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Congenital heart disease comprises abnormalities in the heart’s structure or function that arise
before birth. They occur frequently and in many different forms. Coarctation of the aorta (CoA) is a
discrete narrowing of the proximal descending aorta and is the sixth most common lesion in
congenital heart disease. The estimated incidence of CoA is 1 in 2,500 live births, with a 2:1
predominance in males.1;2 Previous studies have shown that an untreated aortic coarctation led to a
mortality of more than 80% by age 50 years due to complications including aortic rupture, heart
failure, and intracranial hemorrhage.3 The development of surgical and percutaneous treatment
strategies has significantly changed the natural history of CoA. However, despite this progress
patients remain at increased cardiovascular risk due to persistent pathophysiological processes
leading to long term hypertension and vascular dysfunction.

Genetic studies in humans have unravelled genes that are causative in various forms of inherited
congenital heart diseases.4 Although most cases of CoA are sporadic, there is a clear genetic
component, with congenital heart disease occurring in at least 4% of offspring of women with CoA.5;6

Moreover there is an approximately five fold increased risk for the presence of a bicuspid aortic valve
(BAV) in first degree relatives of children with left heart obstructive lesions, including CoA, aortic
valve stenosis and hypoplastic left heart syndrome.7 Linkage analyses in individuals and families of
children with left heart obstructive lesions suggest a genetic susceptibility locus on chromosomes
2p23, 10q21 and 16p128, suggesting a common genetic cause for these lesions. Both CoA and BAV
are associated with an increased risk for ascending aortic complications, and a genetic component
that affects BAV, CoA and aortopathy has been previously proposed.9 Additionally, CoA is present in
12–17% of patients with Turner syndrome.10;11 These women are at increased risk of aortic
dissection.

The first successful surgical intervention in CoA was described by Dr. Crafoord in 1945.12 Following
surgical repair of aortic coarctation, patients experience improved survival, with age at time of repair
being the most important predictor of survival.13 Various surgical techniques for CoA repair have
been utilized, including end to end resection, patch repair, tube grafts and subclavian flap
arterioplasty. Over the past 30 years, endovascular has been developed for the management of CoA
and has demonstrated to be an acceptable alternative to surgical management with comparable
clinical outcomes. Stenting has become the mainstay of endovascular treatment in both children
beyond infancy, adults with native CoA, and in adults and outgrown children with recurrent CoA.
However, long term follow up data considering aortic complications, morbidity and mortality after
each of the available treatment strategies remain scarce.

Despite the development of surgical and transcatheter repair, life expectancy remains reduced after
repair. Well known complications after repair involve an increased risk for aortic recoarctation and
aortic aneurysm formation for which serial aortic arch imaging is required during clinical surveillance.
Moreover, epidemiological evidence suggests that patients after CoA repair demonstrate an
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increased risk for coronary heart disease, stroke, and premature atherosclerosis seem to develop
early in life. The increased cardiovascular risk in CoA is the result of recurrent or persistent
hypertension, and of early proatherogenic functional and structural vascular changes, leading to
persisting endothelial dysfunction and abnormal arterial elastic properties.14;15 15;16 Additionally CoA
patients demonstrate increased circulating levels of proinflammatory cytokines and adhesion
molecules, which have an important role in atherogenesis development. The increased systemic
inflammatory status may be associated with early vascular changes and impaired global vascular
function in CoA. Strategies targeting vascular dysfunction are required to reduce the future risk of
vascular disease in CoA.

The objectives of this thesis are to obtain more insight in the efficacy, safety and post
procedural and long term complications of both surgical and percutaneous repair in CoA. Moreover,
we aim to give more insight in the long term complications after coarctation repair and to identify
those patients that are specifically at risk. Additionally we aimed to evaluate specific therapeutic
options in the management of cardiovascular risk in CoA.

Outline of this thesis
Advances in paediatric cardiovascular surgery and medicine in the past have shifted mortality due to
congenital heart disease (CHD) from infancy to adulthood.17 Chapter 2 provides an overview of the
spectrum of adult CHD patients, a new and relatively young population, since the development of
surgical treatment options for CHD. Little is known regarding long term survival; however, late
complications occur frequently. This chapter focuses on pharmacological, interventional and surgical
interventions that reduce the risk of cardiovascular complications such as heart failure, arrhythmias,
vascular complications, pulmonary hypertension and endocarditis in CHD patients.

In CoA, surgery has proven to be an effective treatment for the management of native CoA,
and surgical repair remains the treatment of choice in neonates. Advances in operator experiences
and balloon and stent technology have improved the success rate and safety of transcatheter
treatment. Several studies have been performed to assess the feasibility of these percutaneous
approaches, but long term follow up remains scarce with regard to the occurrence of aortic
aneurysm formation, recurrent stenosis and the general cardiovascular morbidity and mortality after
percutaneous treatment. Chapter 3 summarizes the newest insights in the efficacy and safety of both
surgical and transcatheter treatment options in CoA. In chapter 4 we present two cases in which
stent implantation was performed in our institution. These cases demonstrate the variety of
indications in which percutaneous treatment is preferable to surgical treatment in adult patients
with native aortic coarctation.

Aortic valve and ascending aortic dilatation are often encountered in patients after successful
coarctation repair. The Bentall procedure, a technique for composite aortic valve and root
replacement has become the standard operation for patients with combined aortic root dilatation
combined with aortic valve pathology. However, reference values for transvalvular gradients in
patients after Bentall procedure are unknown. In chapter 5, we aim to compare the maximal
transvalvular pressure gradient (TPGmax) as measured by echocardiography across SJM aortic valve
prostheses in patients after Bentall procedure and after isolated aortic valve replacement (AVR).
It is well known that aortic dilatation is a common late complication in CoA. In chapter 6, we aim to
evaluate the progression rate of ascending aortic dilatation, and determinants for ascending aortic



dilatation by using cardiovascular magnetic resonance imaging (CMR). It is known that the presence
of a bicuspid aortic valve (BAV) is associated with aortic dilatation. Moreover, the association
between CoA and BAV is well recognized. Previous studies have shown that the presence of BAV in
CoA is associated with aortic valve stenosis (AS), aortic valve regurgitation (AR), and ascending aortic
dilatation. However, little is known on the progression of aortic valve dysfunction over time in CoA.
In chapter 7, we evaluate the progression of and predictors for aortic valve dysfunction in CoA.

Persistent hypertension and exercise induced hypertension are common late complications
in CoA and are both associated with end organ damage. Therefore early recognition is of major
clinical importance in CoA. In chapter 8 we evaluate the predictive value of exercise induced
hypertension for the presence of chronic hypertension in CoA, which might be a tool to detect
patients at increased risk in an early stage.

Recent studies have demonstrated that besides peripheral measured blood pressures both
wave reflection and central blood pressure are markedly increased in CoA. 18 20 Intra arterial blood
pressure waves are altered, and the change in pressure waveform may be explained by early and
thus increased reflection of the pressure waves on the stenosis. This physiologic mechanism is
thought to contribute to the increased risk of cardiovascular disease in CoA. In chapter 9, we assess
determinants of wave reflection and the association of wave reflection and central hemodynamics
with organ damage by means of the augmentation index (AIx), a measure of wave reflection as
determined by applanation tonometry. In chapter 10, we compare wave reflection in a relatively
healthy cohort of CoA patients without hypertension and recoarctation with matched controls and
compared the response of wave reflection to pharmacological vasodilatation.

As a consequence of the high prevalence of hypertension in CoA, organ damage involving left
ventricular hypertrophy (LVH) and an increased LV mass are often found. However, LVH has also
been demonstrated in neonates after early repair and in normotensive CoA patients, which suggest
that LV hypertrophy might have a more developmental origin. In chapter 11, we investigate the
pattern of LV fibrosis by using late gadolinium CMR imaging in CoA. This may render to support the
hypothesis of a developmental defect of the left ventricular myocardium. The increased mortality
and morbidity is furthermore caused by complications such as cerebrovascular accidents and
premature coronary atherosclerosis. It is known that the carotid intima media thickness (CIMT) an
established marker for atherosclerosis is increased in CoA. However, at present the predictive value
of CIMT on cardiovascular events is unknown. Moreover, we are unaware of the progression of
vascular remodeling in CoA. Such data is necessary for adequate cardiovascular risk management in
CoA. In chapter 12, we evaluate the predictive value of CIMT for cardiovascular events in CoA.
Moreover, we investigate the CIMT progression rate over time in CoA.

HMG coA reductase inhibitors (statins) have been proven to reduce atherosclerosis
progression as observed by CIMT in patients with known coronary heart disease, independent of lipid
lowering. To evaluate the effect of treatment with high dose statins on cardiovascular risk and CIMT
progression in CoA we designed a multicentre, prospective, randomized, open label trial with blinded
endpoint (PROBE design). The rationale and design of this randomized trial are presented in chapter
13. The results the first multi centre trial in CoA in which three year treatment with high dose statins
on CIMT progression and the occurrence of cardiovascular events is evaluated are presented in
chapter 14.
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Summary
Adults with congenital heart disease (CHD) form a young and new population since surgical
treatment of heart defects became available three to four decades ago. Due to improved survival,
this population is steadily growing in number and age. Little is known about long term survival, but
late complications occur frequently. Nearly half of the patients have one or more complications at
adult age, such as endocarditis, stroke, systemic or pulmonary hypertension, aortic aneurysm or
dissection, and arrhythmias. Heart failure and sudden cardiac death are the main causes of death.
Treatment of adults is aimed at reduction of symptoms, but also at minimizing the risk and severity
of late complications in the future. In this review, most recent advances in the treatment of CHD will
be discussed. Main focus will be on pharmacological, interventional and surgical interventions that
reduce the risk of heart failure, arrhythmias, pulmonary hypertension and vascular complications.
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Introduction
Advances in paediatric cardiovascular surgery and medicine have shifted mortality as a result of
congenital heart disease (CHD) from infancy to adulthood. As a consequence, the population of
adults with CHD is growing.1 Most CHD patients that reach adulthood have undergone surgery or
percutaneous endovascular treatment early in life. Many of them suffer late complications
throughout their lifetime as a result of the cardiac anomaly, surgery or both.2 Survival in this group is
decreased when compared to the general population, even in patients with corrected simple
lesions.3 The leading causes of death among adult CHD patients are heart failure and arrhythmia or
sudden death. 4 6 Other major complications include vascular events such as stroke, aortic dissection
and aneurysm, but also complications with a less direct cardiac aetiology such as infection, protein
losing enteropathy and renal failure. Treatment of adults with CHD is aimed at reduction of
symptoms, but also at minimizing the risk and severity of late complications. Often late complications
are the result of underlying hemodynamic abnormalities.7;8 Accordingly, surgical or interventional
treatment often improve hemodynamic status and reduce risks on complications in many cases. In
this review, we will discuss the most recent advances in the treatment of CHD, focussing on
pharmacological, interventional and surgical interventions that reduce the risk of heart failure,
arrhythmias and vascular complications.

Due to the heterogeneity of congenital heart defects, there is a great difference in severity of
symptoms and burden of illness. However, most defects share an increased risk of heart failure,
arrhythmias, vascular complications, pulmonary hypertension and endocarditis.

Heart failure
Most congenital heart defects can lead to ventricular failure. For example, in a cohort study of 188
consecutive patients who were followed up at an adult CHD centre, congestive heart failure
(according to Framingham criteria) was present in 22.2 percent of patients who underwent an atrial
switch procedure for transposition of the great arteries, in 32 percent of those with congenitally
corrected transposition and 40 percent of Fontan patients.9 In addition, chronic heart failure is the
primary cause of death of patients with CHD.4;6;10

Whereas systolic left ventricular failure due to acquired conditions has been the focus of
most research and medical interventions, right ventricular failure has been somewhat neglected.11

However, in the relatively new population of adults with CHD it is often the right ventricle that is at
risk. In patients with CHD, the right ventricle might support the pulmonary circulation or the systemic
circulation in transposition complexes. When it supports the systemic circulation, the right ventricle
is able to adapt to systemic pressures surprisingly well. However, ventricular dysfunction seems
unavoidable after several decades, though this does not always results in clinical apparent heart
failure and survival to the 7th and 8th decade has been reported. Failure of the subpulmonary right
ventricle in CHD patients often results from right ventricular outflow tract obstruction, pulmonary
valve stenosis or regurgitation, tricuspid valve dysfunction and left to right shunts. Underlying
mechanisms of heart failure in CHD patients are heterogeneous and include chronic volume overload
due to valve dysfunction or septal defects, pressure overload caused by valve stenosis or increased
pulmonary resistance, and myocardial damage as a result of (multiple) surgical procedures or
perfusion mismatch in the case of hyperthrophy or chronic cyanosis. Table 1 summarizes
mechanisms involved in the development of ventricular dysfunction in ACHD patients.12 In addition,



neurohormonal activation, which plays an important role in acquired left ventricular failure, also
seems to be present in ventricular failure caused by CHD, and is believed to play a role in cardiac
remodelling.13

Table 1. 

Intrinsic mechanisms

Volume overload

Pressure overload Atherosclerosis

Surgery Myocardial ischemia

injury to coronary artery

Medication for heart failure
Small numbers and heterogeneity of CHD complicate large scale trials similar to those performed in
acquired heart disease, where treatment of left ventricular failure with beta blockers and blockade
of the renin angiotensin system is well established. As a consequence, the efficacy of
pharmacological agents in adults with congenital heart disease is largely unknown. Often, beta
blockers, ACE inhibitors and angiotensin 2 receptor antagonists are prescribed empirically in analogy
with acquired left ventricular failure.

In patients with a failing systemic right ventricle, inhibitors of the RAAS system as well as
adrenergic beta antagonist have been suggested to be advantageous. As neurohormonal activation
seems to be present in patients with a failing systemic right ventricle, ACE inhibitors an AT2
antagonists might prevent or attenuate remodelling and progression of ventricular failure in analogy
with acquired (left) ventricular failure.13 Whether the afterload reduction obtained by inhibition of
the RAAS system will improve ventricular function in patients with an atrial baffle is uncertain, as it is
suggested that one of the mechanisms behind right ventricular failure in these patients is the
hampered ventricular filling, caused by the rigidity of the baffle.14;15 In this light, beta blockers might
be theoretically more appropriate, as these would improve ventricular filling by lengthening diastole.
In addition, beta blockers might reduce the perfusion mismatch – only the single right coronary
providing the hypertrophic and high pressure right ventricle which has been put forward as another
mechanism of systemic right ventricular failure. However, depressing sinus node function and
atrioventricular refractory period might not be advisable in a population at risk of atrioventricular
block and sinus node dysfunction.

The several small trials with short follow up that have been performed in patients with
systemic right ventricles show equivocal results, while research concerning failing right ventricles in
subpulmonary position remains scarce.16;17 In 2005 Dore et all reported one of the few trials
concerning the pharmacological options the systemic right ventricle.18 This multicenter placebo
controlled trial did not show significant change in exercise capacity in patients with a systemic right
ventricle treated with losartan for 12 weeks. However, most patients were asymptomatic and
neurohormones were often not elevated to begin with. Furthermore, duration was short and the
primary endpoint suboptimal to assess. At presence, there are no well founded arguments to start
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patients with a failing right ventricle on beta blockers or RAAS antagonists. Ungoing trials are
currently running in order to gain more insight in the therapeutic options of the failing right
ventricle.19

Fontan patients are specifically at risk for a failing circulation. Although the pathophysiology
of the failing Fontan is not fully understood, a low pulmonary vascular resistance is an important
factor in the continual functioning of the Fontan circulation. Treatment with bosentan and sildenafil
might decrease pulmonary vascular resistance, similar to patients with pulmonary arterial
hypertension.20 However, clinical data on the efficacy and safety of treatment with bosentan and
sildenafil in Fontan patients is warranted.21 Beta blockade and RAAS inhibition have also been
suggested in the failing Fontan. However, no beneficial effect has been found to date.22 25

Pulmonary regurgitation in repaired TOF can lead to failure of the subpulmonary right
ventricle due to volume overload. While pulmonary valve replacement is the most definitive solution,
medication might be indicated for patients with only mild regurgitation or those whose ventricle has
already been irreversibly damaged before PVR. Drugs that reduce afterload might relieve the
overburdened right ventricle, but how to achieve this in the already low pressure pulmonary
circulation has not been elucidated. There might be a role for new drugs that specifically target the
pulmonary circulation.25 Beta blockade seems less suitable as a longer diastole would increase both
filling and valvular leakage of the already volume overloaded ventricle. Data on beta blockade in
operated TOF remains scarce and in the few studies that have been performed no beneficial effect
has been demonstrated.26;27

Interventions for heart failure

Resynchronisation therapy
Cardiac resynchronization therapy (CRT) may lead to functional improvement in a majority of
patients with a reduced left ventricular ejection fraction, symptomatic heart failure and a left bundle
branch block due to ischemic or dilated cardiomyopathy.28

It seems that some patients with CHD may also benefit from CRT therapy.29 In this
population, CRT efficacy varies widely with the underlying anatomical and pathophysiological
substrate. CHD patients with systemic left ventricles and those who have ventricular dysfunction
caused by conventional pacing seem to benefit most from CRT, while in patients with systemic right
ventricles or single ventricles the effect of CRT might be absent or very modest.30;31 At present, the
indications for CRT are derived from the non CHD population and include systemic left ventricular
dysfunction (EF < 35%), a wide QRS interval (left or right bundle branch block) and NYHA class III or
IV, although, in practice the majority of CHD patients that undergo CRT has ventricular dysfunction in
combination with a pacemaker or an indication for a pacemaker.30 Technical issues such as abnormal
anatomy may complicate CRT.32 Difficult access and relatively frequent (concurrent) heart surgery
often make an epicardial approach preferable.30 Adverse events and mortality seems comparable to
CRT in aquired disease, although coronary sinus lead issues were more frequent, probably due to
anatomic anomalies in the CHD population.31 In the near future, it can be expected that the
indication for CRT will widen and more CRT devices will be implanted in CHD patients.33



Percutaneous valve replacement
In CHD, heart failure is often caused by underlying hemodynamic abnormalities, such as volume
overload due to failing valves. Consequently, valve surgery must be planned before the ventricle is
irreversibly damaged.34;35

Right ventricular outflow tract dysfunction is a common problem among patients with CHD.
Initial repair occasionally involves a valved right ventricle to pulmonary artery conduit. However,
these have been shown to exhibit a limited lifespan, late complications including pulmonary
regurgitation, patch aneurysms and valvular or conduit stenosis.36 Especially chronic pulmonary
regurgitation can have a detrimental effect on the right ventricle.37;38 Consequently, these patients
often need multiple reoperations, with ever increasing risks.

