severe CHD 30 (22) 13 (19) 17 (25) 0.40

Coronary artery disease 
n (%)

13 (10) 8 (12) 5 (7) 0.38

NYHA functional class I-II 
n (%)

122 (90) 58 (85) 63 (93) 0.17

History of 
tachyarrhythmias n (%)

111 (82) 53 (78) 58 (85) 0.25

  SVT 79 (58) 40 (59) 39 (57) 0.86

  NSVT 35 (26) 31 (46) 4 (6) <0.001

Anti-Arrhythmic drug 
therapy n (%)

68 (50) 34 (50) 34 (49) 0.80

  Class I _ _ _ _

  Class II 47 (35) 26 (38) 21 (31) 0.36

  Class III 21 (15) 8 (12) 13 (19) 0.23

  Class IV _ _ _ _

ECG n (%) 129 (95) 66 (97) 63 (93) 0.24

   Sinus rhythm 89 (69) 41 (62) 48 (76) 0.06

   AF/AFL 23 (18) 16 (24) 7 (11) 0.05

   Ventricular paced 
rhythm

20 (16) 13 (20) 7 (11) 0.17

   Mean QRS duration 
(ms)*

149±37 153±37 145±36 0.25

   QRS duration≥180 (ms)* 27 (21) 17 (26) 10 (16) 0.08

   QT interval* 445±60 445±56 445±65 0.96

   QTc interval* 470±43 467±37 473±48 0.43

Echocardiography n (%) 132 (97) 68 (100) 65 (96) 0.31

Table 1. Baseline Charecteristics
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   Moderate to severe 
ventricular dysfunction

67 (51) 37 (55) 30 (46) 0.29

     PVF 33 (25) 14 (21) 19 (29) 0.31

     SVF 47 (36) 31 (46) 17 (26) 0.01

     Combined PFV and SVF 
dysfunction

15 (11) 9 (13) 6 (9) 0.45

Holter Monitoring 
performed n (%)

60 (44) 37 (54) 23 (34) 0.01

   Documented NSVT and/
or VT

23 (38) 18 (49) 5 (22) 0.03

   Documented SVT 21 (35) 16 (43) 5 (22) 0.09

Electrophysiological study 
n (%)

85 (63) 41 (60) 44 (65) 0.59

  Positive for ventricular 
arrhythmias

67 (78) 28 (68) 39 (87) 0.04

    Sustained ventricular 
arrhythmias

63 (74) 28 (68) 35 (80) 0.35

    NSVT 7 (8) 2 (5) 5 (11) 0.29

    SVT 21 (24) 11 (27) 10 (22) 0.57

Ablation n (%) 36 (26) 13 (19) 23 (33) 0.05

  Any SVT ablation 24 (67) 12 (92) 12 (52) 0.96

   Prior to ICD Implantation 12 (33) 8 (62) 4 (17) 0.22

  Any VT ablation 13 (36) 1 (8) 12 (52) 0.003

   Prior to ICD Implantation 8 (22) 2 (15) 6 (26) 0.14

Abbreviations: ICD, implantable cardioverter defibrillator; CHD, congenital heart disease; 
NYHA class, new york heart association; SVT, supraventricular tachycardia; NSVT, nonsustained 
ventricular tachycardia; AF/AFL, atrial fibrillation/atrial flutter; PVF, pulmonary ventricular 
function; SVF, systemic ventricular function; PV, pulmonary ventricle; SV, systemic ventricle; 
SMVT, sustained monomorphic ventricular tachycardia; SPVT, sustained polymorphic ventricular 
tachycardia; VF, ventricular fibrillation; VT, ventricular tachycardia *Excluding patients with 
ventricular paced rhythm  

Table 1. Continued
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Figure 2. Comparison of the number of shocks in patients with appropriate and inappropriate 
shocks in the primary vs the secondary prevention group.

Figure 3. A, Kaplan-Meier survival curve for freedom from first appropriate ICD shock in primary vs 
secondary prevention group. B, Kaplan-Meier survival curve for freedom from first inappropriate 
ICD shock in primary vs secondary prevention group.
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in 13 patients of whom 77% had previous myocardial infarction and moderately to se-
verely impaired systemic ventricular function. However, indication for ICD therapy was the 
congenital condition in all of these patients. Sixty-three patients (46%) used class II and/or 
III anti-arrhythmic drugs before or during ICD implantation. However, neither class II (HR 
1.1, 95% CI 0.5-2.2, P=0.706) nor class III (HR 1.0, 95% CI 0.4-2.4, P=0.900) anti- arrhythmic 
drugs reduced the risk of appropriate shocks.

In patients with secondary prevention, the presence of mild CHD independently pre-
dicted the occurrence of appropriate shocks (HR 3.2, 95% CI 1.2-8.3, P=0.013). However, 
compared to patients with moderate to severe CHD, patients with mild CHD were older 
(52±14.6 versus 38±11.4, P=<0.001) had more often CAD (36% versus 12%, P=<0.001) and 
a moderately to severely impaired systemic ventricle (63% versus 28%, P=0.001).

Risk Score for Appropriate ICD Shocks

The independent predictors after multivariate Cox analysis were secondary prevention in-
dication, CAD and symptomatic NSVT. Table 3 shows the hazard ratio and points attributed 
to each variable.  Three risk categories were derived from a possible maximum of 4 points: 
low risk (0 points), intermediate risk (1 point), high risk (2-4 points). Figure 4A shows that 
the 8-year survival curve to first appropriate shock was 94%, 57% and 26% for the low, 
intermediate and high risk patients, respectively (P<0.001). Only one appropriate shock 
occurred in the low risk group. Figure 4B shows the survival in relation to the aforemen-
tioned risk factors in 12.743 patients in the Concor database without an ICD. Note that 
survival in the Concor database shows a similar trend as freedom from appropriate ICD 
shocks in the study population: 94%, 82% and 71% for patients with a low, intermediate 
or high risk after 8 years of follow-up .

Complications and Inappropriate ICD therapy 

Table 4 summarizes 45 implant related complications in 40 patients (29%). Lead failure 
caused multiple inappropriate shocks in 5 patients. Overall, 41 patients (30%) experi-
enced 86 episodes of inappropriate shocks (221 shocks, range 1-27 per patient, mean 
5.4). Shocks were delivered on atrial tachyarrhythmias in 69%, sinus tachycardia in 23%, 
lead fracture in 5% and T wave oversensing in 3%. Seventeen patients (41%) also experi-
enced appropriate shocks.  Figure 3B shows time to first inappropriate shock in patients 
with primary (n=18) versus secondary (n=23) prevention indication. No difference was 
observed between the groups. 

Determinants of Inappropriate ICD Therapy

Univariate predictors of inappropriate ICD shocks were inducible SVT (HR 2.6, 95% CI 0.9-
7.2, P=0.050) and SVT ablation prior to or after ICD implantation (HR 2.1, 95% CI 1.1-4.3, 
P=0.026). In multivariate analysis only SVT ablation was an independent predictor of inap-
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Table 2. Clinical Parameters Associated with Appropriate ICD Shocks
Univariable Analysis Multivariable Analysis

Variable HR 95% CI P value HR 95% CI P value
Overall (n=136)
Secondary prevention indication 1.6 0.8-3.1 0.17 3.6 1.3-9.5 0.009
Age>40 years 1.8 0.9-3.5 0.06
Mild CHD 2.3 1.1-4.6 0.01
Documented CAD 1.8 0.7-4.8 0.18 2.7 1.0-7.2 0.04
Symptomatic NSVT 3.2 1.4-7.1 0.005 9.1 2.8-29.2 <0.001
QRS>180 (ms) 0.6 0.2-1.4 0.23
Ventricular dysfunction 
(EF≤35%) 1.4 0.7-2.8 0.27

  PVF 0.8 0.3-1.8 0.65
  SVF 1.5 0.7-3.0 0.21
  Combined PFV and SVF 
dysfunction 1.0 0.3-3.2 0.97

Inducible sustained ventricular 
arrhythmias 1.1 0.4-2.6 0.82

Primary Prevention (n=68)
Age>40 years 2.0 0.6-6.3 0.22
Mild CHD 1.5 0.4-5.6 0.54
Documented CAD 1.8 0.4-8.1 0.43
Symptomatic NSVT 8.0 2.3-27.1 0.001 8.6 2.5-29.5 0.001
QRS>180 (ms) 1.2 0.3-4.4 0.77
Ventricular dysfunction 
(EF≤35%) 3.9 1.0-14.9 0.04

  PVF 3.0 1.2-12.6 0.02
  SVF 1.7 0.5-5.3 0.32
  Combined PFV and SVF 
dysfunction 3.6 0.9-13.8 0.06 4.3 1.0-17.9 0.04

  Moderate to severe TR 2.7 0.8-8.9 0.09
Inducible sustained ventricular 
arrhythmias 1.0 0.2-5.4 0.95

Secondary Prevention (n=68)
Age>40 years 1.7 0.7-3.7 0.18
Mild CHD 2.6 1.1-5.9 0.02 3.2 1.2-8.3 0.01
Documented CAD 2.0 0.5-6.7 0.26
QRS>180 (ms) 0.3 0.1-1.4 0.14
Ventricular dysfunction 
(EF≤35%) 0.8 0.3-1.9 0.67

  PVF 0.3 0.1-0.9 0.02
  SVF 1.5 0.6-3.8 0.35
  Combined PFV and SVF 
dysfunction 0.1 0.0-21.9 0.32

Inducible sustained ventricular 
arrhythmias 1.0 0.3-2.8 0.96

Abbreviations: ICD, implantable cardioverter defibrillator; CHD. congenital heart disease; NSVT, 
nonsustained ventricular tachycardia; EF, ejection fraction; PVF, pulmonary ventricular function; 
SVF,systemic ventricular function; CAD, coronary artery disease; VT, ventricular tachycardia; TR, 
tricuspid valve regurgitation
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propriate shocks (HR 2.2, 95% CI 1.0-4.6, P=0.040).  Interestingly, the presence of SVT pri-
or to ICD implantation was not associated with a higher risk of inappropriate shock due to 
any cause (HR 1.0, 95% CI 0.5-1.8, P=0.982). In patients without SVT, inappropriate shocks 
were mainly due to sinus tachycardia and lead failure (58%). Use of anti-arrhythmic drugs 
(used by less than 50% of patients) did not alter the risk of inappropriate shocks (HR 0.9, 
95% CI 0.5-1.8, P=0.982) nor did implantation of a dual chamber ICD (HR 0.8, 95% CI 0.4-
1.5, P=0.50). Inappropriate shocks occurred more frequently in primary prevention in TOF 

Table 3. Risk Score for Appropriate ICD Shocks in Total Cohort

Variable HR Points attributed

Secondary prevention indication 3.6 1

Documented CAD 2.7 1

Symptomatic NSVT 9.1 2

Abbreviations: ICD, implantable cardioverter defibrillator; CHD, congenital heart disease; CAD, 
coronary artery disease; NSVT, nonsustained ventricular tachycardia

Table 4. ICD Implantation related complications in 40 patients

Early complications n (%) 12 (9)

  Pocket haematoma 6

  Pneumothorax 4

  Lead dyslocation 2

Late complications n (%) 33 (24)

  Lead related 18 (13)

    Lead dyslodgement 4

    Lead dysfunction 14

 Generator related n (%) 14 (10)

    Pocket hematoma 2

    Pocket infection 4

    Pocket dislodgment 2

    Pocket decubitus ulcers 4

    Device malfunction n (%) 1

    Pain 1

 Other n (%) 1 (1)

    Pneumothorax 1

Reintervention due to complications n (%) 28 (21)

ICD Replacements due to end of life battery n (%) 52 (38)

ICD Replacements due to complications n (%) 14 (10)

Abbreviations: ICD, implantable cardioverter defibrillator
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compared to other cardiac defect (HR 3.6, 95% CI 1.0-12.4, P= 0.048).

Electrophysiological Studies and ablation

EPS was performed in 85 patients (63%). Sixty-three patients (73%) had inducible sus-
tained ventricular arrhythmias of which 45 were monomorphic VT (71%), eight polymor-
phic VT (13%), seven VF (11%), two both VF and monomorphic VT (3%) and one both VF 
and polymorphic VT (2%). Twenty-one patients (33%, five primary prevention) with induc-
ible monomorphic VT received appropriate ICD shocks for monomorphic VT, while seven 
patients (32%, two primary prevention) without inducible ventricular arrhythmias had at 
least one appropriate ICD shock. 

VT ablation prior to ICD implantation was performed in eight patients of whom six pro-
cedures were successful. SVT ablation was performed in 11 of the 79 patients (14%) with 
documented SVT prior to ICD implantation. Remarkably, inappropriate shocks occurred 
in 24 patients (30%) with documented SVT of which 9% versus 34% in patients with and 
without SVT ablation.  

Mortality

There were 20 deaths (15%) during follow-up. The cause of death was known in 15 pa-
tients and included  congestive heart failure in nine, SCD in one, ventricular tachyarrhyth-
mia storm in one and sepsis post cardiac surgery in one patient. Three patients died from 
a non-cardiac cause. No ICD electrograms were available in the patient with SCD. Three 
patients (2%) underwent heart transplantation for heart failure: 0.2, 5 and 7 years follow-
ing their ICD implantation

Figure 4. A, Cumulative event free survival for a first appropriate ICD shock according to an 
increasing risk score in all patients. B, Cumulative survival in relation to the presence of risk factors 
in patients without an ICD in the Concor database.
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DISCUSSION
This is the largest multicenter on ICD therapy in adults with CHD. Moreover, this study 
defines clinical predictors of appropriate ICD therapy within this population. 

Both patients with primary and secondary prevention indication received many appropri-
ate ICD shocks, 19 and 38% respectively. Interestingly, the majority of first appropriate ICD 
shocks occurred within the first two years of follow-up.  Independent predictors of appro-
priate ICD shocks included secondary prevention indication, CAD and symptomatic NSVT. 
Based on these three clinical variables a risk score to predict the occurrence of appropri-
ate shocks was developed. In patients with primary prevention indication, symptomatic 
NSVTs and a combined moderate to severe systemic and subpulmonary ventricular dys-
function were independent predictors of appropriate shocks. These risk factors have not 
been reported previously. High rates of inappropriate ICD shocks, predominantly due to 
atrial tachyarrhythmias were noted in 30% of patients and almost half of these patients 
also experienced appropriate shocks. Implantation related complications requiring re-
interventions were also common. 

primary prevention Indication

ICD therapy is highly effective in preventing SCD in patients with ischemic and non ischem-
ic cardiomyopathy (CMP) 9-11 . In adults with CHD, consensus exists on ICD implantation 
for secondary prevention of SCD. Nineteen percent of patients with a primary prevention 
indication received appropriate shocks which is approximately 5% per year of follow-up. 
These findings are similar to the results of ICD outcome in patients with hypertrophic 
cardiomyopathy 14, ARVC 15, Long-QT syndrome 16 and SCD-Heft 10 and somewhat lower 
than reported in MADIT-II and DEFINITE 11. The high rates of appropriate ICD shocks in 
the primary prevention group in the present study suggest that cardiologists have been 
successful in identifying high risk patients.  Appropriate ICD shocks are a surrogate marker 
for SCD and may overestimate the risk for SCD. Some of these shocks, however, were 
presumably life-saving. This suggests an important role of ICD therapy in preventing SCD 
in adults with CHD.

Clinical variables associated with appropriate ICD therapy

To our knowledge, this is the first study to highlight the importance of symptomatic NS-
VTs as significant determinant of appropriate ICD therapy in the general CHD population. 
Khairy et al reported NSVT as independent predictor of appropriate ICD therapy in pa-
tients with TOF and primary prevention of SCD, but they did not report whether NSVT was 
symptomatic 7. Despite lack of guidelines on ICD therapy in CHD patients, there appears 
to be consensus on ICD implantation for secondary prevention of SCD. In the present 
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study patients with resuscitated cardiac arrest and sustained VT were best served by ICD 
therapy. In 37 patients with transposition of the great arteries and intra-atrial baffles high 
rates of appropriate shocks were also reported in patients with secondary (28.6%) but not 
in primary prevention indication (4.3%).  Here, the factors that were identified in small 
specific subpopulations prove valid in the entire cohort. Surprisingly, in the present study, 
mild CHD was associated with appropriate ICD therapy in patients with a secondary pre-
vention indication. However, when compared to other CHD, patients with mild CHD were 
older and were in a worse clinical condition. Since the population of adult patients with 
CHD is growing, aging, ischemia, infarction and myocardial fibrosis might form the mecha-
nism of sustained VT and SCD. 

Risk Score

We developed an easily applicable scoring system to predict the probability of appropriate 
ICD shocks that may be helpful in decision making to implant an ICD. However, the vari-
ables used in the scoring system are inherent characteristics of the population to which the 
model was applied. These risk factors were associated with survival in the Concor database 
which showed a trend similar to the freedom of appropriate shocks in the current study.  
Evidently, survival does not equate to appropriate shocks, but this finding supports the 
clinical relevance of the risk factors proposed.

Clinical variables not associated with appropriate ICD therapy

QRS prolongation has been associated with SCD and mortality in heart failure and TOF 
patients 6, 17-19.  In the present study, there was no association between ICD therapy and 
QRS duration. In our high risk group of patients, severity of ventricular dysfunction (sys-
temic or subpulmonary ventricle) was not associated with appropriate ICD shocks during 
follow-up which is in line with the MADIT II trial 20. However, deterioration of systemic and 
subpulmonary ventricle was associated with the occurence of appropriate shocks. LVEDP 
was not routinely measured or reported in the current cohort, hence we cannot confirm 
or negate the finding of Khairy et al that LVEDP>12 mmHg is associated with appropriate 
ICD therapy 7. Inducible sustained ventricular arrhythmias prior to ICD implantation did 
not correlate with appropriate shocks during follow-up 7, 21, 22. Remarkably, patients with 
TOF, the largest group of ICD recipients, were not at higher risk of receiving appropriate 
ICD shocks.

Inappropriate ICD therapy and complications

In line with previous studies 7, 21-25, inappropriate shocks were observed in 30% of patients, 
predominantly due to atrial tachyarrhythmias (69%). Anti-arrhythmic drug therapy did 
not reduce inappropriate ICD shocks for SVT, albeit that less than 50% of patients with SVT 
were using anti-arrhythmic drugs. Therefore, in this population ICD implantation should 
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be combined with therapy for atrial tachy-arrhythmias. Device programming, prolonga-
tion of detection time and increasing the tachycardia detection rate in particular may 
further reduce inappropriate ICD shocks caused by SVT, especially in younger patients. 
SVT ablation prior to ICD implantation reduced the risk of inappropriate shocks with 25% 
and may be considered in patients with documented SVT.  The most prevalent implanta-
tion related complication was lead failure, causing inappropriate shocks in 5 patients. In 
patients with CHD, high rates of lead related complications have been reported previously 
22, 23, 26. Implantation of an entirely subcutaneous ICD may be considered in patients who 
do not require cardiac pacing. However, experience in CHD is limited 27.

Study Limitation

The limitations of the present multicenter study includes its purely retrospective nature, 
practice variation between centers, differences in indication for ICD therapy, variation be-
tween operators in implantation techniques and programming and variances in complex-
ity of CHD. Quantification of ventricular EF was frequently lacking, thus qualitative data 
were used. Moreover, a high risk control group without ICD implantation is obviously lack-
ing which precludes the quantification of survival benefits. However, application of the 
risk factors to survival in the Concor database showed a qualitatively similar pattern. A 
prospective analysis of the risk factors reported here would of course be preferable but is 
not available to date. This would further strengthen the association of the risk factors we 
identified here with the risk of appropriate shocks.

CONClUSION AND ClINICAl IMPlICATIONS
ICD therapy is effective in primary and secondary prevention of SCD in adults with CHD 
during long term follow-up. Although indications for ICD implantation are not uniform, 
identification of high risk patients by cardiologist seems accurate, as reflected by the 
high rates of appropriate shocks. Patients with secondary prevention indication, CAD and 
symptomatic NSVT are at highest risk of receiving appropriate shocks. Morbidity is how-
ever considerable due to relatively high rate of inappropriate shocks and implantation 
related complications. Therefore, the risk benefit ratio of ICD therapy should be carefully 
assessed in individual patients. In patients with SVT, ablation prior to ICD implantation 
should be considered as this reduces the risk of inappropriate shock by 25%.
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ABSTRACT

Background

A recently developed risk score model aims to predict appropriate implantable cardiovert-
er defibrillator (ICD) therapy for primary prevention of sudden cardiac death in tetralogy 
of Fallot (TOF). We assessed the validity of the proposed risk score model.

Methods 

Patients included in a retrospective international cohort were stratified according to the 
risk score system. Risk factors were prior shunt, inducible sustained ventricular tachy-
cardia, QRS≥180ms, ventriculotomy incision, nonsustained ventricular tachycardia (NSVT) 
and left ventricular end-diastolic pressure≥12mmHg (LVEDP). Left ventricular ejection 
fraction ≤35% measured by means of echocardiography was used because LVEDP values 
were incomplete in our cohort. 

Results 

Thirty-six adults had TOF and ICD for primary prevention (72% male, mean age 37±12). 
Seven patients (19%) received appropriate shocks during a median follow-up of 5.5 years. 
Of the proposed risk factors only NSVT was associated with appropriate shocks (HR 2.6, 
CI 1.1-6.0, P=0.02). Patients with asymptomatic NSVT did not receive any appropriate 
shocks. The 8-year Kaplan-Meier estimate to first appropriate shock was 86%, 78% and 
75% for low, intermediate and high risk patients, respectively. In this study, the annual rate 
of appropriate shocks was 4.1% in the high risk group which was considerably lower than 
reported by Khairy and colleagues (17.5%).