The ambition to treat these patients without or with less cardiac operations, which are in
their own right are a burden on the right ventricle, has lead to the development of percutaneous
pulmonary valve replacement techniques.39;40 Currently available is a bovine jugular venous valve in a
balloon expendable stent.41;42 However, most CHD patients in whom the RVOT is involved are
unfavourable subjects for percutaneous pulmonary valvular implantation because of dilatation and
aneurysm of the RVOT. Although the development of new devices including the “infundibular
reducer” aims to tackle this problem. Conduits, on the other hand, often provide an excellent bed for
implantation. Indications for percutaneous pulmonary valvular implantation include RVOT
obstruction and pulmonary regurgitation, although the technique is restricted by morphological
characteristics. Procedural complications include device instability and guide wire injury while stent
obstruction due to hammock effect (venous wall hangs in stent lumen) as well as stent fracture are
seen during medium term follow up. Often these complications can be managed percutaneously.
Freedom from reoperation is around 70% after five years. Comparison between the procedures that
were performed in the early stages of the procedure and those that were performed more recently
show that freedom from reoperation has increased and the rate of procedural complications has
declined. Percutaneous pulmonary valvular implantation improves both systolic and diastolic RV
function a reduced RV hypertrophy.43;44 It has the potential to become the standard procedure in
dysfunctional RVOT conduit and prolongs the life of the conduit, postponing the need for re
operation.

Arrhythmias
Arrhythmias are a major cause of morbidity, mortality and hospital admission in adults with CHD. The
etiology of arrhythmias in this population is often multifactorial and includes electrical disturbances
as part of the underlying defect, surgical intervention and hemodynamic abnormalities. Despite the
numerous existing arrhythmia 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.

An overview of contemporary invasive management of arrhythmias in this population has
recently be published by Koyak et al.45 Apart from arrhythmias that are directly or indirectly the
result of the congenital condition, adults with CHD are now more and more being confronted with
“regular” arrhythmias that also occur in the normal population as a result of ageing, hypertension,
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heart failure and ischemia.46 Such arrhythmias warrant a treatment strategy that is similar to that in
normal patients, but the specific conditions of patients with CHD, that is, altered anatomy and
differences in vascular access, complicates treatment in patients with CHD, which might potentially
reflect on the indication for such treatment.

Medication for arrhythmias
Anti arrhythmic drug use may be limited by side effects and many standard anti arrhythmic 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.47 The amiodarone analogue dronedarone might be a safer alternative, but efficacy seems to
be lower.48 However, to our knowledge, dronedarone has not been studied in patients with CHD.
There is growing experience with interventional and surgical approaches to treat arrhythmias in
adults with CHD.

Intervention for arrhythmias
Sudden cardiac death remains the most frequent cause of death in patients with CHD. There is little
discussion on the indication for ICD therapy in patients who experienced cardiac arrest or a
hemodynamically not tolerated ventricular tachycardia. But for means of primary prevention, the
situation is less clear. Large studies on the benefit of ICD therapy in this group are lacking.

Studies in tetralogy of Fallot have defined a set of criteria that relate to a higher vulnerability
to SCD. These include a QRS complex wider than 180 ms and an end diastolic pressure of > 12
mmHg.47;49 Other congenital conditions have not been studied that extensively, and therefore
evidence on who does and who does not benefit from ICD therapy is lacking. For contemporary
management, it is not justified to extrapolate the indications for ICD therapy in the general
population, which consist of a left ventricular ejection fraction of <35% and NYHA class 2 or 3, to
patients with CHD. It seems reasonable in selected patients to extrapolate the left ventricular
ejection fraction, in most studies required to be <35%, to the systemic ventricular ejection fraction.50

Apart from the fact that indication for ICD therapy remains less clear in patients with CHD,
there are practical problems as well. Vascular access is often compromised in those patients, which
precludes or severely complicates the placement of endocardial pacing or defibrillation leads.
Moreover, in patients with an intracardiac shunt, endovascular placement of leads is contraindicated
because of the increased risk of systemic emboli. Therefore, surgical access to the heart is often
necessary, with concomitant shortcomings such as need for longer hospitalization and shorter
lifetime of epicardial leads compared with endocardial leads. Indeed, lead failure is one of the most
frequently encountered complications in patients with CHD. Recently, a completely subcutaneous
ICD has been developed that can potentially be used to overcome these problems.51 Experience in
the CHD population, however, is currently limited.

The experience with ablation therapy for arrhythmias in CHD is growing. The limitations of
access as mentioned above account for ablation therapy as well, and specific methods of access such
as transconduit puncture or ablation via sternotomy, have been described.52;53 Also, due to altered
anatomy and changed position of the heart in the thorax, standard fluoroscopic landmarks are often
of little use. Atrial tachycardias appear a large problem. Atrial flutters or macroreentrant
tachycardias are frequently encountered, but also focal tachycardias play a role.54 Ablation of these



arrhythmias is associated with frequent recurrences that require redo procedures, and follow up is
often obscured by the development of atrial fibrillation.46

Ventricular tachyarrhythmias with hemodynamic compromise might be ablated, but the
mainstay of therapy for patients suffering from ventricular tachycardias is often ICD implantation.
Atrioventricular bypass tracts, most well known in Ebstein’s anomaly, can be ablated, but procedures
are often complicated through less catheter stability and the presence of more than one bundle.55

Arrhythmias in patients with CHD remain a challenging problem. Despite recent advances
made with ablation and device therapy, procedures are less successful and associated with more
complications than in the general population. Better understanding of the mechanism of the
arrhythmia, the specific anatomy and the potentially impaired vascular access of the individual
patient may further improve arrhythmic management.

Cerebrovascular accidents
The high prevalence of atrial arrhythmia, among other factors mentioned below, predisposes the
relatively young population of CHD patients to trombo embolic complications, among which
cerebrovascular accidents are probably the most debilitating. The prevalence of (CVA) events is 10
100 times higher than expected in control populations.56 Causes of CVA in the population of CHD
patients include emboli from the heart or the central arteries, paradoxical emboli and haemorrhage.
Emboli from the heart or the central arteries might be related to atrial arrhythmias or artificial valves
and other intracardiac devices. Emboli from the venous bed might travel to the systemic circulation
through septal defects or other shunts. In addition, cardiovascular procedures might be complicated
by thromboembolism, air embolism and hypoperfusion and ischemia. Cerebral bleeding can occur
during full anticoagulation related to cardiac surgery or chronic anticoagulation in the case of atrial
arrhythmias. Finally, hypoxia in cyanotic patients could lead to hyperviscosity, which might lead to
hypoperfusion and cerebral ischemia.

The occurrence of CVA is most patent in cyanotic patients, both with and without
Eisenmenger physiology. Many of these patients have single ventricle physiology with important
right to left shunting, making them vulnerable to systemic emboli. Other cardiac conditions
associated with CVA are mechanical prosthesis, open ASD, Fontan, and atrial switch.56

Anticoagulation therapy is recommended in all CHD patients with atrial fibrillation and mechanical
prosthetic valves.7 Whether anticoagulation should be started in the population of cyanotic patients,
including is less clear as haemostatic abnormalities have been documented in up to 20% of cyanotic
patients. 57

Vascular complications
The aortic root and ascending aorta can be involved in a variety of congenital heart defects.
Progressive widening of root and dilatation of the aorta can lead to serious complications including
valvular regurgitation, aortic dissection and rupture.

The presence of a bicuspid aortic valve (BAV) is often accompanied by aortic complications
such as dilatation and dissection, caused by accelerated degeneration of the aortic media,
abnormalities of matrix disruption and smooth muscle cell loss.58 Although dilatation can occur in
any section of the aorta, the proximal ascending aorta is most frequently affected.58
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In aortic coarctation, often present with BAV, aortic aneurysm formation and dissection are common
complications after surgical or percutaneous repair. Aortic aneurysms may develop near the site of
repair as well as in the proximal aorta. The increased risk for aortic aneurysm formation is caused by
the abnormal structure of the aortic wall (aortic medial disease) in combination with the increased
prevalence of persistent systemic hypertension in these patients.59

Despite adequate timing of surgical repair, the prevalence of hypertension at rest or during exercise
is still high in coarctation patients. Hypertension is often already present in early childhood, even in
patients that received surgery before the age of one year and without signs of aortic arch
obstruction.60 62 The pathologic mechanism behind the increased prevalence of hypertension might
be vascular dysregulation, including; vascular remodelling, abnormal distensibility of the aorta,
altered baroreceptor function and elevated plasma renin levels.63 65

Tetralogy of Fallot, the most common cyanotic heart disease, is also accompanied by aortic root
dilatation. Aortic dilatation occurs in unrepaired TOF patients and interestingly, also in a subgroup of
TOF patients after surgical repair. In these patients aortic root and ascending aortic dilatation is
found, resulting in aortic regurgitation, which sometimes may require aortic valve replacement.66 68

Previous research has shown that initial hemodynamic stress from aortic volume overload, combined
with histological abnormalities such as media necrosis, fibrosis, and cystic medial necrosis are
important contributors to the development and progression of aortic root and ascending aortic
dilatation in TOF.69;70

Marfan syndrome, a connective tissue disorder, though not always classified as CHD, is also known
for its increased risk for aortic aneurysm formation and dissection. The primary cause of death in
Marfan patients is aortic dilatation and dissection, typically occurring in the sinus of Valsalva.71

Recently, new treatment options have been added as prevention of aortic dilatation, especially in
Marfan syndrome.

Medication for aortic aneurysms
Aortic dissection is the primary cause of death in patients with Marfan syndrome.72;73 Beta blockade
has been widely used as prophylactic therapy, with limited evidence of its efficacy.72 74 An example in
which increasing knowledge about the pathophysiology of disease has led to a new impulse to drug
treatment in Marfan syndrome. Recent insights into the pathophysiology of Marfan offer a rationale
for medical treatment. An excess of transforming growth factor (TGF ) contributes to the
pathogenesis of many of the phenotypic features of Marfan, including progressive enlargement of
the aortic root. Studies in mice, genetically engineered, to resemble the pathogenesis of Marfan
syndrome, show that aortic remodelling is attenuated or prevented by systemic treatment with TGF

antagonists and losartan, an angiotensin 2 receptor blocker, known to inhibit TGF signalling.75

Accordingly, losartan is a promising treatment option in patients with Marfan syndrome.
A small cohort study with angiotensine receptor blocker therapy in selected pediatric Marfan

patients showed a significant decrease in rate of progressive aortic root dilatation. However this has
not yet been confirmed in other studies and its clinical implication is still unclear, and whether this
effect can be extrapolated to other forms of aortic dilatation is uncertain.76

Doxycycline has shown to reduce fragmentation of elastic fibers and thus delaying aneurysm
rupture in mice.77 Among patients with abdominal aortic aneurysms scheduled for surgical repair,
preoperative administration of doxycycline reduced vascular inflammation in abdominal aortic



aneurysm samples.78 However, doxycycline has not yet been tested in Marfan patients, so it remains
unclear if this is an additional target for the treatment of aortic complications in Marfan syndrome.
Furthermore, statin and tetracycline therapy are currently under investigation. Considering medical
treatment in limiting the progression of aortic dilatation, there are no data in TOF patients, unlike the
beneficial effects of beta adrenergic blockade in Marfan syndrome.70 Recent studies have shown an
increased carotid intima media thickness in coarctation patients as compared to healthy controls.
This increased intima media thickness probably indicates an increased cardiovascular risk in these
patients.79 Studies evaluating the effect of statin treatment in coarctation patients are still ongoing.

Interventions for aortic complications
Historically, surgery has been the treatment of choice in the treatment of aortic coarctation.
Different surgical modalities have been used to treat coarctation such as end to end anastomosis,
patch angioplasty, subclavian flap aortoplasty and bypass grafts. Aneurysm formation late after
repair has been described after all these surgical techniques, with the highest prevalence after
Dacron patch repair. Therefore routine serial arch imaging is recommended after repair.80

Endovascular management of coarctation has shown to be an acceptable alternative for
surgical repair with comparable clinical outcomes. Endovascular stenting has become the treatment
of choice for native and recurrent coarctation with a low rate of clinically significant gradients and
decreased incidence of aneurysm formation compared to balloon angioplasty.81 More recently
covered stents have shown to be superior to bare metal stents with a low rate of recoarctation and
aneurysm formation.82;83

Treatment of Type B dissections, encounting 10% of all aortic dissections in Marfan patients
is similar to the general population with a type B dissection, with medical treatment in the absence
of complications and surgery in the presence of complications (i.e. aortic impending rupture,
uncontrollable severe hypertension or organ failure). Although elective surgery is challenging and
associated with substantial morbidity in these patients, it is still the treatment of choice for repair of
descending aortic aneurysms.84 The endovascular stent graft has been used as an alternative for
open surgery in the past.85 However progression of aortic dilatation post intervention has been
observed, even after successful graft placement. Therefore, endovascular stenting is only indicated in
the treatment of aortic dilatation in Marfan patients, when the risk for open surgery is too high.86

Data regarding the timing of surgery in TOF patients with aortic dilatation are scarce. In TOF
patients with severe aortic regurgitation, requiring aortic valve replacement, diameters of the aortic
root and ascending aorta should be determined to assess the need for additional repair of the aortic
root and ascending aorta.70

Valve sparing surgery
In patients with ascending aortic dilatation valve sparing root replacement has become the
treatment of choice, also for patients with Marfan syndrome and even in patients with BAV.87

In general, young adults were advised to have their diseased valves replaced by a mechanical
valve for the reason of proven durability and the avoidance of risks associated with (repeated) redo
surgery. However, several studies have indicated that this group of young CHD patients is exposed to
a significant and accumulating risk over time of trombo embolic events and anticoagulant associated
bleeding complications.88 Besides this, the increasing experience with successful repair of
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atrioventricular valves in children and young adults with CHD as well as in adults with ischemic heart
disease has stressed the role of these valves in preservation of ventricular function and consequently
a reduction of the risk of heart failure is anticipated in the long term.

Therefore, more emphasis has come on valve repair in general and valve sparing techniques
in aortic root surgery. Valve sparing aortic root replacement reduces the risk of trombo embolic
events and avoids the need for anticoagulant therapy, which is also of importance in young adults
with a desire for future pregnancy.89 However, most studies indicate that freedom of redo surgery is
less than with the standard Bentall procedure.90;91 However, high success rates and still improving
results of valve sparing techniques over the last two decades, in combination with increased quality
of life have made this surgical strategy the treatment of first choice for large groups of patients.91The
field of indications is extending rapidly. Valve sparing techniques are now performed for repair of
failing tricuspid and bicuspid aortic valves and even for repair and preservation of the pulmonary
autograft after the Ross procedure.92 94 However, in patients with multiple leaflet fenestrations,
severe aortic regurgitation or asymmetric cusp prolapse, the Bentall procedure is still treatment of
choice.87 Only long term prospective randomised trials can answer the question if the reductions of
risks in the short and medium term weighs up against the risks of at least one redo surgical
procedure or intervention that can be expected for most patients in the future.

Hybrid procedures
A new development in therapy for CHD is the combination of surgical and interventional techniques,
especially in the treatment of primary or secondary branch pulmonary artery stenosis, which is a
common problem in patients with congenital heart disease, for example after surgical correction of
tetralogy of Fallot, pulmonary atresia with VSD or truncus arteriosus. Percutaneous stenting is now
an established treatment modality for older children and adults with branch pulmonary artery (PA)
stenosis, although high rates of early complications are reported.95 97 Traditional surgical patch
angioplasty for branch PA stenosis has major drawbacks like difficult surgical access and
disappointing outcome in the long term. For example, in tetralogy of Fallot severe stenosis can
develop at the site of a previously closed Waterston shunt in the right pulmonary artery branch right
behind the aorta. In order to reach the stenosis a transverse aortotomy is necessary but after repair
the patch angioplasty will again be compromised by the closed ascending aorta. In such cases, a
hybrid stenting procedure may be helpful and can be performed at the time of pulmonary valve
replacement. During this procedure the stent is placed under direct visualization, which will only take
some minutes. Furthermore, complications of percutaneous stent placement, such as hemodynamic
instability and vascular tear, can be avoided or easily addressed in the operative setting with
cardiopulmonary bypass, thereby making the procedure safe and effective. Promising results of
hybrid procedures have been reported by which the risk of early complications associated with
percutaneous techniques, may be reduced.98;99

Pulmonary hypertension
Increased pulmonary blood flow can cause endothelial dysfunction and vascular remodelling in the
pulmonary vascular bed, which leads to increased pulmonary vascular resistance and an extra burden
on the right ventricle. In extreme cases, ever increasing pulmonary vascular resistance results in
reversal of the initial shunt; the Eisenmenger syndrome.



Medication for pulmonary hypertension
In class I (Venice 2009) pulmonary arterial hypertension, pharmacological agents specifically
targeting pathophysiologic pathways have been shown to improve exercise capacity, hemodynamics
and delay clinical worsening in both advanced and mild disease.100 102 Although prognosis in patients
with pulmonary arterial hypertension, secondary to congenital heart disease is often better in than
those with idiopathic PAH, the same pathways seem to be involved.102;103 Accordingly, some of these
targeted therapies have been studied in patients with CHD.104 107 One of these is the endothelin
antagonist bosentan which promotes vasodilatation and antiproliferation of smooth muscle cells.
Initially, it was believed that concomitant vasodilation in systemic circulation might lead to increase
of right left shunt and increase in cyanosis. However, in a recent trial evaluating the efficacy of the
endothelin antagonist bosentan in patients with Eisenmenger syndrome, no such effect was
observed.106 Patients on bosentan had a significantly improved walking distance compared to
patients who received a placebo. A small study with sildenafil described improvement of quality of
life, NYHA functional class and exercise capacity in patients with Eisenmenger syndrome.108 Improved
exercise walking distance, functional class and hemodynamics have challenged the notion that
Eisenmenger syndrome is a stable or worsening disease. Nowadays combination therapy of
endothelin receptor blockers with NO and prostacyclin are under evaluation.

Interventions for pulmonary hypertension

Percutaneous VSD closure
Before the occurrence of irreversible pulmonary changes due to long standing increased pulmonary
blood flow through an atrial or ventricular defect, closure of the septal defect is indicated. Timely
closure may prevent irreversible damage of pulmonary vessels and subsequent right ventricular
failure. Whereas transcatheter closure of atrial septal defects has been well established for several
decades, the percutaneous closure of ventricular septal defects (VSD) has been developed more
recently. Patients with a hemodynamic significant VSD are not only at risk of pulmonary
hypertension, but they also bear an increased risk of arrhythmias, aortic regurgitation, infective
endocarditis, ventricular dysfunction and sudden cardiac death. Accordingly, closure at adult age is
required in the 10 percent of VSD patients in whom a hemodynamic significant defect is detected in
adulthood and in those with already diagnosed VSD who develop complications.

Traditional treatment is surgical repair. It carries a low peri operative mortality and a high
closure rate. However, the potential risk of complete heart block, chylothorax, phrenic nerve injury,
early and late arrhythmias, postpericariotomy syndrome, wound infection and neurologic sequelae
of cardiopulmonary bypass remains. In addition, hospital stay is considerable as is its cosmetic impact
(scar).

Initial difficulties with percutaneous VSD closure included ill adapted devices and
consequently poor results with a high percentage of residual shunting. Moreover, inlet/AV canal and
outlet VSDs remain unsuitable for device closure. On the other hand, the development of devices of
the Amplatzer family specifically designed for ventricular septal defects have led to success rates of
around 96% in both muscular as perimembraneous defects. Major complications occur in around 2%
and include conduction abnormalities, embolisation of the device, impingement of tricuspid, mitral
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or aortic valves, and aortic regurgitation. Moreover, arrhythmias are commonly reported although in
adults these are often transient, rarely requiring treatment.

Endocarditis
The incidence of infective endocarditis varies between 1,4 and 11,5 cases per 1000 patient years in
the CHD population, which significantly higher than the general population, where the incidence is
5,0 to 7,0 cases per 100.000 patient years.109;110 Patients with CHD have a higher risk as a result of
cardiac surgery as well as conduits, shunts and prostheses providing targets for infection. Historically,
antibiotic prophylaxis before procedures with a possible risk of bacteremia was advised in all patients
with an increased risk of IE among which patients with CHD. However, the cumulative risk of
bacteremia from everyday events, such as brushing teeth is much larger than that from dental,
gastrointestinal and genitourinary procedures.111 In addition, antibiotic prophylaxis will prevent IE in
only a small number of patients.112;113 As a consequence, current ACC/AHA and ESC guidelines no
longer recommend prophylaxis before dental procedures in patients with an increased life time risk
of IE, but only in patients with the highest risk of an adverse outcome from IE.114

Conclusion
It is clear that there is a great difference in severity of symptoms and burden of illness due to the
various congenital heart defects. In the case of the more complicated defects, surgery has
spectacularly increased life expectancy. As the number of adult patients increases so will the need for
interventions during adulthood, either first time interventions or redo operations. New
developments in catheter based interventions have led to risk reducing procedures where patients
may avoid sometimes temporarily redo surgery. The choice between catheter based interventions
and traditional surgery will require careful analysis of the pros and cons. Both treatment options are
still developing in order to reduce morbidity and improve long term outcome.

Until recently, there was hardly any role for drug treatment in adults with CHD. This situation
has changed, because heart failure, arrhythmias, pulmonary hypertension and aortic aneurysms have
become an increasing problem in this population. (Table 2) The whole armamentarium of existing
and new drugs for treatment of heart failure in the general population is available for CHD patients,
but their efficacy in the CHD population, where often right sided failure is more prominent, is not yet
known. The results of various ongoing trials have to gain insight into effective options for treatment
of right ventricular failure.



Future perspectives
One of the major set backs in adult congenital heart disease is the current lack of evidence based
knowledge. To a large extent, this is unavoidable. The range and scale of congenital heart disease is
so diverse, while numbers of comparable patients are so small, that studies often lack power. But
patient numbers are increasing and evidence is accumulating. Thus the evaluation of different
treatment options and weighing the evidence for or against alternatives will become more
sophisticated.

An example, in which increasing knowledge about the pathophysiology of disease has led to a
new impulse to drug treatment is Marfan syndrome. New findings regarding the mechanisms
through which the fibrillin gene defect gives rise to the pathology of disease, involving Transforming
Growth Factor , have led to a renewed search for drugs that might slow down the disease process.
Also the use of endothelin receptor blockers and other agents in the treatment of pulmonary
hypertension may be mentioned in this context.

Until recently, it was assumed that hereditary factors had no role in congenital heart defects
with the exception of defects occurring in the context of well known syndromes, such as trisomy 21
and 22q11. Heart defects in newborns were simply considered to be freaks of nature. However, this
perception has changed radically over the past decade. The main driving force behind this paradigm
shift has been the developments in molecular genetics and molecular embryology. Recent years have
seen the creation of patient registries and DNA databases.115 Linkage analysis has already led to the
discovery of several genes that are associated with heart defects.116;117 These successes will certainly
lead to an intensified search for genes and will require cooperation between basic science, clinical
practice, and genetic epidemiology. The expectation is that greater understanding of the genetics of
the embryologic formation of the heart will provide clues to new therapies, for both congenital heart
disease and non congenital heart disease. In heart failure, for example, “foetal gene programs” are

Table 2. 
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believed to be re activated. In particular, the success of stem cell therapy to supplement or replace
damaged heart tissue will depend on improved understanding of heart cell differentiation. The
recent finding that the right ventricle largely originates from a different group of precursor cells than
the left ventricle emphasises the interest of the more prominent role of the right ventricle in CHD.
Continued studies of the right ventricle in CHD might further help to elucidate what distinguishes the
two ventricles from each other. Epidemiological tools may help in identifying important phenomena,
and by suggesting ways of analysis.

Catheter interventions in CHD will undergo further improvement with increasing technical
advances. Percutaneous pulmonary valvular implantation has the potential to become the standard
procedure in dysfunctional RVOT conduit but probably also in dysfunctional RVOT without conduit.
Within several years, it is expected that percutaneous valves will be developed for CHD patients with
dilatation and aneurysm of the RVOT. In the longer run, percutaneous aortic valve implantation
might also become available for CHD patients with aortic valve stenosis.

Executive Summary

Adult patients with congenital heart disease (CHD)
Since surgery has become available in adults with CHD, survival has improved. However, little is
known on long term survival.

Heart Failure
Heart failure is one of the main causes of death, with a heterogeneous origin in CHD patients.

Clinical studies are hampered because of small patient groups due to the heterogeneity of the
patient population.

Cardiac resynchronisation therapy may improve ventricular function in some patients with CHD
Percutaneous pulmonary valve replacement has the potential to become the standard procedure in

RVOT obstruction and pulmonary regurgitation.

Pulmonary Hypertension (PAH)
Similar pathways seem to be involved in CHD patients with PAH (CHD PAH) as compared to

idiopathic pulmonary hypertension. However prognosis in CHD PAH seems to be better.
The use of endothelin receptor blockers and other agents have improved functional class in patients

with CHD PAH
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Abstract
Aortic coarctation is a common congenital cardiovascular defect, which can be diagnosed over a wide
range of ages and with varying degrees of severity. Surgery has proven to be an effective treatment
for the management of native aortic coarctation, and remains the treatment of choice in neonates.
Balloon angioplasty with or without stenting has evolved rapidly over the past decade. Balloon
angioplasty is the treatment of choice in children with recoarctation, and currently available
immediate results in native coarctation are similar with regard to gradient reduction as compared to
surgery. However, both treatment options carry the risk of restenosis and aortic wall complications,
especially after balloon angioplasty without stenting in native coarctation. On the other hand, stent
implantation has shown excellent short term results in both children beyond infancy and in adults
with native coarctation. In patients with recurrent coarctation who are at high surgical risk, balloon
angioplasty and stent repair offer a less invasive and equally effective method. Stent repair is
preferred over balloon angioplasty in adults and out grown children with a recurrent coarctation, as
the risk for recoarctation and aneurysm formation seems to be lower. Data with regard to long term
outcome after percutaneous treatment strategies are scarce. This review summarizes the current
insights in the efficacy and safety of both surgical and transcatheter treatment options for aortic
coarctation.
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Introduction:
Aortic coarctation is a congenital stenosis or occlusion of the aorta, usually located in the region of
the ligamentum arteriosum.1 The worldwide incidence of aortic coarctation is approximately 4 in
10.000 live births, which corresponds to 5 8% of all congenital heart defects. It can be diagnosed over
a wide range of ages and degrees of severity, and with various presentations. Aortic coarctation is
most often diagnosed at age 3 6 months. A small proportion is not diagnosed until adolescent or
adult age.1

Over the past 5 decades, the spectrum of therapeutic options for the treatment of native
aortic coarctation has expanded substantially. Surgical repair of aortic coarctation was performed for
the first time in 1944 by Crafoord and Nylin.2 The surgical treatment of coarctation has improved
substantially since then. However, compared with the normal population, survival is reduced in
patients after successful repair before the age of 5 years with only 91% of the operated patients alive
at the age of 20, and 80% at the age of 40 50 years.3 6 Another factor that affects survival in a
negative manner is delayed diagnosis, as survival is decisively affected by the age at repair, which
explains why early repair is still advocated in these patients.3;7 10 Despite these findings surgical repair
is still advocated in patients diagnosed at older age because of a reduced cardiovascular event risk
and improved survival.10, 11 Lifelong surveillance is mandatory in all coarctation patients, even in
those who underwent successful repair, as they remain at risk for recoarctation or aortic aneurysm
formation.3;6;10;11 Moreover, significant morbidity persists after surgical repair due to systemic
hypertension, accelerated coronary atherosclerosis, aortic dissection, stroke and congestive heart
failure.6;12 16

The surgical approaches developed over the past decades include end to end anastomosis,
subclavian flap aortoplasty, aortoplasty using a synthetic patch, interposition graft placement and
the extended end to end anastomosis.3 6 Over the past two decades, percutaneous treatment
options have become an alternative for surgery. Balloon angioplasty was first performed in the 1980s
and the use of balloon expandable endovascular stents became available in the 1990s.17;18 Advances
in operator experiences and balloon and stent technology have improved the success rate and safety
of transcatheter treatment. Several studies have been performed to assess the feasibility of these
percutaneous approaches, but long term follow up remains scarce with regard to the occurrence of
aortic aneurysm formation, recurrent stenosis and the general cardiovascular morbidity and
mortality after percutaneous treatment. This review summarizes current insights with regard to
treatment options for coarctation patients in an era in which the role of percutaneous treatment is
evolving.

Surgical repair
End to end anastomosis
Surgical repair of aortic coarctation by end to end anastomosis was first described in 1947 by
Crafoord and Nylin.2 Repair of aortic coarctation with end to end anastomosis is characterized by a
low mortality rate and a low recoarctation rate during long term follow up.19;20 21 24 The extended
end to end anastomosis was introduced more recently, and has shown good short term and
intermediate term results.25;26 This approach is characterized by the fact that an end to end
anastomosis is created to the inferior aspect of the aortic arch. The resulting wide anastomosis
achieved provides maximum relief of systemic afterload and reduces the recurrence rate. When the



distal aortic arch and isthmus are hypoplastic, the resulting extended anastomosis is limited only by
the diameter of the aortic arch itself, allowing for maximum growth potential. In this context, the
extended anastomosis actually relieves hypoplasia of the distal arch, which is an great advantage
when compared to the standard end to end anastomosis.27

The ACC/AHA guidelines currently advise an intervention in patients with a peak to peak
coarctation gradient > 20 mmHg or in patients with a peak to peak gradient < 20 mmHg with
radiological evidence of significant coarctation and collateral flow.28

The extended end to end anastomosis is nowadays the preferred technique in infants and in
patients with a mild degree of hypoplasia of the distal arch. The advantages of this technique include
preservation of the left subclavian artery, resection of ductal tissue, and the use of autologous tissue
which allows vessel growth along with the patient.19 Surgical repair of primary coarctation remains
currently the preferred treatment in the neonatal and paediatric period, despite the fact that
outcome is less favourable in patients with associated cardiac lesions.

Subclavian flap surgery
Subclavian flap surgery is the second most frequently performed surgical technique in both neonates
and infants.29 Advantages of subclavian flap repair include the use of autologous tissue which has the
potential to grow along with the patient. Furthermore, this technique creates a tension free repair in
which the need for extensive aortic resection and mobilization is limited. Despite the benefits of the
subclavian flap procedure, major concerns remain even after successful repair including the risk of
aortic aneurysm formation and recoarctation. The efficacy of the subclavian flap procedure has been
a topic of debate, as the recoarctation rate is higher compared to end to end anastomosis.30;31

Freedom from restenosis was 87 89% after 5 years follow up in patients who underwent subclavian
flap surgery as compared to 86 95% in those who underwent extended end to end anastomosis.20;32

Barreiro et al. recently reported that 11% of patients who underwent subclavian flap surgery
required reintervention because of recoarctation during a mean follow up of 8 months.29 The cause
of this increased risk of recoarctation is related to the fact that ductal tissue is left in situ in the
majority of the cases. Therefore, many centers favour the extended end to end anastomosis
procedure over subclavian flap surgery.29

Patch angioplasty
Dacron patch angioplasty was introduced in the 1960s and is characterized by successful gradient
resolution, avoidance of harm to the intercostal arteries and a low risk for restenosis because of
resection of circumferential suture lines.33;34 A major disadvantage of this technique is the high
incidence of aortic aneurysm formation in adults patients; 32% in a cohort described by Ala Kulju et
al.35 According to this study, the risk of aneurysm formation increased during long term follow up,
which was later confirmed by Parks et al. who reported that the risk of aortic aneurysm formation
rose to 51% during follow up.36 The use of large patches was shown to play a role in aortic aneurysm
formation, possibly due to the fact that patients who were operated at an older age tend to require
larger patches and tend have higher blood pressure as compared to young infants.36 Late aneurysm
formation after patch angioplasty, a potentially fatal complication because it may lead to aortic
dissection, is more prevalent in female patients operated after 2 years of age and in pregnant
women.37 The mechanism behind aneurysm formation after patch angioplasty is thought to be
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caused by the fact that a part of the aorta is replaced by a material with a tensile strength that differs
from that of the aorta.38 40 When the aortic pulse wave reaches the stiff, less compliant graft, it is
thought that the turbulence is transmitted to the elastic aorta opposite and adjacent to the graft
causing progressive weakening and dilatation of the aortic wall.

Walhout et al. recently compared outcome after patch aortoplasty and end to end
anastomosis for aortic coarctation in 262 children.41 In contrast to previous studies, this study did not
report a significant difference between these treatment strategies with regard to the risk of
recoarctation or aortic aneurysm formation. This might be related to the fact that in the patch
angioplasty group only polytetrafluoroehtylene (PTFE) patches were used and no Dacron patches. It
has been hypothesized that the giant cell infiltration that is often seen with Dacron grafts causes an
inflammatory response that increases the risk for aortic aneurysm formation.42;43 With PTFE patches
this infiltration is substantially less and PTFE is therefore advocated when performing patch
angioplasty. However, the results of this study need to be interpreted with caution, as it was a
retrospective study covering almost three decades in which both surgical techniques have improved.
Overall patch angioplasty is therefore not the treatment of choice in patients with an aortic
coarctation.

Endovascular treatment of aortic coarctation
Balloon angioplasty in children
Sos et al. were the first to report about the feasibility of dilating an aortic coarctation in a post
mortem study.44 The technique of balloon angioplasty involves expansion of the constricted
coarctation site, which results in rupture of the intima and injury of the media.45 The first in vivo
experience with this technique in humans was reported by Singer et al. in 1982 who reported
successful balloon angioplasty in a newborn with aortic coarctation.46 Balloon angioplasty was
initially used in neonates and infants with heart failure who were at a high risk for surgery, but its
indication was later extended to include children, adolescents and adults as well.46 48 However, as
opposed to the good results of balloon angioplasty in both children and adults with a discrete type
coarctation, less favourable outcomes have been reported in patients with isthmic hypoplasia or
diffuse stenosis that includes the aortic arch.49 51

Post procedural complications after balloon angioplasty in children include injury at the
percutaneous access site, elastic recoil or restenosis, and uncontrolled damage of the aortic wall
resulting in aortic aneurysm formation.49;51 53 However, the exact mechanism for the increased risk of
aortic aneurysm formation after balloon angioplasty is still unclear. It has been hypothesized that the
presence of cystic medial necrosis, which is found in resected coarctation segments in almost two
third of patients, might be causative for the development of aortic aneurysms in patients after
surgery, balloon angioplasty and stent implantation.54 Other factors involved in aortic aneurysm
formation after balloon angioplasty include larger balloon size, because overstretching of the
coarctation area might cause intima media tears and as a consequence aortic aneurysm formation
and rupture.