Conclusions 

The risk score model of Khairy and colleagues was capable of identifying low versus inter-
mediate/high risk patients. However, event rates of lethal arrhythmias were lower in our 
cohort than previously reported. Symptomatic but not asymptomatic NSVT was the sole 
clinical variable associated with appropriate ICD therapy in TOF.
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INTRODUCTION
Sudden cardiac death (SCD) of presumed arrhythmic etiology is one of the leading causes 
of death in adults with congenital heart disease (CHD) [1-4]. Within this population, pa-
tients with tetralogy of Fallot (TOF) are the most common recipients of implantable car-
dioverter defibrillators (ICD) [5, 6]. The reported prevalence of SCD in TOF varies between 
2.0 and 8.3% [7-9]. Several retrospective studies have focused on identifying risk fac-
tors for ventricular arrhythmias and SCD in TOF. The low overall annual incidence of SCD 
(0.15%) and the low predictive value of the proposed risk factors are the most important 
factors precluding prospective trials [10]. Therefore, identification of high risk patients 
remains challenging. Khairy et al developed a risk score to predict appropriate ICD shocks 
in 68 patients with TOF and ICD for primary prevention of SCD [5]. Recently, we reported 
a large multicenter retrospective study on adults with congenital heart disease and ICD 
[11]. In the current study we investigate the applicability and validity of the risk model 
on surgically repaired TOF patients with an ICD implanted for primary prevention. In the 
paper by Khairy et al 17.5% of high risk patients received appropriate ICD shocks annually. 
However, this model has never been validated in another cohort. 

MATERIAlS AND METhODS

Study Design and population

The data collection process has been described previously. In short, this was a multi-center 
retrospective study which included adult patients with CHD and an ICD implanted before 
March 2010. Patients were identified from the databases of 10 tertiary referral centers in 
the Netherlands and Belgium. Exclusion criteria were age ≤18 years at ICD implantation 
and patients with CHD and primary electrical disease or inherited cardiomyopathy. In the 
current study only the subset of surgically repaired TOF patients with primary preven-
tion indication for ICD was analyzed. Secondary prevention indication was defined as ICD 
implant after resuscitated cardiac arrest, ventricular fibrillation (VF) or hemodynamically 
intolerated ventricular tachycardia (VT). The absence of a secondary prevention indication 
defined primary prevention.  Data collection was conducted after approval from the medi-
cal ethics committee in the participating centers.

Baseline Characteristics

Details on demographics, surgical history (type of repair, presence of ventriculotomy), 
associated anomalies, New York Heart Association functional class, electrocardiography 
(ECG) data, echocardiography, 24-hour Holter monitoring, electrophysiological studies 
(EPS) and information on ablations were retrieved from the medical records. The most 
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recent data available prior to first ICD implant was analyzed. ECG data included rhythm 
(spontaneous or paced), heart rate, QRS duration and QT interval. Echocardiographic data 
included left and right ventricular function, chamber sizes and degree of valvular regurgi-
tation. Ventricular function was classified as normal (ejection fraction (EF) ≥50%), mildly 
(EF 40-49%), moderately (EF 30-39%) and severely (EF<30%) impaired. The presence of 
ventricular ectopy and nonsustained VT (NSVT) during Holter monitoring before ICD im-
plantation was documented. EPS was performed according to each institution’s protocol 
and reviewed for inducibility of sustained monomorphic and polymorphic VT, VF and su-
praventricular arrhythmias. NSVTs were defined as ≥3 consecutive ventricular complexes 
with a rate of >100/minute, terminating spontaneously in <30 seconds. 

ICD Related Data

Type of ICD (ie single, dual chamber ICD), type of lead, indication for implant, and electri-
cal parameters and were recorded. The number of shocks per episode, number of epi-
sodes shocked, time to shock since an ICD had been implanted, and whether the shock 
was successful in restoring sinus or paced rhythm were documented. The VT cycle length, 
programmed defibrillator zone (e.g., slow VT, fast VT, or VF zone), and success or failure of 
therapy were noted.  Appropriate ICD therapy was defined as a shock or anti-tachycardia 
pacing (ATP) delivered in response to a ventricular tachyarrhythmia (monomorphic VT, 
polymorphic VT or ventricular fibrillation with a cycle length within the therapy zone of 
the device). Inappropriate ICD therapy was defined as therapy delivered for reasons other 
than ventricular arrhythmias.  

Development Cohort 

A risk score model to predict appropriate ICD shocks in TOF and primary prevention in-
cluded 6 clinical variables identified by multivariate analyses in the development cohort. 
These variables were: 1) existence of shunts prior to corrective surgery (2 points), 2) in-
ducible sustained VT (2 points), 3) QRS≥180 ms (1 point), 4) ventriculotomy incision (2 
points), 5) NSVT (2 points) and 6) left ventricular end-diastolic pressure ≥12mmHg (LVEDP, 
3 points).  The presence of NSVTs and a LVEDP≥12mmHg were independent predictors of 
appropriate ICD shocks. Three risk categories were identified: low (0 to 2 points), inter-
mediate (3 to 5 points) and high (≥6 points).[5] In our patients LVEDP was incompletely 
available and we used moderate to severe impaired left ventricular dysfunction as an 
alternative measure.

Statistical analysis

Data analyses were performed with SPSS software for Windows (18.0 for Windows; SPSS 
Inc., Chicago. Illinois, US). Categorical variables are presented as numbers and percent-
ages. Continues variables are presented as means ±SD. A two sided P value of ≤0.05 was 
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considered to indicate statistical significance. Kaplan-Meier curves for time to first appro-
priate ICD shock in the three risk groups were generated.  Comparison between groups 
was performed by log-rank statistics. To identify clinical parameters associated with ap-
propriate ICD shocks univariate Cox proportional hazard models were used. The annual 
event rates for appropriate shocks were calculated by dividing the number of patients 
with appropriate shocks by the sum of follow-up duration of the patients. The perfor-
mance of the risk score was evaluated using the area under the receiver-operating curve 
(ROC), otherwise known as the C-index. Models with an area under the ROC curve of ≥0.7 
are preferred. 

RESUlTS

Characteristics of the validation cohort

Overall, 68 adults with surgically repaired TOF and ICD implant were identified. Of these, 
36 had a primary prevention indication. Indications for primary prevention were inducible 
sustained ventricular arrhythmia in 16 (44%), (pre) syncope without documented ven-
tricular arrhythmia in 9 (25%), NSVT and left ventricular ejection fraction (LVEF) ≤35% in 4 
(11%), NSVT only in 4 (11%), QRS duration≥180ms and right ventricular ejection fraction 
(RVEF) ≤35% in two (6%) and palpitations not otherwise specified in 1 (3%) patient. Table 
1 summarizes the baseline characteristics. The mean age at time of ICD implantation was 
37±12 years and 72% was male. The majority of patients were in NYHA functional class I 
(95%). Table 2 shows the results of ECGs, echocardiography, Holter monitoring and EPS. 
Mean QRS duration (ventricular pacing excluded) was 170±33ms. Moderately to severely 
impaired left and right ventricular function was present in 21% and 18% of patients, re-
spectively. Holter monitoring was available in more than half of the patients and showed 
NSVTs in 38% of these patients. EPS was performed in approximately 80% of the patients 
and sustained ventricular arrhythmias were inducible in 58%. These sustained ventricular 
arrhythmias consisted of monomorphic VTs in 16 (76%), polymorphic VTs in 3 (14%), VF in 
2 (9%) and combined monomorphic VT and VF in one patient (5%). 

Five patients (14%) died within 10 years of follow-up after ICD implantation. The cause of 
death was heart failure in three patients, while the remaining two patients died from a 
non cardiac cause. 

Appropriate and Inappropriate ICD shocks 

The median follow-up duration of this study after ICD implantation was 5.5 years (range 
0.1-11.7). Seven patients received 21 ICD shocks. More than half of these shocks were de-
livered in one patient. During follow-up VT recurred in only two patients. Appropriate ATP 
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Table 1. Baseline Characteristics Prior to ICD Implantation

All Patients (n=36)

Mean age at ICD Implantation y 37±12

One chamber ICD n (%) 12 (33)

Median follow-up duration y (range) 5.5 (0.1-11.7)

Male n (%) 26 (72)

NYHA functional classes I-II n (%) 34 (94)

History of tachyarrhythmias n (%) 26 (72)

  SVT 18 (50)

  NSVT 13 (36)

Anti-Arrhythmic drug therapy n (%) 14 (39)

  Class I _

  Class II 9 (25)

  Class III 6 (17)

  Class IV _

Pacemaker n (%) 7 (19)

Surgical history n (%)

  Prior palliative shunt  15 (42)

     Potts shunt 4 (11)

     Waterson shunt 3 (8)

     Blalock Taussig shunt 8 (22)

  Nontransannular RVOT patch n (%) 29 (81)

  Transannular RVOT patch n (%) 7 (19)

  Mean age at repair y 11±14

  Reintervention n (%) 23 (64)

  Pulmonary valve replacement n (%) 25 (69)

    Pulmonary homograft 19 (53)

    Mechanical prosthesis 6 (17)

  Tricuspid valve surgery n (%) 6 (17)

  Aortic valve replacement n (%) 1 (3)

  Mitral valve replacement n (%) 1 (3)

Abbreviations: ICD, implantable cardioverter defibrillator; NYHA class, new york heart 
association; SVT, supraventricular tachycardia; NSVT, nonsustained ventricular tachycardia; 
RVOT, right ventricular outflow tract
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was unsuccessfully delivered in four of the seven patients with appropriate shocks.  ATP 
was successful during only one episode of VT in one patient to restore heart rhythm. The 
causes of appropriate shocks were monomorphic VT’s in all patients. In five of the seven 
patients, first ICD shock was successful to restore heart rhythm. During follow-up two of 
the seven patients with appropriate shocks died; one due to non-cardiac cause and one 
due to acute heart failure peri-operative (pulmonary valve replacement).

Thirty-six inappropriate ICD shocks of which the majority was due to atrial tachycardias 
(80%) were delivered in 15 patients (42%). Inappropriate shocks occurred in six of the 
seven patients who also received appropriate shocks. 

Table 2. ECG, Echocardiography, 24h-Holter and Electrophysiological Study

All Patients (n=36)

ECG n (%) 35 (97)

   Sinus rhythm 27 (77)

   Ventricular paced rhythm 4 (11)

   Mean QRS duration (ms)* 170±33

   QRS duration≥180 (ms)* 15 (43)

   QT interval* 464±53

   QTc interval* 477±35

Echocardiography n (%) 34 (94)

   At least moderate impaired LVF 7 (21)

   At least moderate impaired RVF 6 (18)

   PR≥moderate 12 (35)

   TR≥moderate 5 (15)

   MR≥moderate 1 (3)

   AR≥moderate 3 (9)

Holter Monitoring n (%) 21 (58)

   Documented NSVT 8 (38)

   Documented SVT 8 (38)

Electrophysiological study n (%) 28 (78)

    Sustained ventricular arrhythmias 21 (75)

    SVT 7 (25)

Abbreviations: LVF, left ventricular function; RVF, right ventricular function; PR, pulmonary 
regurgitation; TR, tricuspid regurgitation; MR, mitral regurgitation; AR, aortic regurgitation; VT, 
ventricular tachycardia *Excluding patients with ventricular paced rhythm; NSVT, non sustained 
ventricular tachycardia; SVT, supraventricular tachycardia.   
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Figure 1. Event free survival for a first appropriate ICD shock according to an increasing risk score 
in all patients.