A second well known complication after balloon angioplasty is the occurrence of restenosis,
which is found in 10 15% of all children and adults who are treated with balloon angioplasty for
native aortic coarctation.51 Rao et al. reported that neonates and infants are particularly at risk for
restenosis due to the large amount of myoblasts around the coarctation site.55 Additionally, it has



been suggested that the increased restenosis risk may be caused by the fact that balloon angioplasty
causes injury to the aortic intima and media. As a consequence, recoil and harmful scar tissue might
cause restenosis. 51 56 In a nonrandomized retrospective study in children (age 12±10 years), 18% of
the patients who underwent balloon angioplasty had procedure related complications, as compared
to 50% of the patients after surgery.57 After 3 year follow up the number of aortic complications such
as restenosis and aneurysm formation was 21% in the balloon angioplasty group of which 26%
required reintervention versus no long term complications in the surgical repair group.57 These
findings were confirmed in two prospective randomized controlled trials in which both techniques
were equally successful in reducing the aortic gradient. However, the risk of recoarctation and aortic
aneurysm formation was higher in the balloon angioplasty group as compared to the surgical
group.50;58

Based on a literature review, Wong et al. reported a systematic decision analysis to compare
balloon angioplasty and surgery in children of different age groups. Balloon angioplasty was found to
be preferable over surgery in the non neonatal coarctation patients, whereas balloon angioplasty in
neonates remains controversial.59 The current AHA guidelines state that balloon angioplasty is
recommended in children beyond the age of 4 6 months in patients with a gradient > 20 mmHg and
with a suitable anatomy. 60;61 In conclusion, these findings demonstrate that balloon angioplasty is
effective in relieving the aortic gradient in children beyond the neonatal period. However, the risk of
recoarctation or rupture and aortic aneurysm formation is too high. In general, it can be concluded
that balloon dilatation should be avoided in children and neonates as it is less effective and the risk
for complications is too high.

Balloon angioplasty in adults with native coarctation
Balloon angioplasty in the management of adolescents and adults remains a topic of debate. Overall
gradient reduction is acceptable after balloon dilatation. However post procedural outcome is often
suboptimal with a residual gradient of 20 mmHg or more in 9% of the cases.8;62 These findings are
important, as it has been shown that the recoarctation risk is lower in patients with a post
procedural gradient of less than 10 mmHg.63;64

Walhout et al. evaluated 85 patients (age 14 55 years) with a discrete aortic coarctation 12 ±
7 years after balloon angioplasty.65 Fawzy et al. reported results for 29 patients (age 15 71 years)
after balloon angioplasty with similar characteristics of the coarctation 8.5 ± 3 years after balloon
angioplasty. In these two studies overall six patients underwent repeat intervention for recoarctation
and four patients demonstrated aortic aneurysm formation at the dilation site. Walhout et al.
reported that the occurrence of recoarctation was 3% in their population.62 The risk of aortic
aneurysm at the dilatation site was clearly lower as compared to other studies in which the risk was
varying between 50% in the early days and 1.8 and 6% as described in later studies.66 68 The reduced
risk of aortic aneurysm formation in these studies might be explained by the fact that only patients
with a discrete “shelf like” lesion were included as has been previously hypothesized by Tanous et
al.69

Despite these long term complications, several studies have shown that balloon angioplasty
is a safe and effective in adults with native coarctation. Recoarctation risk after balloon angioplasty
has been shown to be lower in adults as compared to children.55 Results after balloon angioplasty in
adults with native coarctation are comparable with surgery, and the long term need for
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reintervention is relatively low. However, as stent treatment is evolving over time, it appears that the
role of balloon angioplasty seems to decline for adults with native coarctation. Balloon angioplasty is
therefore currently limited to paediatric patients with a discrete re coarctation or older children and
adults with systemic conditions such as connective tissue disease or Turner syndrome, or in patients
in whom the arterial access site is not suitable for stent introduction.60;70

Balloon angioplasty for recurrent coarctation
Recurrent coarctation is a common complication after surgical correction, with an incidence of 16 up
to 60%.21;71 The definition of recurrent coarctation is a residual gradient above 20 30 mmHg at the
coarctation site. Singer et al. were the first to describe treatment of recurrent coarctation with
balloon angioplasty, with acceptable early and intermediate term results.46 However, several
complications have been described in other studies after balloon dilatation for recoarctation such as
aortic dissection, restenosis, aortic rupture and complications at the femoral access site.54;68;72;73

Surgical re intervention is required in 5 50% of these patients.74 75

Balloon angioplasty seems to be safe and effective in infants with a recurrent coarctation, to
avoid repeat surgery.65 However, Yetman et al. reported that among 90 patients (median age of 1.1
years) who underwent balloon angioplasty for recoarctation, 31% required re reintervention.76

Several risk factors exist for recoarctation after balloon angioplasty, including age at initial repair < 2
3 months, weight at initial repair < 5 kg, residual ductile tissue, and the use of silk suture at the initial
repair.77 These findings demonstrate that the effectiveness of balloon angioplasty for recoarctation in
infancy remains a topic of debate.

In children with recurrent coarctation, balloon angioplasty was effective in 67 90% of the
patients with a mortality rate of 0.7 2.5%.72;78 The mortality rate is significantly lower as compared
the 7% mortality after surgical repair for recoarctation.72;79 Long term follow up results were
reviewed by Yetman et al. in a large series of children after balloon angioplasty for aortic
recoarctation. The immediate outcome after balloon angioplasty was excellent with a residual
gradient < 20 mmHg in 88% of the cases. However, in 31% of the 90 cases reintervention was
needed. Balloon angioplasty was not particularly successful in children with complex multilevel left
sided obstruction, which suggests that those are less suitable for balloon angioplasty because of
persisting abnormal flow in the aortic arch. Failure of balloon angioplasty in patients with isolated
recoarctation was only found in patients after surgical repair with end to end anastomosis. These
findings are attributed to the extended reconstruction in which the site of obstruction is located
more proximal to the transverse arch.76 Reich et al. described long term follow up data after balloon
angioplasty for recoarctation in children, which demonstrated a low complication rate as well as a
low risk of aortic aneurysm formation.80 Although Reich et al. state that balloon angioplasty should
be the initial treatment in all recoarctation patients, restenosis was more often found in children in
which reinterventions were performed at an older age. Therefore, balloon angioplasty seems more
suitable for the treatment of restenosis during infancy, as it avoids the need for repeat surgery.65

Balloon angioplasty may be useful to prevent the need for stent implantation entirely, or postpone
stent implantation until adult age when stenting with adult sized stents is feasible.80



Stent implantation
Stent implantation in children
De Lezo et al. published the first experiences of treating severe aortic coarctation with balloon
expandable stents. It has been suggested that stenting after balloon angioplasty lowers the risk for
complications and has a beneficial effect on long term survival.81 87 Encouraging results have been
reported after stent implantation for the initial treatment of aortic coarctation, especially in children
older than 6 years of age, adolescents and adults.64;82;83;85 97 However, primary stenting has an
important limitation, which is the failure to adapt to the growing vessel in a child. In order to
overcome this problem, redilatation during follow up has been described.82;83;98 This approach might
be necessary in growing children, and has been shown to be safe and effective whereas surgery may
be associated with a much higher complication rate.99

Endoproliferative restenosis has been described in 18% of young infants, especially after the
use of small diameter stents.99 For this reason, it is important to consider the maximum size a stent
can be (re)dilated, in order to prevent an iatrogenic obstruction caused by a small diameter stent.100

However, more important is that implantation of adult sized stents in children is associated with
significant vascular complications, which may require surgical stent removal or aortic reconstruction.
Chisolm et al. reported that the use of adult sized stents is legitimate in patients above 15 kg and
even between 10 15 kg.101 However, Rosenthal et al. do not advocate stent implantation in children
less than 25 kg due to difficulties with the size of the delivery sheath.102 Thanopoulos et al. suggested
that if stent repair in children is considered, bare metal stents should be favoured over covered
stents in children as they can be redilated more easily, and insertion is more feasible through smaller
Mullins sheaths.101;103;104 Moreover, covered stents seem to be more suitable in children with a
complex anatomy, with aortic aneurysms, and with complications due to stent implantation such as
aortic dissection.105;106 The use of bioabsorbable stents that adapt to the growing child might be an
alternative in children, nevertheless, results with regard to the use of these stents in children are
limited.107

In conclusion, these findings demonstrate that immediate results regarding gradient
reduction after stent repair in children are promising. In our opinion, stent implantation remains
complicated in children below the age of 8 10 years, due to several major limitations such as vascular
complications, difficulties with sheat delivery and the fact that children are not yet full
grown.82;83;90;91;108 Additionally, the risk of late aneurysm formation seems to be higher in very young
children, especially in those with a hypoplastic arch.109 The current AHA guidelines state that stent
repair is only recommended in neonates with a complex aortic arch obstruction, which exists despite
surgical or catheter interventional attempts and in high risk surgical patients.60 Stent repair might be
an alternative in children beyond the age of 8 10 years that are full grown. However, as long term
data are lacking this remains a matter of debate. Therefore, surgery, with a mortality rate of < 1%,
remains the treatment of choice in both neonates and children younger then 8 10 years of age in
which implantation of an adult sized stent is not possible.19;20;110

Stent implantation in adult patients with native coarctation
In a small percentage of patients, coarctation of the aorta is not diagnosed until adult age. The
diagnosis is usually made in the work up for a heart murmur, decreased peripheral pulses, or
therapy resistant hypertension. In particular, hypertensive patients may present with decreased
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exercise tolerance or intermittent claudication due to arterial insufficiency of the legs, either
spontaneously or after initiation of antihypertensive therapy.6 In the majority of cases open surgical
repair is the treatment of choice.110 Native coarctation patients have an intact aorta at the
coarctation site, without fibrotic or calcified scar tissue. Surgical risk is lower in native coarctation
patients as compared to recoarctation patients because there are no concerns with regard to pleural
or peri aortic scar tissue due to previous surgical procedures. However, native coarctation in adults
can be associated with other complicating factors. For example, significant collateralisation around
the site of coarctation can occur in some patients that present with native coarctation at older age.
The risk for surgical bleeding is significantly increased in these patients. Percutaneous treatment
might be a safe and effective alternative in these high risk patients.111 115

Wheatly et al. treated 16 native coarctation patients with balloon angioplasty followed by
balloon expandable covered stent implantation, and reported a 100% immediate success rate with
regard to gradient resolution. Postoperative serial CT imaging demonstrated minor stent migration in
only one patient, which required reintervention after 14 months.116 Tanous et al. utilized covered
stents in the management of 22 native coarctation patients, and routine angiographic and
hemodynamic assessment was performed after stent implantation.69 The gradient immediately after
stent placement was maintained during a median follow up of 1 year, as was the blood pressure
reduction and the lower need for anti hypertensive medication.69 Holzer et al. provided data from
one of the largest prospective registries on stent implantation in both children and adults with either
native or recurrent coarctation.117 These data demonstrate a 96% immediate success rate after stent
implantation, and a long term success rate of 77% over 18 60 months follow up. A substantial
number of patients were followed with either CT or MRI over a mean follow up of 1.1 years (3.6
months to 4.8 years) which allowed assessment of long term complications. In 5 % of the patients
procedure related events occurred. Approximately 12% of these patients required a repeat
intervention during follow up, which is comparable with the reintervention rates after surgery which
vary between 6 and 20%.117

Stent implantation has proven to reduce the recoarctation risk more then balloon
angioplasty alone, as it prevents overdilatation and vascular wall injury and therefore results in a
lower degree of elastic recoil. However, underdeployment of stents increases the risk of stent
migration, which in some cases may require emergency vascular surgery.89;118 120 Restenosis after
implantation of covered stents occurred in 3 out of 22 cases as described in a study by Tanous et al.,
which is comparable with recoarctation risk after implantation of bare metal balloon expandable
stents.69;83;104;121

The risk of aortic aneurysm formation after coarctation stenting in adults appears to be
limited, although follow up with detailed cardiovascular imaging is often lacking in published series,
The reported risk of aortic aneurysm formation is less than 10% after stent implantation, as
compared to 17% in patients after balloon angioplasty alone, and 51% in patients after surgical
repair.64;109;122 Aortic dissection or rupture is a rare but potentially devastating complication of stent
implantation for aortic coarctation. An important risk factor for this complication is advanced age.
Although it has been suggested that the use of covered stents might avoid aortic dissection or
rupture, this is not necessarily the case as aortic rupture has been described after the use of covered
stents.123 Awareness of the risk of aortic dissection or rupture is extremely important, as it needs to
be managed immediately by deployment of additional covered stents.124 Therefore, it is necessary to



continuously monitor stent deployment using simultaneous radial artery access, which allows fast
recognition of hemodynamic instability, aortic dissection or rupture, as well as femoral artery access
complications.125 Stent fracture is uncommon after coarctation stenting but has been described for
the CPTM stent. Adequate treatment is recommended in patients with a stent fracture, even if they
are asymptomatic, as aortic aneurysm formation might occur at the fracture site.84;104;126;127 Design of
the CPTM stent has however been changed to reduce the risk for stent fracture and its
consequences.126

Stent technology has evolved rapidly in the past few years, including balloon expanding
stents, by incidence self expanding stents and the well known polytetrafluoroethylene covered
stents.Covered stents are currently recommended as first line intervention in endovascular
management of aortic coarctation in various clinical conditions such native aortic coarctation, stent
fracture and recoarctation and aneurysm formation after both surgical and percutaneous
procedures. Covered stents were particularly used with an increasing frequency in critical patients
with aortic wall aneurysms after previous surgery ore percutaneous treatment. However, the use of
covered stents is currently also increasing in patients with a primary aortic coarctation, in complex
coarctation patients, in patients at an older age (> 65 years of age) or in patients with previous stent
related complications.104 Covered stents seem to be particularly effective because of their “sealing”
effect on the stenotic area which is particularly helpful in patients with aortic wall aneurysms stent
fractures and even in patients with an aortic rupture.61 For this reason, covered stents are primary
effective in preventing aortic dissection or rupture of the vessel wall. The use of covered stents is
currently indicated in full grown patients, as covered stents can only be dilated up to a certain
diameter and the fact that redilatation might damage the polytetrafluroethlene covering
material.104;119;128

In conclusion, these intermediate term results demonstrate that stent treatment is safe and
effective in patients presenting at adult age with native coarctation. Stent implantation results in a
sustained reduction of the gradient and a reduction of aortic wall complications compared to balloon
angioplasty alone.118

Balloon angioplasty versus stent implantation in adults with native aortic coarctation
Whether balloon angioplasty alone or primary stenting is the most effective treatment adult native
coarctation patients remains to be a topic of debate. It has been suggested that stent implantation
might reduce the complication rate and improve long term survival in the adult population.82 86

Balloon angioplasty has shown to be effective in reducing the gradient across the coarctation site in
adults.121;129 134 However, a previous report demonstrates residual gradients ranging between 8±10
mmHg up to 18±15mmHg and of > 20 mmHg in approximately 7 28% of all cases after balloon
angioplasty.121;131 Zabal et al. reported that the residual gradient was significantly lower in the group
that underwent stent implantation as compared to after balloon angioplasty alone (2.7±4.3 vs
10.7±10.8 mg, respectively). The results for balloon angioplasty were particularly poor in patients
with a non discrete type coarctation, where a residual gradient > 20 mmHg was seen in 57% of the
cases, while none of the cases after stent repair had a residual gradient. Among patients with
discrete type coarctation, a residual stenosis was observed in only 9.3% of the cohort after balloon
angioplasty. Primary stenting is therefore advocated in patients with a complex anatomy such as in
patients with tubular coarctation or isthmic hypoplasia. 64;134;135 Moreover, stent repair is favourable
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in patients with a discrete type coarctation and a residual gradient after balloon angioplasty of >10
mmHg.64 Stent implantation has proven to reduce the risk of recoarctation as compared to balloon
angioplasty, because it prevents overdilatation and thereby aortic wall injury and in addition, it
results in a lower degree of elastic recoil. The incidence of recoarctation after bare metal stent
implantation is limited to approximately 1 out of 16, which is similar after implantation of covered
stents.104

Aortic aneurysm formation is a common complication after surgical and percutaneous
treatment of aortic coarctation. The risk of aneurysm formation is thought to be higher after balloon
angioplasty then after stenting. The estimates for risk of aortic aneurysm formation after balloon
angioplasty in adults are varying between 0 – 55%. The risk of aortic aneurysm after balloon
angioplasty was significantly lower during intermediate follow up in two previously published studies
bij Fawzy and Walhout et al.8;62 These results might be caused by the fact that only discrete type or
shelf like lesions were included.

The overall risk for aortic aneurysm formation seems to be as low as 10% in patients after
coarctation stenting, as compared to 17% in patients after balloon angioplasty and 51% in patients
after surgical repair of aortic coarctation.64;109;119;136 Horlick et al. observed a reduction of post
stenotic dilatation in the thoracic aorta, which might limit the risk of aortic aneurysm formation or
rupture. Stent repair seems to reduce recoarctation risk and might additionally prevent aortic
aneurysm formation as compared to balloon angioplasty alone in adult patients presenting with
native aortic coarcation. Percutaneous treatment with primary stenting seems therefore currently
the treatment of choice for native adult coarctation patients.69

Stent implantation for recoarctation at adult age
Approximately 10% of patients who underwent surgical repair for coarctation as an infant develop
recoarctation at adult age. 137 These patients often present with associated aortic anomalies, for
example aortic aneurysm formation or pseudo aneurysm formation. In addition to the complex
aortic pathology, these patients often have a large collateral network of intercostal arteries as well as
pleural adhesions due to the previous operation. As a consequence, reintervention in these patients
is usually a challenge. Therefore, a less invasive approach might be advocated in these patients as
excellent results have been described in these high risk patients.69;138

Stent implantation was initially introduced as a safe alternative to surgery, especially in
patients with aortic recoarctation after surgery. Several periprocedural complications have been
described such as death, immediate or late dissection, stent recoil, recoarctation and aortic rupture,
as well as complications at the femoral access site.54;68;72;73;98;139;140 However, long term follow up
with CT or MRI imaging demonstrates that stent implantation is an effective technique for recurrent
coarctation of the aorta.141 Stenting for aortic recoarctation is associated with a lower risk of
recurrent coarctation and aortic aneurysm formation.69 The current AHA guidelines recommend
stent implantation for recoarctation therefore in all patients with an aortic recoarctation and a
gradient > 20 mmHg which are of sufficient size for safe stent placement and in which expansion to
an adult size is possible.60



Comparing balloon angioplasty, surgery and stent repair in children and adults with native aortic
coarctation
A direct comparison between the three main treatment strategies in aortic coarctation is challenging,
as limited data are available with regard to short term and long term follow up complications and
adverse events with regard to the relatively new percutaneous treatment strategies. Outcome after
balloon angioplasty has been compared to surgery in previous studies. 50;142;143 However, data
regarding the comparison of surgery versus stent repair are scarce.

The initial treatment effect is usually evaluated by the gradient reduction after repair.
However, data with regard to residual gradients after surgical repair are lacking. The initial effect of
treatment as determined by the percentage of patients with a residual gradient of < 20 mg ranges
between 85 100% in the balloon angioplasty group and 94 100% after stent repair. (Table 1)

Table 1 demonstrates that the reintervention rate in patients after surgical repair is on
average 13% (range 11 23%) as compared to 21% (3 31%) after balloon angioplasty. The
reintervention rate was especially high in patients treated with balloon angioplasty during infancy.
The high reintervention rate, which is on average 18 % (0 34%) in the stent group is caused by the
fact that elective redilatations have been performed in growing children. In 2011, Forbes et al.
published data of an observational study performed by the CCIS consortium to compare safety and
efficacy of surgical repair, balloon angioplasty and stent repair of native coarctation in patients with a
mean age of 15 years (range 2 63 years). In this study with a mean follow up ranging from 18 60
months, stent repair was superior to surgical repair and balloon angioplasty with regard to
immediate complications in children aged 6 12 years weighing > 10 kg. Aortic wall complications of
any type occurred significantly more often in the balloon angioplasty group as compared to the
surgery or stent repair group. Aortic aneurysm formation after balloon angioplasty and stent repair
usually occurs usually within the first year after percutaneous treatment, in contrast to surgical
repair. 118;144 Aortic aneurysm formation within the surgical repair group was exclusively found in the
subclavian flap and patch angioplasty group.144 The increased risk of aneurysm formation in the
balloon angioplasty group is in agreement with data from Cowley et al. based on a randomized
comparison of balloon angioplasty versus surgery in children with native coarctation.143 However, in
this study the need for re intervention was also increased in the balloon angioplasty group as
compared to the surgical repair group, which was not confirmed in the CCISC population. The risk of
acute complications was lowest after stent repair as compared to after surgery or balloon
angioplasty. At short term and intermediate follow up, stenting and surgery were superior to balloon
angioplasty with regard to hemodynamic outcome and aortic arch diameters. However, planned
reinterventions were most often observed in the stent group. Overall, acute mortality is comparable
between the three strategies; less than 1 2% for each. The overall mortality rates in studies with a
follow up of 5 years or less, is ranging between 0 2.6%. However, Reich et al. demonstrated a
mortality rate of 8.1% in patients who underwent balloon angioplasty after 8.4 years follow up. The
overall mortality 30 years after surgery is reported to be 23.7% as described by Toro Salazar et al.
These findings and the overall mortality rates in table 1 demonstrate that the overall mortality is
increasing significantly in studies with a longer follow up.
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Expert Opinion and 5 year view
This review summarizes the wide variety of treatment options for aortic coarctation involving surgical
approaches and percutaneous treatment modalities including balloon angioplasty and stent repair.
Although a range of studies have been published on the treatment of coarctation, it remains difficult
to compare these treatment strategies, as most published data are based on retrospective studies
biased by operator or institutional preferences. A recently published Cochrane review demonstrated
that no randomized trials were available to compare surgery and stent repair, which emphasize the
need for randomized data to compare different treatment strategies.145 Considering that data that
are available, we have to be aware that each technique has had its own evolution and learning curve,
and there is a large difference with regard to the length of follow up available after each treatment
option, with approximately 10 years after stent repair, 20 years after balloon angioplasty, and up to
50 years after surgery.75 Furthermore, aortic arch imaging with CT or MRI or cardiac catheterization is
not routinely performed after percutaneous repair, which results in suboptimal screening for long
term complications.136 Due to these limitations, decision making remains challenging, and the choice
for the most effective and safe treatment option may depend on an individual patient’s age and
clinical scenario. (Figure 1)

Figure 1: Overview of an algorithm for the different treatment strategies in infants, children and adults with an
aortic coarctation.
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Surgery is still the treatment of choice in infants with a mortality rate of less than 1%. Moreover,
surgery remains the treatment of choice in children beyond the neonatal period. Balloon angioplasty
is not advocated in neonates and children due to a higher re intervention rate due to restenosis and
an increased risk for aortic rupture and aortic aneurysm formation as compared to surgical repair.50;58

Although studies in children after neonatal age weighing more then 15 kg have shown that stent
implantation seems to be a safe and effective treatment for primary and recurrent coarctation,
surgery remains the treatment of choice.73;146 The main reason for which surgery favours stent repair
is the increased risk for complications after stent repair in children that are not outgrown, which is
usually below the age of 8 10 years.82;83;90;108 Frequent complications after stent repair involve
difficulties with sheat delivery, vascular complications, restenosis and aortic aneurysm formation and
failure to adapt to the growing child for which redilatation is necessary.82;83;90;91

Percutaneous treatment has become an acceptable treatment modality in the adult
population. Balloon angioplasty and endovascular stent repair remain technically challenging, but are
safe and undoubtedly effective in appropriately selected patients. The role of balloon angioplasty in
adults seems to be limited to patients in which the access to stenting is not available. Stent repair is
currently the mainstay of percutaneous treatment in adults with native and recurrent coarctation, as
it prevents vessel elastic recoil and reduces the need for reintervenions in the future. 147 The use of
bioabsorbable stents may be a promising technique in the setting of coarctation stenting. 148 This
revolutionary technique may enable the use of stent treatment in infants and still prevent the need
for redilatation in a growing child.

Future studies should focus on the long term follow up for aortic complications, morbidity
and mortality after each of the available treatment strategies. It has been shown that overall
mortality rates are comparable between surgical repair, balloon angioplasty and stent placement.75

Although follow up after percutaneous treatment is historically shorter than after surgery, mortality
rates remain significantly lower after percutaneous treatment than during 30 year follow up after
surgical repair for aortic coarctation.3 Although mortality rates are higher after surgical repair,
reintervention risk remains higher after stent repair.66 Most reinterventions involve redilatation due
to underdilatation during the initial treatment, whereas the overall risk after redilatation remains
lower as compared to after repeat surgery.89

Data with regard to the periprocedural risks and the intermediate complications such as
aneurysm formation and the need for reintervention are now available. Percutaneous treatment of
aortic coarctation is nowadays safe and effective in both children and adults due to major advances
in endovascular technology. However, these patients remain at risk for recoarctation and aneurysm
formation. Adequate surveillance by CT or MRI is therefore necessary in all patients, both for the
individual patient as for the overall assessment of long term outcome after the various treatment
modalities. Additionally it is known that one third of the patients remain hypertensive even after
successful endovascular treatment, and left ventricular dysfunction does not resolve in all patients.
These findings demonstrate that information with regard to disease related morbidity and long term
outcome is necessary for an adequate decision strategy in the era of transcatheter treatment for
aortic coarctation.



Percutaneous treatment in native CoA Percutaneous treatment in recurrent CoA

Figure 2: Overview of adults diagnosed with both native and recurrent aortic coarctation.
A B Patient diagnosed at the age of 26 years with a native aortic coarctation. (A: before stenting, B: after
stenting).
C D Patient with a native aortic coarctation diagnosed at the age of 28 years with significant collateralisation
(C: before stenting D: after stenting).
E F Percutaneous treatment of a native coarctation diagnosed at the age of 20 years (E: before stenting;
F: after stenting).

G H Percutaneous treatment of significant recoarctation at the age of 28 years after a subclavian flap
procedure during childhood. (G: before stenting, H: after stenting)
I J Percutaneous treatment of recoarctation occuring at the age of 45 years, after end to end anastomosis
during childhood. (I: before stenting, J: after stenting).
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Case report



Abstract
Aortic coarctation is a common congenital cardiac defect, which can be diagnosed over a wide range
of ages and with varying degrees of severity. We present two cases of patients diagnosed with aortic
coarctation in adulthood. Both patients were treated by an endovascular approach. These cases
demonstrate the variety of indications in which percutaneous treatment is an excellent alternative
for surgical treatment in adult native coarctation patients.
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Introduction
Aortic coarctation is a congenital cardiovascular malformation comprising a circumscript narrowing
of the aortic lumen usually located distally of the left subclavian artery, at the site where the ductus
arteriosus enters the aorta. Aortic coarctation accounts for 5 8% of all congenital heart defects and
may be associated with other left sided cardiac abnormalities, such as bicuspid aortic valve,
hypoplastic aortic arch, and ventricular septal defect. When diagnosed in neonates, surgical
reconstruction is the treatment of choice. In infants, surgery is preferred as well, but balloon
angioplasty has also evolved rapidly over the past decade. Both treatment options carry the risk of
restenosis and late aneurysm formation.1;2 For recoarctation after initial surgical treatment, good
long term results have been reported.3;4

A small proportion of aortic coarctation is not diagnosed until adolescence or adult age. The
presenting symptoms usually include hypertension, congestive heart failure, or intermittent
claudication. There is an indication for treatment if the gradient is > 20 mmHg in combination with
hypertension, either at rest or during exercise.5 When intervention is warranted, the risk of surgery is
considerable because of the extensive collateral network surrounding the coarctation which results
in a high risk of bleeding complications. As a consequence, balloon angioplasty with or without
stenting has evolved as a treatment modality for adolescents with native aortic coarctation.6;7

Case A. Native aortic coarctation
The first case describes a male patient referred to our hospital, who had been diagnosed with severe
aortic coarctation at the age of 24 in the Middle East. At the time of diagnosis, the gradient
measured by catheterization was 90 mmHg. The coarctation was left untreated despite the presence
of hypertension. He presented to our hospital at the age of 33 with fatigue, shortness of breath on
exercise, complaints of headache, and intermittent chest pain both at rest and during exercise. His
blood pressure was 160/100 mmHg. On auscultation, normal heart sounds were heard, as well as an
ejection murmur grade II/ VI at the right second intercostal space and a late systolic murmur grade
III/VI at the apex. Palpation of the femoral arteries revealed slightly decreased pulsations. The ECG
showed a left anterior hemiblock. Echocardiography showed mild concentric left ventricular
hypertrophy without dilatation. A tricuspid aortic valve was present with mild aortic regurgitation.
The aortic root was dilated with a diameter of 41 mm. The diameter of the ascending aorta was 32
mm. Cardiac magnetic resonance imaging (MRI) confirmed a complete interruption of the
descending aorta directly after the dilated left subclavian artery. Distal from the occlusion, the aorta
was supported by many collaterals originating from the left mammary artery and the intercostal
arteries. (Figure 1a and 1b) It was decided to treat this patient with a percutaneous balloon
expandable 28 mm covered stent. Retrograde passage proved impossible, but using the radial
approach balloon passage successful. After stent implantation with deployment to 18 mm,
angiography revealed a well expanded stent and there was no residual pressure gradient (Figure 2a
and 2b) (Tape a and b). Two months later, the patient was without complaints and follow up
angiography showed good stent position, no aortic aneurysms and there was no pressure gradient.



a. b.

Figure 1: Magnetic resonance imaging in native aortic coarctation
a. MRI reconstruction image demonstrating the many collateral arteries
b. Late gadolinium MRI image demonstrating the severe coarctation accompanied by the collateral arteries

a. b.

Figure 2: Percutaneous stent implantation for aortic coarctation
a. Angiographic image before stent expansion in case A
b. Angiographic image after stent expansion in case A
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Case B. Native aortic coarctation
The second case describes a 43 year old man who had recently been diagnosed with severe aortic
coarctation and a hypoplastic aortic arch, accompanied by a bicuspid aortic valve and moderate
aortic valve regurgitation. In addition, he had a dilated left ventricle with impaired systolic function.
He admitted severe alcohol and cannabis abuse over the past several years.

He presented with increasing fatigue but no exertional dyspnea or orthopnea. Physical
examination revealed an important blood pressure difference between right and left arm (125/77
versus 99/72 mmHg, respectively). On auscultation normal heart sounds with a grade II/IV
crescendo/decrescendo murmur and a short diastolic murmur were heard. Palpation revealed a
palpable liver 3 cm below the diaphragm, and weak peripheral pulsations. The electrocardiogram
showed mild intra ventricular conduction delay (QRS 120 ms), and left ventricular hypertrophy with
secondary repolarisation abnormalities. Echocardiography showed a dilated, hypertrophied left
ventricle with a moderately impaired function (Figure 3a). Diffuse left ventricular wall motion
disturbances with hypo and akinesis of the interventricular septum were seen. The aortic valve was
bicuspid with a maximal gradient of 26 mmHg and mild aortic regurgitation. The aortic root and
ascending aortic diameters were 39 mm and 33 mm respectively. Turbulent flow was seen in the
descending aorta with a maximum velocity of 3.5 m/s and a typical saw tooth shape (Figure 3b). This
patient was treated with balloon dilatation and implantation of a 22 mm covered stent. Before the
procedure, mean systolic blood pressures were 70 mmHg proximal to the coarctation and 45 mmHg
distal of the coarctation. Stent implantation was successful and resulted in pressure equilibration.

a. b.

Figure 3: Transthoracic echocardiography in case B
a. Apical four chamber view demonstrating the dilated left ventricle
b. The typical sawtooth pattern with continuous flow on continuous wave Doppler interrogation in aortic
coarctation



Discussion
Coarctation of the aorta can be diagnosed across a wide age spectrum and with a range of
symptoms. An untreated coarctation of the aorta presenting later in life has a negative impact on
long term survival, as compared to patients diagnosed and treated in early life.8 Late complications
such as aortic aneurysm formation, infective endocarditis, hypertension, premature (coronary)
atherosclerosis and cerebrovascular accidents all account for the increased morbidity and
mortality.9;10 The two patients described above were both diagnosed in adulthood. Traditionally,
surgical repair has been an effective treatment option for adult patients with native coarctation, and
it has been shown to improve the efficacy of post operative antihypertensive treatment. Adult
patients with native coarctation are usually at lower operative risk than re coarctation patients
because there are no concerns related to pleural or peri aortic scar tissue associated with previous
surgical repair. However, these patients do have many associated cardiovascular comorbidities
including left ventricular hypertrophy and arrhythmias.8 The first case presented with a severe aortic
coarctation, with many collaterals due to the severe obstruction. In the second case the severe aortic
coarctation was accompanied by a hypoplastic arch and an impaired left ventricular function possibly
due to long lasting alcohol abuse. In both cases, the risk of cardiac surgery was estimated to be too
high. In case 1, the extensive collateral network surrounding the coarctation caused a substantial risk
of peri operative bleeding complications. In case 2 surgical risk was increased because of the
impaired left ventricular function. In both cases endovascular repair with balloon angioplasty and
stent placement was performed. Endovascular repair with or without stenting has been
demonstrated to be an acceptable alternative to surgical repair with similar outcome in native
coarctation. The use of covered stents has been promoted to avoid vascular complications.8 The
incidence of recoarctation after stent placement is lower than after balloon angioplasty alone, due to
a lower degree of elastic recoil and avoidance of vessel overdilation and, as a consequence reduced
aortic injury. Concerns that arise in coarctation patients after endovascular repair are strut fractures,
metal fatigue or aortic deterioration or aortic disruption at the coarctation site.11 However, studies
documenting the long term outcomes of stent implantation confirmed the low rate of procedure
related adverse events and a long term procedural success in both native and recurrent aortic
coarctation or aneurysmal disease.12;13 Long term outcome was comparable with other surgical and
interventional modalities. This case report demonstrates the variety of indications in which
percutaneous treatment is preferable to surgical treatment in adult patients with native aortic
coarctation. More research on the long term assessment of adult native coarctation patients after
percutaneous intervention will be important to determine the impact on survival in these patients.
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Case report



Dear Editor,
In the 19th edition of this journal, colleges Luijendijk et al. describe successful stenting of two adult
patients with coarctation.1 They refer to a "higher incidence of recoarctation after balloon
angioplasty alone" compared to stenting.
A lower degree of elastic recoil and avoidance of vessel overdilation are proposed as
the mechanisms that favour stenting over balloon angioplasty alone. However, data to support this
claim are lacking for the adult population.