Table 3. Comparison of univariate predictors of appropriate shocks between the current cohort 
and the development cohort by Khairy et al.

HR 95% CI P HR 95% CI P

Current Cohort Khairy et al

Prior Shunt 1.0 0.5-2.1 0.98 2.6 0.7-9.4 0.13

Inducible sustained VT 0.7 0.3-1.6 0.38 2.1 0.6-7.6 0.24

QRS≥180ms 1.3 0.3-5.9 0.73 2.0 0.7-5.9 0.22

Ventriculotomy incision 0.9 0.3-2.7 0.90 2.4 0.9-6.1 0.07

NSVT 2.6 1.1-6.0 0.02 2.7 1.0-7.2 0.05

LVEDP ≥12mmHg* 1.2 0.7-2.1 0.47 15.1 1.9-123.7 0.01

VT, ventricular tachycardia; NSVT, non sustained ventricular tachycardia; LVEDP, left ventricular 
end diastolic pressure * In current cohort LVEDP measurements lacked and therefore 
moderately to severly impaired left ventricular function was used instead.
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Figure 2. Kaplan-Meier estimate of time to first  appropriate ICD shock in patients with vs without 
nonsustained ventricular tachycardia (A, NSVT) and symptomatic vs asymptomatic NSVT (B).
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validation of the risk score 

Classification of the patients according to the risk score model resulted in the assignment 
of 25% of our patients to the low risk group, 56% to the intermediate risk group and 19% 
to the high risk group.  The results for the low risk group were similar to the development 
cohort where 26% of the patients were at low risk. However, in that cohort 35% had 
an intermediate risk and more patients (38%) were at high risk. Figure 1 shows that the 
8-year Kaplan-Meier curve for freedom from first appropriate shock was 86%, 78% and 
75% for the low, intermediate and high risk group, respectively (P=0.721). The majority of 
the shocks occurred within two years of follow-up after ICD implantation. Kaplan-Meier 
survival curves for freedom from first appropriate ICD shocks were consistent with those 
reported in the development cohort of the proposed risk score model in the low versus 
intermediate/high risk group. However, in our cohort the Kaplan Meier survival curves 
of the intermediate versus high risk groups overlapped. The annual rate of appropriate 
shocks in this study was 1.2% in the low risk group, 5.1% in the intermediate risk group 
and 4.1% in the high risk group. The annual event rate in the high risk group was consider-
ably lower (more than four-fold lower) than reported (17.5%) in the development cohort 
which resulted in a poor discriminative ability of the risk score (area under the ROC 0.49) 
model.

Single risk factors and appropriate ICD shocks

Table 3 shows the univariate analysis of the proposed risk factors in our cohort versus the 
development cohort. In our cohort documented NSVT was the only clinical variable which 
was significantly associated with appropriate ICD shocks in univariate analysis.  None of 
the other proposed risk factors were significantly associated with appropriate shocks. 
These results were similar to the development cohort, except for LVEDP≥12mmHg. In this 
study, NSVTs were documented in 13 patients, of whom seven had symptoms consisting 
of palpitations in five and near collapse in two patients. Freedom from first appropri-
ate ICD shock was 43% in patients with and 100% in patients without documented NSVT 
(P=0.009, Figure 2A). Furthermore, appropriate shocks occurred in patients with symp-
tomatic NSVTs only (Figure 2B). Moderately to severely impaired left ventricular function 
was not associated with the occurrence of appropriate ICD shocks.

DISCUSSION
For the first time, the applicability and validity of a previously developed risk score model 
to predict appropriate ICD shocks in patients with TOF and ICD was studied in an inde-
pendent dataset. The risk score was applicable to the patients except for LVEDP measure-
ments which lacked for the majority of our patients. The risk score model was capable of 
discriminating between low versus intermediate/high risk patients. However, in this study 
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there was no difference in the Kaplan-Meier survival curves for freedom from first appro-
priate ICD shock between intermediate and high risk patients and the annual event rate 
was considerably lower (4,1 vs 17,5%) in the high risk group than reported previously. This 
might result from varying indications for ICD implantation. Alternatively, the development 
cohort consisted of patients with more extended disease. Currently, uniform indications 
for ICD implantation in TOF are lacking and the participating centers in the current study 
might have been more vigorous in decision making for ICD implantation. On the other 
hand, in the development cohort risk factors were identified retrospectively and only two 
of them (NSVT and LVEDP≥12mmHg) were independently associated with the occurrence 
of appropriate ICD shocks. In this study symptomatic NSVT was the sole factor associated 
with the occurrence of appropriate ICD shocks. Patients with asymptomatic NSVT did not 
receive appropriate shocks.

In adults with CHD inappropriate shocks may occur in approximately 25% of ICD recipients 
[5, 11-15]. In this study 42% of the patients received inappropriate ICD shocks predomi-
nantly due to atrial tachycardias. 

Limitations

This was a retrospective study with a limited sample size, practice variation between 
centers, differences in indication for ICD implantation, and variation between operators 
in implantation techniques and programming. LVEDP, one of the proposed risk factors, 
was not routinely measured in all participating clinics and was incompletely available. 
Therefore we used quantitative measurement of the left ventricular function instead of 
LVEDP. We considered moderately to severely impaired LV function as equivalent to an 
LVEDP≥12mmHg. 

Conclusion and Clinical Implications

We show that symptomatic but not asymptomatic NSVT is the sole clinical variable associ-
ated with appropriate ICD therapy in our study. We applied this risk score model of Khairy 
et al to an independent cohort of adults with TOF and an ICD for primary prevention. In 
our study, the event rates of ventricular arrhythmias were considerably lower which might 
relate to the indication for ICD implantation and a relatively more healthy TOF popula-
tion. We show that the proposed risk score model can be used as a guidance to identify 
low versus moderate/high risk patients, but in our cohort it did not discriminate between 
moderate and high risk patients. Potentially, future larger scale validation studies can ob-
tain a robust difference between intermediate and high risk patients. 

This study points at symptomatic NSVT as an important parameter for appropriate ICD 
therapy. This clinical feature might add to decision making for ICD implantation for pri-
mary prevention in TOF.
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ABSTRACT

Background

In adults with congenital heart disease (CHD) heart failure is one of the leading causes of 
morbidity and mortality but experience with and reported outcome of cardiac resynchro-
nization therapy (CRT) is limited. We investigated the efficacy of CRT in adults with CHD 
including changes in functional class, hemodynamic and electrocardiographic alterations.

Methods and Results

This was a retrospective study including 48 adults with CHD who received CRT since 2003 
in four tertiary referral centers. Responders were defined as patients who showed im-
provement in NYHA functional class and/or systemic ventricular ejection fraction (SVEF) 
by at least one category. Ventricular function was assessed by echocardiography and 
graded on a four point ordinal scale. Median age at CRT was 47 years (range 18-74 years) 
and 77% were male. Cardiac diagnosis included tetralogy of Fallot in 29%, (congenitally 
corrected) transposition of great arteries in 23%, septal defects in 25%, left sided lesions 
in 21% and Marfan syndrome in 2% of the patients. The median follow-up duration af-
ter CRT was 2.6 years (range 0.1-8.8). Overall, 37 out of 48 patients (77%) responded to 
CRT either by improvement of NYHA functional class and/or systemic ventricular function. 
There were 11 non-responders to CRT.  Of these, three patients died and four underwent 
heart transplantation.

Conclusion 

In this cohort of older CHD patients, CRT was accomplished with a success rate compa-
rable to those with acquired heart disease despite the often complex anatomy and techni-
cal challenges frequently encountered in this population. Further studies are needed to 
establish appropriate guidelines for patient selection and long term outcome.
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INTRODUCTION
Cardiac resynchronization therapy (CRT) has been shown to be beneficial in patients with 
drug refractory heart failure and poor left ventricular ejection fraction (LVEF) due to is-
chemic or dilated cardiomyopathy and a wide QRS complex and left bundle branch block 
(LBBB).1-4 In North American guidelines, CRT is recommended for patients in sinus rhythm 
with a widened QRS interval (≥150 ms) not due to right bundle branch block who have 
severe left ventricular systolic dysfunction and persistent NYHA functional class II-III symp-
toms despite optimal medical therapy (strength of evidence A). CRT may be considered for 
several other patient groups for whom evidence of benefit is clinically significant but less 
substantial, including patients with a QRS interval of ≥120 to <150 ms and severe LV sys-
tolic dysfunction who have persistent mild to severe HF despite optimal medical therapy 
(strength of evidence B), some patients with atrial fibrillation, and some with ambulatory 
class IV HF.5 

The population of adult patients with congenital heart disease (CHD) is growing and 
ageing due to advances in surgical and interventional techniques over the past few 
decades.6.However, progressive heart failure has been recognized as one of the leading 
causes of death during follow-up.7 The excellent outcomes obtained with CRT in adults 
with ischemic and dilated cardiomyopathy have raised interest to apply this therapy to 
CHD patients with heart failure.  However, the current inclusion criteria for CRT may not 
be directly applicable to CHD patients as the aetiology for heart failure is usually different 
in this population and the population of adults with CHD is heterogeneous consisting of 
patients with a systemic left ventricle, systemic right ventricle and single ventricle. These 
different subgroups may show different responses to CRT. 

Although preliminary results are encouraging8-10, the application of CRT in adults with 
CHD, and outcomes remain unclear. Therefore, the aim of this study was to investigate 
the efficacy of CRT in adults with CHD including changes in functional class, hemodynamic 
and electrocardiographic alterations. 

METhODS

Study design and population

This was a retrospective multicenter study. Patients were identified from the pacemaker 
databases of 4 tertiary referral centers in the Netherlands (Academic Medical Center, 
Leiden University Medical Center), Belgium (University Hospitals Leuven) and Canada (To-
ronto General Hospital). All adults with CHD and CRT were included. Exclusion criteria 
were age < 18 years at implantation of CRT.
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Data collection

Data were retrieved from medical records and included demographic variables, cardiac 
diagnosis, surgical history, subjective symptom description, medication use, NYHA func-
tional class, echocardiograms and ECG’s. Details on CRT system implantation, indication 
for CRT according to the treating cardiologist, heart transplant listing, device related com-
plications, appropriate shocks and death were also documented. 