First, the occurrence of recoarctation appears not to be an important clinical issue in adult patients
with isolated coarctation, in contrast to infants and children. Aneurysm formation, on the other
hand, appears not to be correlated to intima tear that can occur following plain balloon angioplasty,
resulting in comparable outcomes in a review of 16 series with both treatment modalities.2 Stenting
does not prevent aneurysm formation. Pedra et al. report reinterventions for aneurysms and stent
fracture in 3 of 21 adult patients.3 Furthermore stenting can be complicated by intimal hyperplasia
during long term follow up, with reintervention rates up to 31%.4

No aneurysm and one recoarctation were encountered in our experience with balloon angioplasty in
29 consecutive adult patients.5 Lacking more conclusive and prospective data, we therefore think
that stenting the native aortic coarctation in adults should not be advocated instead of plain balloon
angioplasty.
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Dear Editor,
With great interest we read the response of Walhout et al. on our case description of two native
coarctation patients in which percutaneous angioplasty with stenting was performed.1 Walhout et al.
describe that the occurrence of recoarctation is limited in adult patients with native coarctation.
They suggest that evidence for the additive value of stenting for the prevention of recoarctation is
limited. Additionally they report that the occurrence of aneurysm formation is similar after balloon
angioplasty with or without stenting.
The risk of aneurysm formation after balloon angioplasty reported by Walhout et al. and Fawzy et al.
is indeed lower than reported in previous studies.2, 3 However, this might be related to the fact that
only patients with a discrete coarctation or “shelf like” lesion were included in these series, as
previously hypothesized by Tanous et al.4 Walhout et al. report that stenting does not prevent
aneurysm formation. However, previous studies have shown that the risk for aortic aneurysm
formation is 51% after surgical repair, 17% after balloon angioplasty and less than 10% after
coarctation with stenting.5, 6 The long term effect of covered stents in preventing aneurysm
formation needs to be evaluated in larger series.
With regard to the risk of recoarctation, Rodes Cabau et al. have reported in a series of 80
consecutive children (age 12 ± 10 years) treated with either angioplasty or surgical repair, that 18%
of all patients required reintervention for recoarctation.7 However, studies performed in adults
suggest that the risk of recoarctation is still higher after treatment with balloon angioplasty without
stenting compared to treatment with additional stenting.6, 8 These findings suggest that in adults with
native aortic coarctation, angioplasty with stenting reduces the risk of recoarctation and might
prevent aneurysm formation as compared to balloon angioplasty alone. According to the current
guidelines, stenting has become the treatment of choice in adults with native and recurrent
coarctation, although the use of covered or non covered stents is still a matter of debate.9 In our
opinion, stenting is therefore still advocated in adult native coarctation patients, as it might prevent
vessel elastic recoil and reduce the need for reinterventions during follow up.
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bentall procedure compared to isolated 



Abstract

Background: The Bentall procedure, a technique for composite aortic valve and root replacement has
become the standard operation for aortic root dilatation combined with aortic valve pathology.
Normative echocardiographic gradients for “isolated” St Jude Medical (SJM) aortic valve prostheses
are known. Gradients across a composite aortic graft with a non elastic tube are unknown. The aim
was to compare the maximal transvalvular pressure gradient (TPGmax) across SJM aortic valve
prostheses in patients after Bentall procedure and after isolated aortic valve replacement. (AVR)

Methods: The first echocardiogram after surgery of consecutive patients after AVR with a SJM
prosthesis, or after Bentall procedure were reviewed.

Results: 174 patients with SJM Regent aortic valve prostheses were included; 44 patients after
Bentall procedure, including 22 with Marfan’s syndrome, and 130 patients after isolated AVR. TPGmax

was significantly higher in patients after Bentall procedure compared to patients after isolated AVR
(34 vs. 22 mm Hg; P < 0.001). In univariate analysis age, body surface area (BSA), time to first echo,
beta blocker non use, 23 and 25 mm valve size, effective orifice area indexed, stroke volume and
Bentall procedure were associated with an elevated TPGmax.(P < 0.05). In multivariate analysis BSA (ß
= 13.54, P = 0.04), effective orifice area indexed (ß = 20.87, P = 0.002), stroke volume (ß = 0.14, P =
0.008) and the Bentall procedure (ß = 11.89, P < 0.001) were independently associated with an
elevated TPGmax.

Conclusion: Transvalvular pressure gradients in patients after Bentall procedure were significantly
higher compared to patients after isolated AVR. The significantly lower indexed EOA in the Bentall
group suggests that the conduit attached to the mechanical prosthesis decreases the actual orifice
area. Additionally elevated transvalvular gradients in Bentall patients may be the result of the “non
elastic” properties of the Bentall prosthesis. These findings stress the importance of a baseline
echocardiogram after Bentall procedure as a reference for further clinical follow up.
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Introduction
Composite replacement of the aortic valve and the proximal aorta is a standard operation in patients
with combined aortic dilatation and aortic valve pathology.1 5 The coronary arteries are then
anastomosed to the side of the graft. This technique, first described by Bentall and De Bono in 1968,
has demonstrated excellent long term outcomes and dramatically improved life expectancy.6 10 The
maximal transvalvular pressure gradient (TPGmax) across the aortic valve prosthesis is one of the
major criteria used to evaluate aortic valve function. Previous studies have established normative
values for gradients of the normally functioning isolated St Jude Medical (SJM) aortic valve
prostheses according to valve size.11 13 In the past, we have noticed that patients after a Bentall
procedure have pressure gradients across the prosthetic aortic valve higher than expected. However,
normal values for gradients across a composite aortic graft with a “non elastic” tube remain
unknown. The aim of our study was to compare the maximal transvalvular pressure gradient (TPGmax)
across SJM aortic valve prostheses in patients after Bentall procedure and in patients after an
isolated SJM aortic valve prosthesis.

Methods
Study population 
A retrospective study was performed in all consecutive patients who underwent an aortic valve
replacement at the Academic Medical Centre in Amsterdam between 1995 and 2006. Patients were
retrieved from the thoracic surgery database. The first echocardiogram after surgery was analysed.
Because of the need for uniformity, all patients with a previous Bentall procedure, as well as all
patients with isolated AVR, both with Regent SJM aortic valves were included. However as in patients
with an 23, 25, 27 mm Bentall prothesis a 21, 23 and 25 mm aortic valve prosthesis respectively is
implanted, only isolated AVR patients with 21, 23 and 25 mm valve prosthesis were included.

Echocardiography
Transthoracic echocardiographic images (M mode, two dimensional and Doppler) were obtained
with a 1.6 3.2 MHz transducer (Vivid 7 GE Vingmed, Horton, Norway). LV function was qualitatively
assessed and classified as normal (> 50% ejection fraction), impaired (30 50% ejection fraction) or
poor (<30% ejection fraction). LV wall thickness and LV internal diameters were measured from the
parasternal long axis acoustic window by using 2D echocardiography and M mode. Left LVOT
diameter was based on valve size in each patient. Stroke volume (SV) was calculated by using the
velocity time integral (VTI) and the cross sectional area of the LVOT, which equals valve size. Doppler
velocity gradients across the St. Jude Medical valves were obtained from the apical, suprasternal and
right parasternal positions, the highest gradient was used for further analysis. CW Doppler
echocardiography was performed to obtain the maximal and mean gradient. The TPGmax was
calculated with the modified Bernoulli equation, including the proximal velocity as well as the jet
velocity. We considered the TPGmax assessed by Perin et al as reference values for an appropriate
function of the SJM aortic valves.11 A value more than 1.96 times the standard deviation (SD) above
the mean was defined as pathologically increased. These studies were analysed and reviewed by a
single experienced echocardiographer. The extent of patient prosthesis mismatch was assessed and
defined as an indexed effective orifice area (iEOA) less than 0.85 cm2/m2.14



Transesophageal echocardiography (TEE) measurements were performed, using a multiplane probe
(Vivid 7 GE Vingmed, Horton Norway), and used to rule out valve dysfunction due to pannus and
thrombus. The TEE studies were performed in case of a suspicion of pannus determined at the
discretion of the treating physician, using standard views with particular attention for aortic valve
dysfunction and presence and structure of any mass (pannus) on the valve.15

Cinefluoroscopy was performed with a Philips OM 200 X ray tube, image intensifier and a digital
cardiac imaging (DCI) unit with a 512×512 pixel matrix format. Evaluation of the prostheses was
considered appropriate when the prosthetic tilting disk projection (with the x ray beam parallel to
the valve ring plane and the tilting axis of the disks) was obtained. This view was used to calculate
opening and closing angles.

Data were entered in a SPSS data spreadsheet for data description and analysis. Data were analysed
with the SPSS package V.16.0 (SPSS Inc, Chicago, Illinois, USA). Values of p < 0.05 were considered
significant. Categorical baseline characteristics were expressed as numbers with percentage and
compared using the chi square test. Continuous variables were expressed as mean ± SD.
Comparisons of measurements obtained between the two groups (i.e. Bentall group and Isolated
AVR group) were performed using the two tailed t test for independent samples. Patients were
subdivided according to valve size; 21 mm, 23 mm and 25 mm respectively. However as in patients
with a 23, 25, 27 mm Bentall prothesis a 21, 23 and 25 mm aortic valve prosthesis respectively is
implanted, we compared these Bentall prostheses with AVR patients with a 21, 23 and 25 mm valve
prosthesis. Comparisons between these groups were done by using the one way ANOVA test.
Univariate linear regression analysis was performed to identify clinical variables associated with an
increased TPGmax. The resulting multivariate model was derived by a stepwise algorithm. Multivariate
stepwise regression analyses were performed, using 0.05 as the criterion of significance for entry of
the variables and 0.1 for removal, and used to indentify independent determinants for an increased
TPGmax. Multivariate stepwise regression analyses were performed in both groups separately using
the same criteria as mentioned for multivariate regression previously. To test whether the
association between baseline characteristics and TPGmax differs between the Bentall group and the
isolated AVR group we tested for the interaction between the procedure and the interaction in the
linear regression model in both groups separately.

In this study 174 patients (70% men; 63 ± 14 years) with a SJM aortic valve were included; 44
patients after Bentall procedure (72% men; 48 ± 17 years) including 22 patients with Marfan
syndrome (68% men; 36 ± 12 years). All St Jude prostheses in both the isolated AVR group and the
Bentall group were Regent series. Median time after surgery was 0.77 months (0.1 – 143.1 months)
in the Bentall group, and 0.13 months (0.07 – 23.4 months) in the isolated AVR group. Systolic blood
pressure was significantly lower in the group after Bentall procedure (systolic; 120 vs. 129 mm Hg, P
<0.001, diastolic; 72 vs. 75 mm Hg, P = 0.11). Beta blocker use was comparable for the two groups.
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The LVOT diameter, which equals valve size, was significantly lower in the isolated AVR group. Left
ventricular function was not significantly different in the Bentall group compared to the patients with
an isolated AVR. No significant difference in stroke volume (SV) was found between these groups.
Moreover no significant difference was found in systemic arterial compliance (SV index / (SBP
DBP)), and valvulo arterial impedance (SBP + mean gradient) / SV index)) that reflects the global LV
hemodynamics. Overall, six Bentall patients underwent fluoroscopy, and all six had normal opening
and closing angles. Twelve patients underwent TEE. Suspicion of pannus or thrombus was based on
the relatively large gradient. After TEE and/or fluoroscopy, the suspicion of pannus or thrombus had
been ruled out, as thrombus, pannus or malfunction could not be detected. Patient prosthesis
mismatch was found in three patients after Bentall procedure. Baseline characteristics are depicted
in Table 1. Table 2 describes the pathology for which patients received either isolated AVR or Bentall
procedure.



Table 1. 

 Bentall
(n = 44)

Isolated AVR
(n = 130)

P Value*

 

Age (years)

2)†

TEE

0 0

TPG

TPG

Table 2. 

 
(n = 44)

 
(n = 130)

0

0
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Transvalvular pressure gradients in Bentall versus isolated AVR
The TPGmax was significantly higher in the Bentall group, compared to TPGmax in patients after isolated
AVR (34.3 ± 11.7 vs. 21.7 ± 7.4mmHg, P < 0.001). (Example: Illustration 1 and 2) The TPGmean was also
significantly higher in the Bentall group as compared to the isolated AVR group. (18.4 ± 6.3mmHg vs.
12.2±4.9mmHg, P < 0.001) Significantly more patients had an increased TPGmax (TPGmax 40 mm Hg)
in the Bentall group compared to the isolated AVR group (P < 0.001); twelve patients (27%) after
Bentall procedure versus no patients after isolated AVR. Table 3 shows the TPGmax for all valve sizes
together and for each valve size separately. When comparing both groups, patients after Bentall
procedure had significantly higher gradients compared to patients with an isolated AVR. When
correcting for valve size, we found the TPGmax to be significantly higher in the Bentall group in
patients with a 21 and 23 mm valve. (P < 0.001, and P < 0.001 for 21 and 23 mm valves respectively).
Patients after Bentall procedure including a 25 mm valve had higher gradients, but did not reach
significance possibly due to the small group. (Figure 1,2) Reference values for the TPGmax as assessed
by Sudkamp et al. for isolated SJM valves are depicted in Table 3. According to the total population,
no significant difference in the TPGmax between the different valve sizes was found.

1. Bentall prosthesis 2. Isolated AVR

llustration 1: Transvalvular gradient in a patient after Bentall procedure

Illustration 2: Transvalvular gradient in a patient after isolated AVR
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Figure 1: TPGmax in patients after Bentall procedure compared to patients after isolated AVR.
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Figure 2: TPGmean in patients after Bentall procedure compared to patients after isolated AVR.
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Effective orifice area in in Bentall versus isolated AVR
The effective orifice area and the indexed effective orifice area were significantly smaller in the
Bentall patients as compared to the isolated AVR patients. When correcting for valve size we found
that the EOA was only significantly different in the Bentall 25 mm prosthesis (with AVR 23 mm valve)
as compared to the 23 mm AVR group. (Table 3) The indexed EOA was significantly different in both
the Bentall 23 (with AVR 21 mm) and Bentall 25 mm (with AVR 23 mm) prosthesis as compared to
the isolated AVR 21 mm and isolated AVR 23 mm respectively. The difference between the indexed
EOA was not statistically significant for the Bentall 27 mm prosthesis (with AVR 25 mm valve)
compared to the isolated AVR 25 mm valve, which is possibly due to the small number of patients
that received a Bentall 27 mm prosthesis. (Figure 3 and 4)

Table 3. TPGmax

Valve size Bentall  Isolated AVR  Sudkamp et al.

TPGmax TPGmax TPGmax

n mmHg n mmHg P Value* n mmHg

All sizes 44

45 22

34

EOA EOA EOA 

n (cm²) n (cm²) P Value* n (cm²)

All sizes 44

45 22

34
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Figure 3: EOA in patients after Bentall procedure compared to patients after isolated AVR.
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5

Univariate regression analysis showed that age, body surface area (BSA), time to first echo, beta
blocker non use, 23 and 25 mm valve size, effective orifice area indexed, stroke volume and Bentall
procedure were variables associated with an elevated TPGmax (P < 0.05). Multivariate analysis showed
that BSA, effective orifice area indexed, stroke volume and the Bentall procedure were associated
with an elevated gradient (P < 0.05). (Table 4). Analyzing data with or without BSA did not affect the
results. Marfan’s syndrome was substituted by Bentall procedure because of multicollinearity (all
Marfan patients were Bentall patients). To test whether the association between these variables and
TPGmax differs between the Bentall group and the isolated AVR group, we tested for the interaction
between the procedure and the interaction in the linear regression model. All P values of interaction
tests were > 0.05 therefore there is no significant evidence for a differential association of the clinical
parameters and TPGmax in both groups. Excluding the patients with patient prosthesis mismatch did
not affect our results.



The present study demonstrates that TPGmax in patients after Bentall procedure including a SJM
Regent aortic valve prosthesis is significantly higher compared to TPGmax in patients after an isolated
SJM Regent aortic valve replacement. These data indicate that the normative echocardiographic
gradients as previously described for patients after isolated AVR are not reliable in the clinical
surveillance of patients after Bentall procedure.11;16 12

Previous research has shown that prosthetic heart valves are known for their intrinsic degree
of obstruction and therefore intrinsic gradient.14;17 19 It is known that the TPGmax in normal native
valves is dependent on a variety of factors, such as the cross sectional area of the left ventricular
outflow tract, transvalvular flow, the pressure recovery phenomenon, blood pressure and the
effective orifice area (EOA) of the aortic valve.20;21 It is expected that TPGmax in prosthetic valves is
dependent on similar mechanisms.
In our patient cohort, with non native valves, it is known that the cross sectional area of the outflow
tract is dependent on the selected valve, and its size. Nonetheless, Perin and Sudkamp et al.
found no significant differences in transvalvular gradients among the various valve sizes in patients
with isolated SJM aortic valve prostheses.11 16 Comparing patients after isolated SJM Regent AVR to
patients after Bentall procedure including SJM Regent valves, we found the cross sectional area of
the LVOT, which equals valve size, to be significantly higher in the Bentall group. Multivariate
analyses in both groups revealed however, that valve size was not predictive for increased TPGmax.

Therefore, the current study confirms these data, indicating that factors other than valve size are
responsible for differences in transvalvular gradients in patients with a prosthetic valve.
In the present study, we found that the Doppler measured indexed EOA was significantly lower in the
Bentall group. Corrected for valve size we found that the indexed EOA was significantly lower in both
the Bentall 25 and Bentall 23 prosthesis, however possibly due to the due to the small number of
patients that received a Bentall 27 mm prosthesis this difference was not found in the Bentall 27 mm
prosthesis group. Moreover, we found that the indexed EOA was independently associated with an
increased TPGmax. An important limitation is however, that the EOA was derived from the prosthesis
size, rather then measuring the LVOT diameter, which has been found to have a limited correlation
with in vitro analysis.22 However, these findings indicate that the increased TPGmax in the non elastic
Bentall prosthesis might be caused by the fact that the conduit attached to the mechanical prosthesis
decreases the actual orifice area.

The first explanation however, for our findings might be related to the transvalvular flow
which has been demonstrated to play an important role in transvalvular gradients in patients with
native valves, and is primarily related to stroke volume (SV).21 As we found increased TPGmax in
patients after a Bentall procedure, we compared SV in patients after Bentall procedure to SV in
patients after AVR. Although multivariate analysis revealed that stroke volume was predictive for an
increased TPGmax in our patient cohort, no significant difference was found between SV between
both groups.