Electrocardiogram

Standard 12-lead ECG’s were reviewed to evaluate mean QRS width. Analyses were per-
formed from ECG data obtained prior to CRT implantation, immediately post implant and 
at last follow-up. Median time between the ECG prior to CRT and at last follow-up was 35 
months (range 4 to 53 months). Complete left bundle branch block (LBBB) was defined 
as QRS duration ≥120 ms, rS, or QS pattern in lead V1, wide slurred R wave in I, aVL, and 
V6, and T-wave inversion in leftward leads. Complete right bundle branch block (RBBB) 
was defined as QRS duration ≥120 ms, qRS or qrS in I and V6, rsR′ or qR in V1, and ST de-
pression and T inversion in right precordial and limb leads with ST-T vectors discordant to 
terminal mean QRS spatial vector.

Echocardiogram 

Echocardiograms performed most recently prior to CRT implantation, and at the last 
follow-up were analyzed.  Median time between these two echocardiograms was 33 
months (range 6 to 91 months). Data on left and right ventricular function (or systemic 
and non-systemic), chamber sizes and degree of valvular regurgitation and or stenosis 
were collected. Ventricular function was assessed by two-dimensional echocardiography 
and was graded in a four point ordinal scale: 1= normal (ejection fraction (EF) ≥50%), 2= 
mildly impaired (EF 40-49%), 3= moderately impaired (EF 30-39%) and 4= severely im-
paired (EF<30%).  Since in CHD, the aorta does not always arise from the morphological 
left ventricle we classified the ventricles as systemic and subpulmonary throughout the 
manuscript instead of left and right ventricle.  Chamber sizes were described according to 
the systemic/subpulmonary ventricle end-diastolic diameter. Valvular regurgitation and 
stenosis were classified as absent, mildly, moderately and severely impaired.

Definitions

Responders to CRT were defined as patients who showed improvement in NYHA func-
tional class by at least one category and/or systemic ventricular ejection fraction (SVEF) 
of at least one class post-CRT. Non-responders were defined as patients who showed no 
improvement or a decrease in NYHA functional class as well as in SVEF post-CRT. NYHA 
functional class as documented by the treating cardiologist was used.
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Statistical analysis

Data analyses were performed with SPSS software for Windows (20.0 for Windows; SPSS 
Inc, Chicago, IL). For all analyses, 2-tailed P values <0.05 were considered statistically sig-
nificant.  Descriptive statistics for nominal data were expressed in absolute numbers and 
percentages. Values were expressed as either median (range) or mean (± standard devia-
tion) depending on the distribution of the data.  When comparing frequencies, the 2-test 
or t-test was used, where applicable. Paired comparisons were performed by paired t-test. 
Univariable logistic regression analysis was used to identify clinical variables associated 
with response to CRT. 

RESUlTS

patient Characteristics

Overall, 48 patients received CRT devices between 2003 and 2012. Median age at CRT was 
47 years (range 18 to 74 years) and 77% were male. Cardiac diagnosis included tetralogy 
of Fallot, (TOF) in 29%, (congenitally corrected) transposition of great arteries ((cc) TGA) 
in 23%, septal defects in 25%, left sided lesions in 21% and Marfan syndrome in 2% of the 
patients. A systemic right ventricle was present in 10 patients (21%). Ninety-two percent 
of the patients had a history of at least one preceding major corrective cardiac surgery. 
Forty-four percent of patients had a pre-existing pacing system. Table 1 shows the base-
line characteristics of the patients prior to CRT. Most of the patients (73%) were in NYHA 
functional class III-IV. Table 2 summarizes the medication use before CRT and during last 
follow-up. The majority of the patients used heart failure medication including angioten-
sin converting enzyme inhibitors (79%) and diuretics (71%) at time of CRT implantation.

CRT Systems

Table 3 summarizes the indication for CRT, procedure and device related characteristics. 
Indication for CRT included QRS duration≥150ms, NYHA III and SVEF≤35% in majority of 
the cases.  Eighteen patients (38%) underwent CRT treatment without a pre-existing indi-
cation for antibradycardia pacing or defibrillation. The remaining 30 patients had a class 
I indication for either a permanent pacemaker (48%) or defibrillator (14%) based on the 
guidelines for acquired heart disease. The mean time between PM implantation and up-
grade to CRT was 14±11 years. The implantation approach for CRT system implantation 
was transvenous in 77% of the patients and epicardial in the remaining patients with a 
systemic right ventricle.

Clinical Outcome

The median follow-up duration after CRT was 2.6 years (range 0.1-8.8). Overall, 37 out of 



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Chapter 10

196

Table 1. Baseline Characteristics.  

 All (n=48)

Improvement 
in SVEF and/

or NYHA class 
(n=37)

No 
improvement 

in SVEF or 
NYHA (n=  11)

P-Value

Median age at CRT implant in yrs (range) 47 (18-74) 50 (18-69) 44 (23-74) 0.720
Male n (%) 37 (77) 29 (78) 8 (73) 0.729
Median follow-up duration in yrs (range) 2.6 (0.1-8.8) 2.7 (0.1-8.8) 2.4 (0.1-6.5) 0.439
Baseline NYHA class III-IV n (%) 35 (73) 28 (76) 7 (64) 0.461
Systemic right ventricle n (%) 10 (21) 6 (16) 4 (36) 0.162
Electrocardiogram
Baseline mean QRS duration (ms) 181±33 184±32  167±36 0.133
cRBBB n (%) 9 (20) 7 (19) 2 (18) 0.862
cLBBB n (%) 12 (25) 11 (30) 1 (9) 0.129
Pre- existent ventricular pacing n (%) 21 (44) 14 (38) 7 (64) 0.141
Echocardiogram 
Baseline SVEDD>60mm n (%) 16 (33) 11 (30) 5 (45) 0.978
Baseline SVEF<35% n (%) 44 (92) 34 (92) 10 (91) 0.377
Baseline PVEF<35% n (%) 11 (23) 7 (19) 4 (36) 0.267
Abbreviations: CRT, cardiac resynchronization therapy; NYHA, new york heart association; CRBBB, 
complete right bundle branch block; CLBBB, complete left bundle branch block; SVEDD, systemic 
ventricular end-diastolic diameter; SVEF, systemic ventricular ejection fraction; PVEF, pulmonary 
ventricular ejection fraction

Table 2. Medication use before and after CRT during last follow-up
Therapy Pre-CRT Post-CRT
 Digoxine 10 (21) 12 (26)
 Diuretics 34 (71) 35 (75)
 ACE- inhibitors 38 (79) 40 (85)
 Betablocker 29 (60) 33 (70)
 Antiarrhythmics 12 (25) 13 (28)
  Amiodarone 6 (12) 9 (19)
  Sotalol 6 (13) 4 (8)
Abbrevations: CRT, cardiac resynchronization therapy; ACE, angiotensine converting enzyme
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Figure 1.
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Figure 1. Response to CRT (cardiac resynchronization therapy) according to type of CHD 
(congenital heart disease) in 48 patients. Abbrevations:TOF, tetralogy of Fallot; (cc) TGA, 
(congenitallyc corrected) transposition of the great arteries; LVOTO, left ventricular outflow tract 
obstructive; SVF, systemic ventricular function.

Table 3. Indication for CRT, procedure and device related characteristics in 48 adults with CHD.
Indication CRT n (%)
  QRS≥150ms and NYHA III and SVEF≤35% 27 (56)
  QRS≥150ms and NYHA II and SVEF≤35% 13 (27)
  QRS≥120≤150ms and NYHA II and SVEF≤35% 8 (17)
Type of CRT implant
  CRT-D  n (%) 38 (79)
  CRT-P  n (%) 10 (21)
CRT de novo n (%) 18 (38)
Upgrade PM to CRT n (%) 23 (48)
  Mean time between PM implantation and upgrade to CRT (yrs) 14±11
Upgrade ICD to CRT n (%) 7 (14)
  Mean time between ICD implantation and upgrade to CRT (yrs)  4±3 
Transvenous CRT placement n (%) 37 (77)
Epicardial CRT placement n (%) 11 (13)
Abbreviations: NYHA, new york heart association; SVEF, systemic ventricular ejection fraction; 
CRT-D, cardiac resynchronization therapy-defibrillator; CRT-P, cardiac resynchronization therapy-
pacemaker; PM, pacemaker; ICD, implantable cardioverter defibrillator
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48 patients (77%) responded to CRT either by improvement of NYHA functional class or 
systemic ventricular function. Figure 1 shows response to CRT according to type of CHD. 
Fourteen patients showed improvement of NYHA functional class and SVEF. There were 
11 non-responders to CRT. No differences in baseline characteristics were seen between 
responders and non-responders (Table 1).

Cardiac surgery was performed concomitantly or within 30 days of CRT in six patients 
(13%) and included valve replacements in all patients. During follow-up there was no im-
provement of systemic ventricular function (SVF) in these patients.  Only two out of the 
six patients showed improvement of NYHA functional class which was significantly lower 
compared to those without concomitant cardiac surgery (P=0.012). Excluding patients 
with concomitant cardiac surgery from the analysis did not influence the overall results 
on outcome. 

Electrocardiographic Changes due to CRT

While QRS duration post CRT was not significantly different between responders and non-
responders, QRS shortening post CRT was more frequently observed in those patients 
who had symptomatic improvement or improvement in SVF. The mean QRS width de-
creased from 179±29 to 159±31 (P=0.059) in patients who showed an improvement of 
the SVF during follow-up (Figure 2A). In contrast, in patients without any improvement or 
even worsening of the SVF there was minimal change in mean QRS duration from 181±37 
to 179±33 (P=0.661, Figure 2A). In patients with improved NYHA class after CRT was initi-
ated, the mean QRS duration decreased from 186±32 to 172±37 (P=0.171) and QRS in-
creased from 168±34 to 176±25 (P=0.354) in those without any improvement of NYHA 
class (Figure 2B). Mean QRS shortening in patients with improved NYHA functional class 
was -10.8±31ms versus +8.7±41 ms in patients without any improvement of NYHA func-
tional class (P= 0.151). In patient with improvement of SVF mean QRS shortening was 
-19.8±37ms versus +3.3±38ms in patient without any improvement of SVF (P= 0.069).

Adverse events

Three patients (6%) died during follow-up of whom two died secondary to refractory 
heart failure (both approximately four years after CRT) and one seven days after implanta-
tion of CRT device due to unknown cause. Four patients underwent heart transplantation 
(two after one year, one after 2 years and one after 6 years of CRT device implantation) 
because of significant clinical deterioration. All patients who died or had undergone heart 
transplantation were non-responders to CRT. Appropriate shocks due to monomorphic 
ventricular tachycardias were delivered in two patients after CRT was initiated, none of 
these patients died. 
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Figure 2. A. QRS duration in patient with improved versus unchanged/impaired SVF (systemic 
ventricular function): white boxes, pre-CRT; grey boxes, post CRT. B. QRS duration in patient with 
improved NYHA class versus unchanged/impaired NYHA class: white boxes, pre-CRT; grey boxes, 
post CRT. 
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Procedural related complications were noted in five patients (10%) and included epicardi-
al lead dysfunction (unacceptably high thresholds, three patients), infection of the pacing 
system (one patient) and pneumothorax (one patient). CRT had to be discontinued during 
follow-up in one patient because of epicardial lead failure. In the remaining two patients 
with lead dysfunction, epicardial leads were successfully replaced.