A second explanation for our findings is the pressure recovery phenomenon. Recent studies
revealed that pressure recovery can explain “overestimation” catheter gradients by Doppler
echocardiography in bileaflet prosthetic valves.23;24 However, as previously shown, pressure recovery
occurs downstream of the vena contracta and will thus affect the gradients and EOAs measured by
catheter but not those measured by Doppler, which are derived from the maximum velocity
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measured at the vena contracta. However, if Bentall patients have more pressure recovery
(especially due to a smaller downstream chamber: i.e. the aortic conduit), the Doppler gradients and
EOAs of these patients would be similar to those of patients with isolated AVR but their catheter
gradients and EOAs would be significantly lower.23;24 However, in the present study catheter
gradients were not available. Therefore, it remains unclear whether smaller aortic diameters or the
non elastic properties of the Bentall prosthesis induces pressure recovery and is thereby causative
for the higher gradients in the Bentall group.

The third explanation for our findings might be related to blood pressure, which is known to
influence the assessment of the transvalvular gradient in patients with aortic stenosis.25 27 However,
several studies have shown that blood pressure, arterial compliance or vascular resistance does not
directly influence the valvular hemodynamics.24;25;28 Changes in arterial hemodynamics may alter the
LV pump function (due to changes in afterload) and thus the transvalvular flow, which may in turn
modify the gradients and EOAs but this is an indirect effect.29 And in this study, the stroke volume
was similar in Bentall versus isolated AVR. The only valve hemodynamic parameter that is directly
influenced by arterial hemodynamics is the peak to peak gradient measured by catheter, which
decreases when arterial compliance is reduced.25 However, changes in arterial compliance have no
effect on peak gradient (TPGmax in this study) measured by Doppler or catheter.

The fourth explanation for the findings as demonstrated in this study is that the higher
gradients and lower EOAs observed in the Bentall patients are artifactual and are in fact related to
the localized high gradient within the central orifice. This phenomenon should be distinguished from
the pressure recovery phenomenon as discussed above. The latter occurs in all types of valves (native
valves, bioprostheses, and mechanical valves) and is essentially determined by the ratio of the EOA
to the cross section of the ascending aorta. The former is specific to the bileaflet mechanical valves.
Due to the particular configuration of this type of valve, the velocity may be locally higher within the
central orifice than in the lateral orifices and this might cause overestimation of the gradient and
underestimation of EOA by Doppler. One could hypothesize that the attachment of a relatively rigid
conduit to the prosthetic valve may magnify this phenomenon but again the precise mechanism
remains unclear. This would be in contrast with previous studies in which the impact of changes in
downstream resistance and compliance on TPGmax failed to demonstrate any independent impact
of arterial resistance or compliance beyond the effects that these properties have on transvalvular
flow or EOA.24;25;28 The most likely explanation is that the surgical procedure itself created the smaller
EOA, potentially related to technical or surgical issues such as the site for example the site where the
stitches are sewn. However, exact data regarding this mechanism are not available.

This is the first observational study to demonstrate that the TPGmax in patients after Benall
procedure is increased as compared to patients after isolated AVR. Our findings imply that the
conduit attached to the mechanical prosthesis decreases the actual orifice area as compared to the
same type and size of the prosthesis without conduit. As this is the first observation and as the exact
mechanism remains unclear, these data encourage an in vitro project comparing an isolated valve
and a valve conduit, to confirm the in vivo findings as described in this study. These important data
indicate that the normative echocardiographic gradients as described by Sudkamp et al. for patients
after isolated AVR involving an SJM Regent valve, are not reliable in patients after Bentall procedure,
as their baseline values are in any way increased.12;13 This study stresses the importance of a



baseline echocardiogram early after surgery for the follow up of the intrinsic gradient and valve
function in these patients.

Limitations
The results of this study are limited by the retrospective nature of the data collection and the fact
that the cardiologists who did the echo measurements were not blinded to the type of procedure.
However, included patients comprised a representative group, increasing overall applicability of the
presented data. The ASE Guidelines document specifies measurement of the LVOT diameter (as
opposed to using valve size) as the preferred method when assessing aortic prostheses. However, in
our series valve size was used to assess the aortic prostheses. Moreover, this study has been initiated
after an observation of an increased TPGmax across the aortic valve prosthesis in patients after
Bentall procedure as compared to after isolated AVR during routine echocardiographic examinations.
The first step to confirm this observation was a retrospective study of which the data are presented
above. For the future, it will be important to perform an in vitro study to confirm our findings and to
unravel the mechanism.

Conclusion
The transvalvular pressure gradient in patients with a previous Bentall procedure including an SJM
aortic valve is higher compared to patients after an isolated SJM aortic valve replacement. Normative
echocardiographic gradients previously described in patients after AVR are not reliable in patients
after Bentall procedure. The significantly lower indexed EOA in the Bentall group suggests that the
conduit attached to the mechanical prosthesis decreases the actual orifice area. These findings stress
the importance of a baseline echocardiogram after surgery as a reference for further clinical follow
up of aortic valve function in these patients.
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Abstract
Aims: Aortic coarctation (CoA) occurs as a “simple” isolated disorder, and in a more “complex” form,
combined with associated congenital cardiac abnormalities. Long term outcome of all CoA patients
may be complicated by dilatation of the thoracic aorta. The aim of this study was to quantify
progressive aortic dilatation, and identify determinants for progressive aortic dilatation.

Methods and Results: Cardiovascular Magnetic Resonance Imaging (CMR) and echocardiographic
data of 93 CoA patients were analyzed retrospectively on the progression, and determinants, of
progressive thoracic aortic dilatation. Outcome of simple versus complex CoA patients were
compared. 93 CoA patients (mean age 39±12 years, male 59%) were followed with CMR (follow up
5.3±1.8 years). Twenty eight patients were classified as simple and 68 as complex CoA. The mean
progression rate of thoracic aortic dilatation was highest in the ascending aorta with 2.2±2.0 mm/5
years (range 0–7.2 mm/5 years). History of VSD ( = 1.77, P = 0.004) and an increased left ventricular
mass index ( = 0.02, P = 0.04) were associated with progressive ascending aortic dilatation. Complex
CoA patients show an increased progression rate compared to simple CoA patients with 2.4 mm/5
years versus 1.5 mm/5 years respectively. (P = 0.03)

Conclusion: Adult post coarctectomy patients show an increased mean progression rate of ascending
aortic dilatation with 2.2 mm/5 years. The progression rate of ascending aortic dilatation is increased
in complex CoA patients, as compared to simple CoA patients. These findings point towards a more
comprehensive genetic subset of patients with an increased risk for progressive ascending aortic
dilatation.
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Introduction
Coarctation of the aorta (CoA) accounts for 5 to 9 % of all congenital cardiac anomalies. Although life
expectancy has dramatically improved since the advent of corrective surgical techniques,
complications are common and mortality is increased in these patients.1;2 Aortic aneurysm
formation, recoarctation, coexisting bicuspid aortic valve (BAV), infective endocarditis, hypertension,
premature (coronary) atherosclerosis and cerebrovascular accidents contribute to the increased
morbidity and mortality.3 7 Aortic aneurysm formation, one of the most severe complications after
coarctation repair, is found in 9% of these patients.8

It is known that intrinsic abnormalities of the thoracic aorta predispose for aortic dilatation,
which can ultimately lead to dissection or rupture, and subsequent death.9 Aortic dilatation has been
described at various sites of the thoracic aorta, and after a variety of surgical techniques; however,
which part of the thoracic aorta is most at risk is unknown. 10 12 Moreover, data on the average
progression rates of dilatation of the thoracic aorta is scarce. Only few studies have analyzed possible
predictors for progressive dilatation of the thoracic aorta in post coarctectomy patients.13 15 While
BAV is present in more than half of the CoA patients and is known to predict aortic dilatation even in
patients without CoA, the influence of other clinical parameters on progressive aortic dilatation in
CoA patients remains unknown.8;14 The increased incidence of BAV and the presence of associated
congenital cardiac abnormalities points towards a subset of CoA patients with a more severe
developmental spectrum in these “complex” CoA patients as compared to “simple” CoA patients
with an isolated coarctation, with or without PDA.16 Knowledge on progression rates of aortic
dilatation in complex and simple CoA patients is important for an adequate follow up and timing of
surgical intervention. We performed a follow up study to assess and quantify the progression rates
of aortic dilatation throughout the thoracic aortic in adult post coarctectomy patients. Furthermore,
we compared outcome in complex and simple CoA, and searched for determinants of progressive
aortic dilatation over time.17;18

Methods
Patients
In this multi centre study 93 consecutive adult post coarctectomy patients (age 39 ± 12 years; 59%
male) from two outpatient clinics were included in 2001. The CONCOR database, a Dutch registry and
DNA bank for adult patients with congenital heart disease, was used to identify adult post
coarctectomy patients in the two participating tertiary referral centers. 19;20 All patients participated
in a previous observational study from our institution in which 111 consecutive patients were
evaluated.21 Out of these 111 patients 93 patients had sufficient data, and were willing to participate
in the present study. Patients who underwent two serial cardiovascular magnetic resonance imaging
scans (CMR) between 2001 and 2009 were included with a minimum follow up period of 1 year. All
patients underwent CMR and echocardiography twice, regardless of the clinical indication; once at
baseline, and once after a mean follow up period of 5.5 years. At baseline, age, sex, body surface
area (BSA), age at intervention, other associated congenital cardiac anomalies, and type of surgery
were obtained from patients’ medical records. The presence of hypertension was determined by
ambulatory blood pressure monitoring (ABPM). Patients were considered hypertensive when mean
daytime systolic blood pressure was 135 mmHg and/or day mean diastolic blood pressure was 85
mmHg, or if on anti hypertensive treatment on the discretion of the treating physician.22 At the end



of follow up information about re intervention or a history of recoarctation during the follow up
period was obtained during their outpatient visit. “Complex” CoA patients were defined as patients
after CoA repair with one, or a combination, of the following associated congenital cardiac
anomalies; BAV, increased left ventricular (LV) mass index, history of ventricular septal defect (VSD)
or the presence of a hypoplastic aortic arch. “Simple” CoA was defined as aortic coarctation
occurring in isolation, with or without a history of patent ductus arteriosus (PDA).16 The Medical
Ethics Committee of two participating centres approved the protocol.

Magnetic Resonance Imaging
Image acquisition was performed by cardiovascular magnetic resonance angiography, using a 1.5
Tesla scanner (Siemens Avanto, Erlangen, Germany). To visualize the entire aorta, a three
dimensional T1 weighed spoiled gradient echo sequence was used after administration of
intravenous Gadolinium. This resulted in a three dimensional representation of the entire aorta.
Diameters were determined in the ascending aorta at the level of the right pulmonary artery, distal
transverse aortic arch, coarctation site, descending aorta, and at the level of the aorta diaphragm.
The diameter of the ascending aorta at the level of the right pulmonary artery was used as the
standard data acquisition point for the ascending aorta. For CMR analyses, two independent
observers (RF, PL) used Impax client 6.0 (Leiden, NL). Additionally, the aortic arch morphology was
assessed.23

Echocardiography
Echocardiography was performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton, Norway)
ultrasound images system. The echocardiogram performed the closest in time to the concomitant
CMR was analyzed. Aortic root diameters were measured in end diastole at the level of the sinus of
Valsalva. Aortic dimensions were measured using the leading edge to leading edge technique
according to the recommendations of the American Society of Echocardiography.24;25 Anatomy of the
aortic valve and residual or recurrent gradients across the left ventricular outflow tract as well as
ejection fraction were determined. The diagnosis of BAV was made when 2 aortic cusps were clearly
identified in the short axis, with partial or complete fusion of 2 aortic valve leaflets resulting in either
partial or complete absence of a functional commissure between fused leaflets.26 Aortic regurgitation
and stenosis was assessed using multiple windows.27 Aortic regurgitation was classified as none or
mild to moderate. Patients were considered to have a significant gradient when we observed a
gradient over the aortic valve of at least 20 mmHg.28 Left ventricular mass was calculated from M
mode echocardiography tracings, using the Devereux formula, and indexed for BSA. An increased LV
mass was defined as 101 g/m² for women and 117 g/m² for men, and was determined according to
the baseline echocardiographic investigation.

Statistical analysis
Data analysis was performed using the SPSS statistical package (16.0 for windows; SPSS Inc., Chicago,
Illinois, USA). Data are presented as mean value ± standard deviation, or in case of a skewed
distribution as median (range), or as number of patients (percent). Intra and inter observer
reproducibility of the CMR analysis performed by two independent observers was determined. The
coefficient of variability was calculated as the standard deviation of the difference of the paired
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measurements divided by the mean of the average of the paired measurements, and expressed as a
percentage. Values were considered statistically significant at P < 0.05.

Comparisons between continuous variables were made by two tailed Student t tests. Linear
regression analysis was used to indentify determinants for progressive aortic dilatation. Data were
relatively equally interpreted while the follow up period was not the same in all patients. The
analyses were performed where data were weighed for follow up. Univariate regression analysis was
performed for all baseline characteristics to determine whether an association was found with the
progression rate of ascending aortic dilatation. Multivariate stepwise regression analyses were
performed using 0.05 as the criterion of significance for entry of the variables and 0.1 for removal
was used to indentify independent determinants for progressive aortic dilatation.

Results
Study population
Ninety three adult post coarctectomy patients were included, with a mean age of 39±12 years (range
22–70 years), mean age at repair 8.6±8.6 years (range 0.1–46 years), and mean time after repair
29.9±10.3 years (range 6–53 years). (Table 1) The mean follow up period was 5.4±1.8 years (range
1.4–8.4 years), which yielded a total of 402 patient years. Twenty eight patients were classified as
simple CoA patients and 65 as complex CoA patients. Eighteen patients (19%) received surgical
correction before the age of one year. In six patients (6%, of which 2 BAV patients) aortic valve
replacement had been performed because of aortic stenosis and/or regurgitation before onset of the
present study. 53 patients (57%) were diagnosed with BAV. Eleven patients (12%) were diagnosed
with VSD of which 6 had been surgically corrected. Four patients were diagnosed with Turner
syndrome and all were complex CoA patients. All patients were considered to be successfully
repaired. Successfully repaired was defined as; without residual aortic narrowing requiring
intervention, in which the threshold for intervention was defined according to the ESC guidelines.29



Table 1. 

Variable

N

55

PDA

VSD 11

15

Crenel 21

18

12
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dilatation was significantly increased in complex coarctation as compared to simple coarctation
patients. The progression rate of ascending aortic dilatation in these “complex” CoA patients was
2.4±2.0 mm/5 years compared to 1.5±1.9mm/5 years in the “simple” CoA patients. (P<0.03) (Table 3)
(Figure 3)
Excluding patients with Turner syndrome gave similar results; 2.5±2.0 mm/5 years in “complex” CoA
versus 1.5±1.9 mm/5 years in “simple” CoA patients. Progression rates of ascending aortic dilatation
stratified by the associated anomalies have been depicted in Table 4.
Of patients with a progression rate of 4 mm per 5 years, 84% were complex CoA patients, and 65%

had BAV, 5 (26%) patients had VSD, 9 (47%) of the patients were hypertensive, 13 (68%) had in
increased LV mass index, 11 (58%) of the patients was operated after the age of 1 year (late repair),
14 of these patients underwent end to end anastomosis repair.” In patients with a progression rate
of 4 mm per 5 years 67% were complex CoA patients and 54% had BAV. The mean progression rate
of the aortic diameter over time, measured by echocardiography was 1.4±2.9 mm/5years. (Table
2) Individual growth in the aortic root in each patient is depicted in Figure 2b. Progression rates of
the other segments of the aorta are depicted in Table 2. Regarding intra and inter observer
variability, we found a mean error measurement of 3.9% and 2.4 % respectively.

Table 2. 

 Mean  
Diameter baseline 

(mm)

Range Mean  
Diameter FU 

(mm)

Range P Value Mean Progression 
 

(mm / 5yrs)

SE* 

Echo data

23–49 24–50

CMR data

20–52

9–24

CoA site
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Figure 1: Distribution of progression rates of ascending aortic dilatation in 5 years.

2a 2b
  
Figure 2a: Progression of aortic root dilatation during follow up.
Figure 2b: Progression of ascending aortic dilatation during follow up.
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Figure 3: Progression of ascending aortic dilatation in 5 years in simple versus complex coarctation (CoA)
patients.

Table 3. 

 
 

Simple CoA
n = 28

Range Complex CoA
n = 65

Range P Value 

22–47

0–8

Table 4. 

 



Determinants for progression of ascending aortic dilatation over time
At follow up, univartiate analysis in all 93 adult post coarctectomy patients showed that a history of
VSD and an increased LV mass index were associated with an increased progression rate of ascending
aortic dilatation. In multivariate analysis a history of VSD and an increased LV mass index remained
statistically significant as determinants for an increased progression rate of ascending aortic
dilatation. (Table 5) Adjusting diameters for duration of follow up gave similar results. Furthermore
adjusting diameters for BSA did not affect the results. No association was found between an
increased LV mass index and hypertension. Aortic arch geometry was not associated with an
increased progression rate of ascending aortic dilatation. The arterial pulse pressure was not
associated with ascending aortic dilatation in our population.

Table 5. 

Variable Beta P Value Univariate Beta

VSD

LV mass index (g/m²)

End to end anastomosis

  

Discussion
The current study, for the first time quantitatively demonstrates the increased progression rate of
ascending aortic dilatation in adult post coarctectomy patients. Complex CoA patients show an
increased progression rate of ascending aortic dilatation compared to simple CoA patients.