Systemic right ventricle

There were 11 patients with systemic right ventricles who received CRT. Diagnosis includ-
ed cc TGA in seven patients, TGA after Mustard and Senning repair in three patients and 
TGA after arterial switch procedure in one patient. Median age was 40 years (23 to 56 
years). In this group six out of 11 responded to CRT (four improved in NYHA functional 
class, two in systemic ventricular function). Of the remaining patients without any re-
sponse to CRT, two underwent heart transplantation and one died due to refractory heart 
failure. Baseline ECG showed pre-existing ventricular pacing in nearly 50% and RBBB in 
nearly 30% of those patients. There was no significant decrease in QRS duration pre and 
post CRT (162±44 vs 157±25). 

Tetralogy of Fallot 

Fourteen patients with corrected TOF received CRT (79% male, median age 47 years 
(range 18 to 62 years). In this group 12 out of 14 patients responded to CRT (Figure 2) 
which was similar to patients with other underlying cardiac defects (P=0.271). Of the two 
patients who did not respond to CRT, one underwent heart transplantation and one died 
due to refractory heart failure. Moderately to severely impaired SVF was present in all 
patients and five patients had also significantly impaired pulmonary ventricular function 
pre-CRT. ECG showed ventricular pacing in 50%, RBBB in 43% and LBBB in 7% of the pa-
tients, respectively. 

Septal defects and left sided lesions

There were 11 patients with septal defects including 7 ventricular septal defects, 3 atrial 
septal defects (ASD) and 1 atrioventricular septal defect. However, most of these patients 
(7 out of 10) also had valve abnormalities requiring replacement or repair besides cor-
rection of the septal defect; 1 had coronary artery disease, 1 had type A dissection and 
another 1 dilated cardiomyopathy. Left sided lesions were present in 9 patients (3 Coarc-
tation of the aorta with bicuspid aortic valves, 3 with aortic stenosis and dilated ascend-
ing aorta, 2 with aortic stenosis and coronary artery disease and 1 with aortic stenosis 
and dilated CMP). The patient with Marfan syndrome had also an ASD and mitral valve 
regurgitation requiring 2 cardiac surgeries including a Bentall procedure and mitral valve 
replacement with mechanical prosthesis. 



501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak501462-L-bw-Koyak

Cardiac resynchronization therapy in adults with congenital heart disease

201

10

DISCUSSION
Experience with, and reported outcome of, CRT is limited in adults with CHD and most 
studies published to date have focused predominantly on children with CHD. To the best 
of our knowledge this is the first study investigating the efficacy of CRT in an older adult 
cohort with CHD. We found that 77% of the patients responded to CRT either by improve-
ment of NYHA functional class or of systemic ventricular function. 

QrS duration and its predictive value for response to Crt

In this study, after CRT was initiated the mean QRS duration decreased in patients who 
showed improvement of NYHA class and SVF by 8% versus 11%, respectively. Similar re-
sults have been found in acquired heart disease.11 Lecoq et al showed that the amount of 
QRS shortening (∆ QRS) associated with biventricular stimulation was the only independ-
ent predictor of a positive (37+23 ms, 19%) versus negative (11+23 ms, 6%) response to 
CRT. In that study mean QRS duration decreased from 192+27 ms pre CRT  to 155+20 
ms during CRT in responders and from 180+29 ms pre-CRT to 168+20 ms during CRT in 
non-responders.12 In our study QRS duration changed minimally or even increased in non-
responders. 

Bundle branch block and intraventricular conduction delay

The majority of patients with ischaemic or dilated cardiomyopathy, left ventricular systolic 
dysfunction, and dysynchrony have LBBB morphologies1. CRT improves haemodynamics 
and bioenergetics in these patients13. Patients with acquired heart disease and RBBB do 
not obtain the same benefit from resynchronization therapy as those with LBBB.14-16 In 
many congenital cardiac lesions such as Ebstein’s anomaly and TOF, a RBBB pattern is the 
most common conduction disturbance. However, when the morphological right bundle is 
blocked but the right ventricle is located on the left side of the body, as occurs in congeni-
tally corrected TGA, the electrocardiographic pattern resembles LBBB. Each patient with 
prior ventricular septal defect repair or other intraventricular surgical scar is unique from 
a conduction standpoint, and it is conceivable that RBBB in patients with TGA may result in 
more pronounced ventricular dyssynchrony.  The extent of QRS prolongation can also be 
more marked in CHD patients, making distinctions between primary RBBB and LBBB pat-
terns less meaningful and potentially making more patients amenable to resynchroniza-
tion therapy.17 However, in our study six out of 11 patients with a systemic right ventricle 
responded to CRT.  Therefore, the issue of RBBB in CHD remains unresolved 

As indicated above, almost half the study population had a pre-existing pacing system and 
QRS prolongation secondary to pacing was common. In univariable analysis the only risk 
factor for non-response to CRT was pre-existent ventricular pacing. While these findings 
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are in contrast to the results of acquired heart disease, interpretation of this finding is lim-
ited by the sample size and number of patients with pacing systems.18 A possible explana-
tion for this finding is that patients with CHD who are ventricularly paced may have more 
advanced disease, rather then deteriorating adverse effects of ventricular pacing and the 
lack of guidelines for CRT may lead to delayed treatment in these patients.

Tetralogy of Fallot

In patients with repaired TOF, RBBB is almost invariably present on the electrocardio-
gram. The prognostic importance of a wide QRS is clear, as is the high correlation between 
QRS duration and the risk of developing ventricular arrhythmias.19, 20 The most common 
causes of death in repaired TOF are sudden death and progressive heart failure which may 
be caused by the remodelling induced by mechanical dyssynchrony, and which therefore 
may be a preferable therapeutic target.21, 22 Progressive prolongation of the QRS duration 
in RBBB has been shown to be associated with a progressive increase in the degree of 
intraventricular dyssynchrony and concomitant decrease in both RV and LVEF. Thambo 
et al. described the effect of CRT in a porcine model in which some of the mechanical 
and electrophysiological abnormalities observed in repaired TOF were simulated. Biven-
tricular stimulation significantly improved ventricular function as measured with invasive 
haemodynamic studies and echocardiography. In contrast, right ventricle (RV) stimulation 
from three separate sites showed no functional benefit over intrinsic conduction.23 

Systemic Right Ventricle

Systemic right ventricular dysfunction is common in patients with (cc) TGA and hence is 
a frequent cause of heart failure.24 Several case reports suggest potential benefit of CRT 
in patients with systemic RV and heart failure in single ventricle physiology. A small series 
of eight patients with systemic RV failure suggested hemodynamic benefit including early 
improvement in RV filling time and RV ejection fraction.25 The largest study to date is a 
multicenter study that included 17 patients with systemic RV failure who received CRT. 
These patients demonstrated a significant increase in systemic ejection fraction and a sig-
nificant decrease in QRS duration. Thirteen patients also showed clinical improvement.10 

In another study including nine patients with a systemic right ventricle and CRT, only four 
patients responded to therapy during long term follow-up.8 In summary, experience with 
CRT in patients with a systemic RV is both variable and limited. In our study, the positive 
rate response to CRT was lower in patients with a systemic RV compared to other CHD. 
This may be partially due to the specific technical challenges involved in CRT in systemic 
right ventricles. Indeed, uncertainty exists with respect to the mode of pacing (i.e. how 
should RV pacing be timed compared to LV pacing?)  and RV is intrinsically different from 
the LV regarding transmyocardial electrical gradients. Furthermore, systemic venous ac-
cess can be problematic, as for example in cc TGA the lateral veins are commonly small 
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and unsuitable for lead placement. Similarly, in TGA surgical lead placement is rather rule 
than exception.

Study Limitations

This study has several limitations including its small sample size, retrospective nature, 
and practice variation between centers. Data in patients with CHD and severe heart fail-
ure who did not receive CRT are lacking and a head to head comparison in patients with 
acquired heart disease was not possible.The programming of the devices was not stan-
dardized among centers and the devices were not standardly optimized to obtain a QRS 
duration as short as possible. The patients underwent CRT according to the recommenda-
tion of the treating cardiologist often using criteria for CRT implantation in acquired heart 
disease. This resulted in a cohort which included a variety of congenital cardiac defects

CONClUSION
Despite the heterogeneity of diagnoses and pathophysiology in this CHD cohort CRT 
seems to be of comparable efficacy in adults with CHD as in patients with acquired heart 
disease. 4 While data from large scale clinical trials in patients with CHD are lacking, the 
recent PACES/HRS Expert Consensus Statement on the Recognition and Management 
of Arrhythmias in Adult Congenital Heart Disease has attempted to provide guidance, 
largely by adapting existing indications for CRT implantation in patients with conventional 
anatomy to the CHD cohort.26 The relatively high rate of responders to CRT in terms of 
improvement of NYHA functional class and improvement of systemic ventricular function 
observed in our study of older adult patients with CHD and complex anatomy despite 
the technical challenges, suggests that this therapy is an important adjunctive therapy 
particularly in the cohort with tetralogy of Fallot, septal defects and left ventricular out-
flow tract obstruction lesions. In patients with (cc) TGA, accurate identification of those 
patients most likely to benefit  from CRT still remains unclear.
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SUMMARy
The population of adult patients with congenital heart disease (CHD) is growing and age-
ing due to improvement of surgical and interventional techniques during the past few 
decades. The increase in life expectancy is associated with recurrent surgery and subse-
quently with an increased incidence of (postoperative) arrhythmias. Arrhythmias have 
been recognized as a major cause of hospital admissions and morbidity in adults with 
CHD. Furthermore, the leading cause of death in adults with CHD is sudden cardiac death 
(SCD) of presumed arrhythmic aetiology. This thesis focuses on the prevalence of arrhyth-
mias, risk factors for the development of arrhythmias and the efficacy of several treat-
ment strategies for these arrhythmias including pharmacological treatment and device 
therapy. Chapter 1 is the general introduction and outline of this thesis. 

Part I Arrhythmias in adults with congenital heart disease

The aetiology of arrhythmias in adults with CHD is often multifactorial and includes elec-
trical disturbances as part of the underlying defect, surgical intervention or hemodynamic 
abnormalities. Despite the numerous existing arrhythmia management tools including 
drug therapy, pacing and ablation, management of arrhythmias in adults with CHD re-
mains difficult and challenging. Due to improvement in mapping and ablation techniques, 
ablation and arrhythmia surgery are being performed more frequently in adults with 
CHD. Chapter 2 provides an overview of the available literature on non-pharmacological 
treatment of cardiac arrhythmias in adult patients with CHD and early and late outcome 
of these treatment strategies. Advances in mapping and ablation technologies have in-
creased acute success of ablation of predominantly atrial arrhythmias. However, the acute 
success rates of ablation seem to be lower in CHD than in the general adult population. 
Moreover, high recurrence rates have also been reported in several studies during short 
and mid-term follow-up. Bradyarrhythmias requiring pacemaker implantation are highly 
prevalent. Transvenous lead placement is challenging due to vascular access issues, lead 
fixation in altered chambers and frequent need for lead extraction due to high risk of lead 
failure. Implantable cardioverter defibrillator therapy (ICD) for primary prevention of SCD 
may be beneficial in selected high risk patients. Short term results of cardiac resynchroni-
zation therapy (CRT) are encouraging.

Evidence-based guidelines for pharmacological treatment of atrial arrhythmias are well 
established in the general adult population, few data exists on its efficacy and safety in 
the adult CHD population. In chapter 3 we analyze the short- and long term efficacy of 
different antiarrhythmic drugs in adults with CHD and first-onset SVT.  We found that the 
most prevalent SVT was atrial fibrillation. This might be explained by the fact that most 
of the patients had concomitant cardiac conditions such as heart failure, hypertension 
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and diabetes which may lead to AF. Spontaneous conversion to sinus rhythm occurred in 
only 10% of the patients. During a mean follow-up of 2.5 years SVT recurred in 55% of the 
patients. The presence of heart failure was the only clinical variable associated with re-
currence of SVT. Class III antiarrhythmic drugs, of which the majority consisted of sotalol, 
were most effective in preserving sinus rhythm after conversion to normal sinus rhythm 
compared to all other oral antiarrhythmic drugs. Significant adverse effects occurred pre-
dominantly in patients with amiodarone. Embolic complications were scarce (1%).

Despite the increasing frequency of adults with CHD undergoing cardiac surgery, there are 
limited published data on in-hospital arrhythmias and their impact on clinical outcome. 
In chapter 4 we investigate the prevalence and treatment of in-hospital arrhythmias in 
adults who underwent cardiac surgery for CHD.  In-hospital arrhythmias occured in ap-
proximately 30% of the adults undergoing surgery for CHD and were associated with a 
worse clinical outcome including permanent pacemaker implantation (5%), heart failure 
(4%) and death (2%). Advanced age, heart failure, significant valvular heart disease, pro-
longed cardiopulmonary bypass time and myocardial injury during surgery were indepen-
dently associated with in-hospital arrhythmias.

Part II Sudden cardiac death and implantable devices

Sudden cardiac death (SCD) is a major cause of late mortality in adults with CHD. In chap-
ter 5 the circumstances of SCD and risk factors for SCD among various cardiac defects 
are determined. The majority of patients was male and died suddenly at rest, only 10% 
died during active physical exertion. The rhythm most often recorded at time of sudden 
cardiac arrest was ventricular fibrillation. Surprisingly, not only adults with severe cardiac 
conditions were at risk of SCD but also adults with less complex CHD such as septal de-
fects and left ventricular outflow tract obstruction. Risk factors for SCD were documented 
prior supraventricular tachycardias, increased QRS duration, QT dispersion and moder-
ately to severely impaired systolic function of the systemic and/or subpulmonic ventricle. 
The clinical variables associated with SCD differed among the various underlying cardiac 
defects. In chapter 6 we investigate whether changes over time in electrocardiographic 
and echocardiographic parameters may enhance prediction of SCD in CHD. We observed 
an increase in QRS duration and progression of ventricular dysfunction over time. Both 
the rate and the magnitude of these changes correlated with an incremental risk of SCD. 
In chapter 7 we introduce an easily applicable risk score model to calculate the absolute 
annual risk of SCD among adults with various cardiac defects. By means of this risk score 
model the patient’s individual risk for SCD can be assessed and may give the opportunity 
to prevent SCD.  The risk score model concurs with risk factors previously reported on spe-
cific cardiac defects and adds quantitative data for CHD in general and may constitute the 
most exact data available on this issue to date. The performance of the risk score model 
proved good.
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Implantable cardioverter defibrillator (ICD) therapy has been proven to be effective in 
primary and secondary prevention of SCD in adults with ischemic or dilated heart disease 
and impaired left ventricular function. Although the number of patients with CHD that 
receive an ICD is steadily increasing risk stratification and the indication for ICD implanta-
tion for primary prevention are poorly defined in this group. Moreover, the effects of ICD 
therapy during long term follow-up are still unknown.  In chapter 8 we show that both 
patients with primary and secondary prevention indication receive many appropriate ICD 
shocks, 19 and 38% respectively.  Independent predictors of appropriate ICD shocks in-
cluded secondary prevention indication, coronary artery disease and symptomatic non 
sustained ventricular tachycardia (NSVT). Based on these three clinical variables we devel-
oped a risk score to predict the occurrence of appropriate shocks. In patients with primary 
prevention indication, symptomatic NSVTs and a combined moderate to severe systemic 
and subpulmonary ventricular dysfunction were independent predictors of appropriate 
shocks. High rates of inappropriate ICD shocks, predominantly due to atrial tachyarrhyth-
mias were noted in 30% of patients and almost half of these patients also experienced 
appropriate shocks. Implantation related complications requiring re-interventions were 
also common. 

Within the population of adults with CHD, patients with tetralogy of Fallot (TOF) are the 
most common recipients of ICDs. The reported prevalence of SCD in TOF varies between 
2 and 8%. In chapter 9 the applicability and validity of a previously reported risk model 
on surgically repaired TOF patients with an ICD for primary prevention of SCD is investi-
gated. Reported risk factors were prior shunt, inducible sustained ventricular tachycardia, 
QRS≥180ms, ventriculotomy incision, nonsustained ventricular tachycardia (NSVT) and 
left ventricular end-diastolic pressure≥12mmHg (LVEDP). The risk score was applicable 
to the patients except for left ventricular end diastolic pressure (LVEDP) measurements 
which lacked for the majority of our patients. The risk score model was capable of identi-
fying low versus intermediate/high risk patients. However, event rates of lethal arrhyth-
mias were lower in our cohort than previously reported. Symptomatic but not asymp-
tomatic NSVT was the sole clinical variable associated with appropriate ICD therapy in 
TOF. This clinical feature might add to decision making for ICD implantation for primary 
prevention in TOF

Progressive heart failure has been recognized as one of the leading causes of death in 
adults with CHD. Cardiac resynchronization therapy (CRT) has been shown to be beneficial 
in patients with drug refractory heart failure and poor left ventricular ejection fraction due 
to ischemic or dilated cardiomyopathy and a wide QRS complex and left bundle branch 
block. However, these criteria for CRT may not be directly applicable to CHD patients as 
the aetiology for heart failure is usually different. In Chapter 10 we aim to reveal the 
efficacy of CRT in adults with CHD including changes in functional class, hemodynamic 
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and electrocardiographic alterations. We found that 77% of the patients responded to 
CRT either by improvement of NYHA functional class or of systemic ventricular function 
(SVF) despite the heterogeneity of diagnoses and pathophysiology in this CHD cohort. 
QRS shortening post CRT was more frequently observed in those patients who had symp-
tomatic improvement or improvement in SVF. These findings seem to be of comparable 
efficacy in adults with CHD as in patients with acquired heart disease. 
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NEDERlANDSE SAMENVATTING
De levensverwachting van patiënten met congenitale hartaandoeningen is sterk 
toegenomen door de opkomst van nieuwe diagnostische technieken en ontwikkelingen 
in interventiecardiologie en cardiothoracale chirurgie. Het merendeel van de kinderen 
met congenitale hartaandoeningen bereikt hierdoor tegenwoordig de volwassen leeftijd. 
Ritmestoornissen zijn een van de belangrijkste complicaties die op latere leeftijd optreden 
binnen deze patiëntenpopulatie en gaan gepaard met veel morbiditeit, frequente zieken-
huisopnames en verhoogde mortaliteit. Plotse hartdood, vaak ten gevolge van ventricu-
laire ritmestoornissen, is een van de belangrijkste doodsoorzaken bij volwassenen met 
congenitale hartaandoeningen. 

Het doel van dit proefschrift is om meer kennis te vergaren over de prevalentie van rit-
mestoornissen, risicofactoren voor het ontwikkelen van ritmestoornissen en het effect 
van verscheidene behandelingen op ritmestoornissen bij volwassenen met congenitale 
hartaandoeningen. Hoofstuk 1 is de algemene inleiding en zet de hoofdlijnen van dit pro-
efschrift uit.

Deel I Ritmestoornissen bij volwassenen met congenitale hartaandoeningen

De oorzaak van een ritmestoornis kan op verschillende terreinen liggen en is vaak multi-
factorieel. Sommige ritmestoornissen zijn inherent aan de afwijkende anatomie. Andere 
worden veroorzaakt door de correctieve chirurgie die littekenvorming tot gevolg heeft het-
geen de basis kan vormen voor reentry circuits. Hemodynamische en hypoxische belasting 
die word uitgevoerd op de hartcompartimenten kan leiden tot dilatatie van atria en ven-
trikels. Dit veroorzaakt rek op het myocardweefsel waardoor extrasystolen of tachycardiën 
kunnen worden geinduceerd. Ondanks de vele behandelopties die beschikbaar zijn, blijft 
de behandeling van ritmestoornissen bij volwassenen met congentitale hartaandoeningen 
uitdagend. Ontwikkelingen in ablatietechnieken (drie-dimensionale mapping systemen, ir-
rigated tip katheters) en ritmechirurgie hebben er toe geleid dat deze technieken steeds 
vaker worden toegepast binnen deze patiëntenpopulatie. In hoofdstuk 2 van dit proefschrift 
wordt een overzicht gegeven van studies die verricht zijn naar de behandelingen van rit-
mestoornissen bij volwassenen met congenitale hartaandoeningen waaronder kathetera-
blatie, device therapie en ritmechirurgie. De resultaten van acute ablatie zijn slechter dan 
bij patiënten met een normale anatomie van het hart. Dit wordt veelal veroorzaakt door 
de complexe anatomie en de aanwezigheid van multipele circuits. Verder is er sprake van 
een hoge recifief kans op ritmestoornissen op langere termijn. Ritmechirurgie is in opkomst 
en lijkt veelbelovend voor de preventie van vooral atriale ritmestoornissen. Implanteerbare 
cardioverter defibrillators (ICD) worden vaker geïmplanteerd en zijn mogelijk effectief voor 
primaire preventie van plotse dood. Het effect van cardiale resynchronizatie therapie is on-
voldoende onderzocht. Enkele kleine studies tonen goed resultaat.
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Er is weinig bekend over de effectiviteit en veiligheid van medicamenteuze therapie van 
supraventriculaire ritmsestoornissen (SVT) bij volwassenen met congenitale hartaan-
doeningen. In hoofdstuk 3 onderzoeken we welke antiaritmische medicatie het meest 
effectief is voor de behandeling van een eerste episode met een SVT en het behoud van 
sinusritme na conversie. Atriumfibrilleren (AF) was de meest voorkomende ritmestoornis 
in tegenstelling tot eerdere studies waarbij atriumflutter veel vaker word gerapporteerd. 
Een mogelijke verklaring hiervoor was de hoge co-morbiditeit binnen onze patiëntenpop-
ulatie zoals hartfalen, hypertensie en diabetes mellitus waarvan bekend is dat het gepaard 
gaat met een hoger risico op AF. Spontane conversie naar sinusritme trad op bij 10% van 
de patiënten. SVTs recidiveerden bij 55% van de patient na een gemiddelde follow-up van 
2.5 jaar. Patiënten met hartfalen hadden het hoogste risico op recidief van SVT. Klasse III 
antiaritmica waarvan het merendeel sotalol, was het meest effectief in het behoud van 
sinusritme nadat conversie naar sinusritme optrad in vergelijking tot alle ander klassen 
antiaritmica. 

Het aantal volwassenen met een congenitale hartaandoening die een eerste correctieve 
operatie of een re-operatie nodig heeft neemt steeds verder toe. Desondanks is er weinig 
bekend over het optreden van peri- en postoperative ritmestoornissen en het effect hier-
van op morbiditeit en mortaliteit. In hoofstuk 4 wordt de prevalentie en behandeling van 
ritmestoornissen tijdens hospitalisatie na cardiale chirurgie onderzocht. Ritmestoornissen 
traden op bij 30% van de patiënten. Het optreden van ritmestoornissen was geassocieerd 
met een slechtere uitkomst waaronder het implanteren van een definitieve pacemaker 
(5%), hartfalen (4%) en overlijden (2%). Patiënten karakteristieken die waren geassocieerd 
met slechtere uitkomst waren oudere leeftijd, pre-existent hartfalen, ernstige klepdys-
functie, verlengde cardiopulmonale bypass tijd en myocardschade perioperatief. 

Deel II Plotse hartdood en implanteerbare devices

Plotse dood is een van de belangrijkste doodsoorzaken bij volwassenen met congenitale 
hartaandoeningen. In hoofstuk 5 beschrijven we de omstandigheden rondom het plots 
overlijden van patiënten met een congenitale hartaandoening. Verder hebben we de 
risico factoren voor plotse dood in verscheidene congenitale hartaandoeningen onder-
zocht. Het merendeel van de patiënten was man en overleed in rust, slechts 10% van de 
patiënten overleed gedurende fysieke inspanning. De meest voorkomende ritmestoor-
nis gedurende de fatale gebeurtenis was ventrikel fibrilleren. Plotse dood trad ook op bij 
patiënten met minder complexe hartaandoeningen zoals septale defecten waarbij dit niet 
verwacht word. Risico factoren voor plotse dood waren gedocumenteerde SVTs, verlengde 
QRS duur, QT dispersie en matige tot slechte functie van de linker of rechterventrikelfunc-
tie. De risicofactoren varieerden tussen de verschillende congenitale hartaandoeningen. 
In hoofdstuk 6 richten we ons op de voorspellende waarde van elektrocardiografische 
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en echocardiografische veranderingen over de tijd op plotse dood. We concluderen dat 
toename van QRS duur en verslechtering van de ventrikelfunctie  over de tijd gecorreleerd 
was met het risico op plotse dood. In hoofdstuk 7 introduceren we een simpel risico score 
model waarmee het absolute risico op plotse dood bij volwassenen met verscheidene 
congenitale hartaandoeningen berekend kan worden. Het risico score model werd intern 
en extern gevalideerd en had een goede voorspellende waarde. Hiermee kan bij de in-
dividuele patient de overweging worden gemaakt om een ICD te implanteren voor de 
preventie van plotse dood. 

ICD therapie is bij patiënten met ischemische en gedilateerde cardiomyopathieȅn en 
verminderde linker venktrikel functie effectief gebleken voor de primaire en secundaire 
preventie van plotse dood. De indicatie voor ICD therapie en de effectiviteit hiervan bij 
volwassenen met congenitale hartaandoeningen is onbekend. In hoofdstuk 8 tonen we 
aan dat zowel patiënten met ICD voor primaire en secundaire preventie van plotse dood 
zeer vaak terechte shocks kregen. Voorspellers voor het krijgen van terechte shocks war-
en een secundaire preventie indicatie, coronarialijden en symptomatische non sustained 
ventriculaire tachycardiën (NSVTs). Voorspellers voor het krijgen van terechte shocks in de 
primaire preventie groep waren symptomatische NSVTs en een combinatie van matig tot 
ernstig verminderde linker en rechterventrikelfunctie. Onterechte shocks kwam voor bij 
30% van de patiënten waarvan het merendeel ten gevolge van atriale ritmestoornissen. 
De helft van deze groep patiënten kreeg tevens onterechte shocks. ICD implantatie gerela-
teerde complicaties tijdens en na de procedure kwamen eveneens vaak voor. 

Binnen de populatie van volwassenen met aangeboren hartaandoeningen worden ICDs 
vooral bij patiënten met tetralogy van Fallot (TOF) geimplanteerd. In hoofdstuk 9 testen 
we de toepasbaarheid van een eerder gepubliceerd risico score model voor patiënten met 
gecorrigeerde TOF en ICD implantatie voor primaire preventie van plotse dood,. We heb-
ben dit risico score model ook gevalideerd. De volgende risico factoren werden toegepast: 
palliatieve shunt in het verleden, QRS duur> 180ms, ventriculotomie incisie, induceerbaar-
bare persisterende ventriculaire tachycardie en een linker ventrikel eind-diastolische druk 
(LVEDD)>12mmHg. Dit risico score model was gemakkelijk toepasbaar behalve de LVEDD, 
deze ontbrak vaak binnen onze patientpopulatie. We hebben in plaats hiervan een matig 
tot slechte linker ventrikelfunctie als maat voor LVEDD>12mmHg gebruikt. Identificatie 
van hoog versus laag risico patiënten op het krijgen van ventriculaire rirmestoornissen en 
indirect op plotse dood was middels dit risico score model goed te onderscheiden. Opval-
lend was dat de incidentie van ventriculaire ritmestoornissen in onze patiëntenpopulatie 
lager was dan de bevindingen in eerdere studies. De enige klinische parameter die geasso-
cieerd was met het optreden van een terechte shock was gedocumenteerde symptoma-
tische NSVTs in het verleden. Deze bevinding zou kunnen worden gebruikt bij het besluit 
om een ICD te implanteren ter primaire preventie van plotse dood bij patiënten met TOF.
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Een andere belangrijke doodsoorzaak bij volwassenen met congenitale hartaandoenin-
gen is ernstig hartfalen. Cardiale resynchronizatie therapie (CRT) is effectief gebleken bij 
de behandeling van patiënten met een ischemische of gedilateerde cardiomyopathie en 
ernstig hartfalen ondanks optimale medicamenteuze therapie. De huidige criteria voor 
een CRT binnen deze groep patiënten zijn een verminderde linker ventrikelfunctie in com-
binatie met een breed QRS complex en een linkerbundeltakblok. Deze criteria zijn ech-
ter niet direct toepasbaar bij volwassenen met aangeboren hartaandoeningen vanwege 
de afwijkende etiologie voor hartfalen. In hoofdstuk 10 onderzoeken we of CRT een ver-
betering van hartfalen symptomen, electrocardiografische en hemodynamische verand-
eringen geeft bij volwassenen met aangeboren hartaandoeningen. Het merendeel van de 
patiënten (77%) had een goede respons op CRT of door verbetering van de NYHA func-
tionele klasse of de systeem ventrikelfunctie ondanks de heterogeniteit van de diagnosen 
en pathophysiologie. Verkorting van de QRS duur na initiatie van CRT werd voornamelijk 
gezien bij patiënten met verbetering van symptomen en systeem ventrikelfunctie. Deze 
bevindingen komen overeen met de resultaten die waargenomen zijn bij verworven car-
diale aandoeningen. 
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intens gelukkig maakt. Meryem Ana, mijn huisgenoot, je doet geen tekort aan je naam. 
Ik zal je ontzettend missen als je gaat verhuizen naar München. Ik wens jou en Akin (je 
aanstaande) heel veel geluk samen en beloof jullie regelmatig op te zoeken. Leyla, mijn 
goede vriendin, Elmas, Meryem Ana en ik zien jou als een “member of the family”. Jij 
staat 24/7 klaar voor ons, jouw bijnaam is inmiddels ook de 1-1-2 eerste hulp voor familie 
Koyak. Ik ben jou ongelooflijk dankbaar voor alle keren dat je voor me klaar heb gestaan, 
eindeloos naar mijn promotiestress heb geluisterd en mij op alle fronten heb gesteund. 
Ik hou van je. 

Servet, mijn oom. Er is veel te snel een einde gekomen aan jouw leven. Ondanks je af-
wezigheid tijdens de uitreiking van mijn artsendiploma waar je je zo enorm op had ver-
heugd, heb ik je aanwezigheid gevoeld. We hebben lief en leed met elkaar gedeeld en ook 
ontzettend veel gelachen. Je was niet alleen mijn oom maar ook mijn beste vriend, mijn 
grote voorbeeld, mijn tweede vader. Ik mis je wijze woorden. Rust in vrede. 

Faik, mijn broer, geheel onverwacht, midden in de bloei van je leven, heb je ons voor-
goed verlaten. Om precies te zijn 13 jaar, 11 maanden, 3 weken en 6 dagen geleden. Er is 
geen dag voorbij gegaan waarop ik niet aan je heb gedacht. Ik mis je vreselijk net zoals je 
zoon Okan, je vrouw Melek en de rest van de familie. Slaap zacht.

Mama en papa, ik prijs me waanzinnig gelukkig en bevoorrecht met de warme en lief-
devolle opvoeding die jullie mij hebben gegeven. Dankzij jullie onvoorwaardelijke steun 
ben ik onafhankelijk. Mama, jij bent de meest zorgzame moeder op deze aarde. Je bent 
niet alleen een goede moeder voor mij geweest maar ook voor mijn dochter. Ik ben je 
ontzettend dankbaar voor alle keren die je op Berfin heb gepast. Papa, jij bent de meeste 
oprechte, rechtvaardige en eerlijke man die ik ooit heb gekend. Mijn ijzersterke karakter 
heb ik aan jou te danken. De gesprekken die ik met jou heb gevoerd over het leven, werk, 
familie, vriendschap en vooral normen en waarden hebben ertoe geleid dat ik ben zoals ik 
ben. Mama en papa, met alle liefde draag dit boekje aan jullie op. Ik hou van jullie!

Ten slotte Berfin, mijn winterklokje, mijn sneeuwvlokje, mijn lieve dochter. Ik ben niet de 
perfecte moeder, maar ik doe heel erg mijn best. Ik houd ontzettend veel van je en ben 
zeer trots op je omdat je ondanks alle tegenslagen die we als gezin hebben gehad zo sterk 
bent geweest. Je betekent alles voor me, jij bent mijn hart.
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