Previous studies have shown that adult post coarctectomy patients are at increased risk for
dilatation in various segments of the thoracic aorta, particularly in the ascending and descending
aorta, or at the coarctation site. 8;10 12 In our population we found the progression rate of aortic
dilatation to be highest in the ascending aorta, with the diameters of the other segments of the
thoracic aorta to be consistent with normal values as described by Hager et al.30;31 The progression
rate of ascending aortic dilatation measured by CMR was increased in adult post coartectomy
patients with 2.2 mm per 5 years, compared to a progression rate of 0.5 mm per 5 years as described
in healthy subjects.30 At the level of the aortic root, we found a progression rate of 1.4 mm in five
years, measured by echocardiography, which is comparable to previously reported
echocardiographic data in patients with BAV.32 Although the progression rate of ascending aortic
dilatation in these patients is increased, in none of the patients an intervention was required during
follow up. These findings might indicate that that the risk of aortic rupture is distinctly different as
compared to patients with Marfan syndrome.

Previous research has shown already that patients with BAV, with or without CoA are
specifically prone to develop ascending aortic dilatation. This association is of significant importance
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in our patient group, as 56% was diagnosed with BAV.8;11;12;15 The cause of the increased rate of
ascending aortic dilatation is likely to be multi factorial. Accelerated degeneration of the aortic
media, abnormalities of matrix disruption and smooth muscle cell loss have all been described in CoA
patients and in patients with isolated BAV. Additionally it is known that the presence of BAV might
cause eccentric flow in the ascending aorta with significantly elevated aortic wall shear stress which
might cause ascending aortic dilatation.33 Furthermore, a previous study by Sehested et al. revealed
already structural abnormal tissue, with significantly more collagen and less smooth muscle tissue in
the precoarctational wall, including the ascending aorta. It is hypothesized that this abnormal tissue
influences baroreceptor activity in the upper vascular bed, which might explain the preoperative and
postoperative hypertension.34 Voght et al. demonstrated that the elastic properties of the ascending
aorta are primarily impaired in newborns with an aortic coarctation, and remain unchanged after
surgery. These findings support the assumption that these morphologic changes arise in utero.

Whether these processes are congenital or acquired remains unclear. 9;35 39 However, in our
study no significant difference was found between progressive ascending aortic dilatation in CoA
patients with BAV (CoA BAV) and without BAV. Furthermore BAV was not predictive for ascending
aortic dilatation in our cohort which is conflicting with previous studies as described above. However,
in a previous study in which the progression rate of ascending aortic dilatation was compared
between BAV patients and CoA BAV patients demonstrated that CoA BAV patients were less prone
for ascending aortic dilatation. It was hypothesized that CoA BAV patients, are protected against
ascending aortic dilatation, which suggests that the pathophysiology of ascending aortic dilatation in
CoA BAV patients may differ from that of isolated BAV patients. The main declaration for the
protective effect given in this study is that the surgery performed in the CoA BAV patients or the
related healing process might have limited further dilatation.15 These findings might declare the fact
that no significant difference was found between CoA BAV patients and isolated CoA patients, and
additionally that BAV was not predictive for the progression rate of ascending aortic dilatation in our
cohort.

No association was found with age and an increased progression rate of ascending aortic
dilatation. Previous studies have that advancing age increases the risk of aortic dilatation in BAV
patients and in normal human hearts. However, no association was found between age and the
progression rate of ascending aortic dilatation in BAV, which corresponds with our findings and might
be related to population size and follow up duration.15;40 Additionally aortic valve disease was not
associated with aortic dilatation as has been previously described in BAV patients.41;42 This might be
declared by the relatively young population, or again by the fact that the pathofysiology in CoA BAV
is distinctly different as compared to isolated BAV disease.

In this study we found an increased LV mass and a history of VSD to be independently
associated with progressive ascending aortic dilatation. The increased LV mass which we found to be
independently associated with the increased progression rate of ascending aortic dilatation, in this
study not related to hypertension, might have a more developmental origin.

The lack of correlation between hypertension and LV mass might be due to the fact that well
treated and currently not hypertensive patients are grouped into the hypertensive group. Previous
research has shown already that LV hypertrophy occurs in coarctation patients in the absence of
restenosis or hypertension even in very young patients which suggest that LV hypertrophy might
have a more developmental origin.21;43 45 These findings, combined with the higher incidence of BAV



and the presence of other cardiac congenital abnormalities in CoA patients, supports the assumption
that aortic coarctation is part of an extensive developmental abnormality of the proximal systemic
arterial system involving the aortic valve, proximal aorta, left ventricle, and myocardial wall.

These findings point towards a variable expression in CoA patients, with those patients with a
more extensive developmental abnormality to be at increased risk for progressive ascending aortic
dilatation. These findings emphasize the need for regular CMR imaging for it is the golden standard in
CoA patients, with due regard for the clinical history and the presence of associated congenital
cardiac anomalies.

Limitations
This study was limited due to relatively small patient numbers, which is frequently seen in studies in
adult patients with congenital heart disease, as well as a relatively short follow up period. However,
included patients comprised a representative group, increasing overall applicability of the presented
data.

Conclusion
Adult post coarctectomy patients show an increased progression rate of ascending aortic dilatation
as compared to the healthy population. Complex coarctation patients with additional cardiovascular
abnormalities show an increased progression rate of ascending aortic dilatation as compared to
simple coarctation patients. These findings point towards a more comprehensive genetic subset of
patients with an apparent increased risk of ascending aortic aneurysm formation.
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Abstract
Purpose: Aortic valve dysfunction is common in coarctation patients (CoA). Bicuspid aortic valve
(BAV) in CoA is associated with aortic valve stenosis (AS), aortic valve regurgitation (AR), and
ascending aortic dilatation. The aim of this study was to evaluate the progression of and predictors
for aortic valve dysfunction in CoA.

Methods: 96 CoA patients prospectively underwent echocardiography twice between 2001 and
2010. AS was defined as an aortic valve gradient 20 mmHg, AR as none / minor, or moderate /
severe. Aortic dilatation was defined as an ascending aortic diameter 37mm.

Results: All patients (median age 28.0 yrs, range 17 61 yrs; male 57%) were followed with a median
follow up of 7.0 years. Sixty patients (63%) had BAV. At baseline 10 patients had AS (10%, 9 BAV), 6
patients AR (6%, 3 BAV) and 11 patients aortic dilatation (11%, 11 BAV). At follow up 15 patients had
AS (15%, 13 BAV) and 12 patients AR. (13%, 8 BAV).

Median AS progression was 1.1 mmHg/5 yrs (range 13 28). Determinants for AS at follow
up were age (ß = 0.20, P = 0.01), aortic dilatation (ß = 4.6, P = 0.03), and baseline aortic valve gradient
(ß = 0.93, P < 0.001). BAV was predictive for AR. (ß = 0.91, P = 0.049).

Conclusion: Progression of AS in adult CoA patients is mild in this young population. Older age, aortic
dilatation and the baseline aortic valve gradient are determinants for AS at follow up. BAV is
predictive for AR. These findings point towards a common embryological pathway of both valvular
and aortic disease in CoA.
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Introduction
Coarctation of the aorta (CoA) is one of the most common congenital cardiovascular abnormalities
and accounts for 5 8% of all congenital heart defects.1 Without surgical correction, the mean life
expectancy of CoA patients is 35 years and 90% of all patients die before the age of 50 years.2

Patients who undergo successful coarctation repair at young age have a much better life expectancy,
but they do remain at increased risk of late mortality. 1;3;4

This increased mortality in CoA patients is partially explained by complications such as
hypertension and aortic dilatation, but also because it is associated with bicuspid aortic valve (BAV)
and its inherent complications.1;5;6 In CoA patients, the prevalence of BAV is estimated to be between
60% and 80%.1 According to echocardiographic and autopsy studies, BAV is present in up to 0.5 2%
of the general population and is known to be associated with various complications, such as aortic
valve stenosis (AS), aortic regurgitation (AR) and endocarditis.7 9 BAV is also associated with
abnormalities of the ascending aorta such as aortic dilatation and dissection. These vascular
abnormalities have been attributed to accelerated smooth muscle cell apoptosis in the aortic
media.10 12 Tzemos et al. have demonstrated an association between moderate to severe AS and AR
and aortic dilatation, which emphasizes the influence of aortic valve disease on aortic dilatation in
isolated BAV patients.13

In CoA patients, it is known that aortic valve disease, i.e. AS and AR, is a frequent cause of
morbidity and mortality, and hypertension is an important contributor to aortic valve disease in
these patients. Moreover, the residual gradient across the coarctation region after repair might
affect the aortic valve and aortic wall, which may be relevant for the progression to aortic valve
disease.14 However little is known about the progression of aortic valve function over time in these
patients. The purpose of this study was to assess the progression of aortic valve function, and to
identify predictors of aortic valve dysfunction over time in patients after successful coarctation
repair.

Methods
Patients
Between 2001 and 2010, consecutive adult post coarctectomy patients were enrolled in this
prospective follow up study. Patients were recruited from the CONCOR database, the Dutch registry
and DNA bank for adult patients with congenital heart disease.15 Routine clinical follow up was
performed at one of three tertiary referral centres. All patients considered for inclusion had
participated in a previous observational study.16 Patients were excluded if they had undergone aortic
valve replacement since the observational study. Patients were included in the study if at least two
follow up echocardiographic studies had been performed between 2001 and 2010. A total of 144
patients were potentially eligible for inclusion; of these 96 patients were willing to participate. The
following baseline characteristics were obtained from patients’ medical records: age, sex, body
surface area (BSA), age at CoA repair, other congenital cardiovascular anomalies and type of surgery.
The protocol was approved by the Medical Ethics Committee of all participating centres. Signed
informed consent was obtained from all patients prior to participating in the study. The authors of



this manuscript have certified that they comply with the Principles of Ethical Publishing in the
International Journal of Cardiology.17

Echocardiography
All examinations were performed at the same institution. The median follow up between the serial
echocardiographic examinations was 7.0 years, range 3.3 9.0 years. All patients underwent serial
echocardiographic examinations performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton,
Norway) ultrasound imaging system. Images were obtained from standard parasternal, subcostal,
suprasternal and apical windows. In the two dimensional parasternal long axis and short axis views
the aortic valve morphology was examined. BAV was identified when two cusps were clearly
identified during systole and diastole in the short axis view. Diameters of the aortic root and
ascending aorta were determined. Ascending aortic dilatation was defined as a diameter 37mm.18

The presence of AR or AS was determined by Doppler and colour Doppler echocardiography. AS was
defined as a maximal aortic valve gradient of 20 mmHg.19 AR was defined as none to minor, or
moderate to severe.20 The M mode echocardiography tracings were used with the Devereux formula
to calculate LV mass and were indexed for BSA.21;22 Measurements were made according to the
standards of the ACC/AHA guideline.23

24 hour ambulatory blood pressure monitoring (ABPM)
All patients underwent 24h ambulatory blood pressure monitoring at baseline. Patients were defined
as hypertensive if the mean daytime systolic blood pressure was 135 mmHg, if the mean daytime
diastolic blood pressure was 85 mmHg or if patients were using anti hypertensive treatment, which
was at the discretion of the treating physician.24

Statistical analysis
Continuous variables are presented as mean ± standard deviation, or in case of a skewed distribution
as median (range). Categorical variables are presented as number of patients (percentage). Between
group comparisons of continuous variables with normal distribution were performed with an
independent t test. Between group comparisons of continuous variables with a skewed distribution
(i.e. AS progression rate) were performed by a Mann Whitney U test. The progression rate of the
aortic valve gradient was calculated by comparing gradients between the first and second
echocardiographic examination. Linear regression analysis was used to identify determinants of the
maximal aortic valve gradient at follow up, in which the baseline aortic valve gradient was used as an
independent covariate. In order to identify independent determinants of the presence of AS,
multivariate backward stepwise logistic regression was performed using p<0.05 as the criterion of
significance for entry of the variables, and p>0.1 for removal. Binary logistic regression analysis was
performed to identify determinants of the presence of aortic valve regurgitation at follow up. Data
analysis was performed using the SPSS statistical package (16.0 for windows; SPSS Inc., Chicago,
Illinois, USA). All statistical tests were two sided and differences were considered statistically
significant at P < 0.05.
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Results
Subjects
Ninety six adult post coarctectomy patients were included, with a median age of 28.0 years (range
17 – 61 years); median age at repair 7.7 years (range 0 – 37 years). Of all patients, sixty patients
(63%) had BAV. Of all BAV patients, 52 (87%) patients had a left to right coronary cusp fusion, 7 (11%)
patients had a right to non coronary cusp fusion and 1 (2%) patient had a left to non coronary cusp
fusion. Baseline characteristics are shown in Table 1.

Table 1. 

Baseline
(n = 96)

Male
2

BAV

VSD

Aortic valve dysfunction at baseline and follow up
At baseline, AS was present in 10 patients (10%, 9 with BAV), moderate to severe AR was found in 6
patients (6%, of which 3 with BAV and AS) and ascending aortic dilatation was present in 11 patients
(11%, 11 with BAV). At the end of follow up AS was present in 15 patients (15%, 13 with BAV), AR



was present in 12 patients (13%, of which 8 with BAV, and 6 with BAV and AS) and ascending aortic
dilatation was present in 15 patients (16%, 14 BAV patients). The overall mean maximal aortic valve
gradient was 11.8 ± 9.9 mmHg at baseline and 14.5 ± 11.4 mmHg at follow up. Mean maximal aortic
valve gradient in the AS group was 32.0±15.1 mmHg at baseline and 42.5±14.2 mmHg at the end of
follow up.

In all patients combined, median AS progression was 1.1 mmHg per 5 years (range 13.3 –
28.3 mmHg/5yrs). Among patients with AS (gradient > 20mmHg) at baseline, median progression of
the maximal aortic valve gradient was 0.2 mmHg/5 years (range 13.3 – 28.3 mmHg/5yrs). Median
progression of the maximal aortic valve gradient per 5 years in patients with tricuspid aortic valve
(TAV) and BAV was 0.75 mmHg/5yrs (range 5.5 – 28.3 mmHg/5yrs) and 1.3 mmHg/5yrs (range 13.3
– 21.8) respectively (P= 0.72). (Table 2) Median AS progression was significantly higher in patients >
40 years of age compared to those < 40 years (0.83 mmHg (range 5.5 – 16.7 mmHg) versus 3.0
mmHg (range 13.3 – 28.33 mmHg) P = 0.03.

Table 2. 

TAV  BAV

   n = 36    n = 60 

n % Median gradient
(mmHg)

n % Median gradient
(mmHg) 

Baseline

AS 1 3%  9 15%

AR 3 8%  3 5%

0 0%  11 18%

Follow-up

AS 2 6%  13 22%

AR 4 11%  8 13%

1 14%  14 23%

Median progression gradient  
(mmHg / 5 yearrs)

36   60  

Predictors for an increased aortic valve gradient (AS) at follow up
Univariate regression analysis demonstrated that male sex ( = 5.6; P = 0.02), older age ( = 0.22;
P = 0.049), hypertension ( = 4.6; P = 0.05), BAV ( = 7.3; P = 0.002), presence of a VSD ( = 7.1; P =
0.003), ascending aortic dilatation ( = 9.1; P = 0.02), aortic regurgitation ( = 6.1; P = 0.009), and
baseline aortic valve gradient ( = 0.96; P < 0.001) were associated with an increased aortic valve
gradient at follow up (Table 3). Multivariate regression analysis revealed that older age ( = 0.20; P =
0.01), ascending aortic dilatation ( = 4.6; P = 0.03) and an increased aortic valve gradient at baseline
( = 0.93; P < 0.001) were significantly and independently associated with an increased aortic valve
gradient at follow up.
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Table 3. 

Univariate
(n = 96) (n = 96)

 P Value P Value

BSA

BAV

VSD

  

Predictors for aortic valve regurgitation (AR) at follow up
Univariate logistic regression analysis showed that the presence of BAV ( = 1.16, P = 0.01) and the
baseline maximal aortic valve gradient ( = 0.06, P = 0.03) were associated with the presence of AR at
follow up. Multivariate logistic regression analysis revealed that the presence of BAV was the sole
independent parameter independently associated with the presence of AR at follow up ( = 0.91, P =
0.049). (Table 4)



Table 4. 

Univariate analysis
(n = 96) (n = 96)

 P Value P Value

BSA

BAV

VSD

  



7

Aortic valve regurgitation and stenosis in patients according to valve morphology
The distribution of aortic valve regurgitation (AR) and aortic valve stenosis (AS) at follow up in
patients with tricuspid aortic valve and bicuspid aortic valve is depicted in Figure 1.

Figure 1: Distribution of aortic valve regurgitation (AR) and aortic valve stenosis (AS) at follow up in 96 CoA
patients with tricuspid and bicuspid aortic valves depicted per quartile.

Discussion
Our study demonstrates that the overall progression of aortic valve stenosis in this relatively young
population of adult CoA patients is mild. However, patients aged 45 years or older demonstrated a
significantly faster progression of the AS gradient than younger patients. We also show that older
age, aortic dilatation and an increased aortic valve gradient at baseline are important risk factors for
having AS in the future. Finally, we demonstrated that coarctation patients with BAV are at increased
risk of future aortic regurgitation.

Previous studies have shown that the presence of aortic valve disease is common in patients
with CoA, and that many of these patients require aortic valve interventions.11;14;25;26 In addition to
aortic valve disease, CoA patients are also at increased risk of developing aortic dilatation. The exact
cause of this association is unknown but it is well established that BAV should be considered a
disease not only of the aortic valve but of the entire aortic root, as characterized by matrix
disruption, smooth muscle cell loss and aortic media degeneration.26 29 Moreover, histological studies
have shown that the aortic segment proximal of the coarctation has increased central aortic stiffness,
increased levels of collagen and elastin, and less smooth muscle cells.30 These studies suggest that
there may be structural differences between the aortic wall of CoA patients with BAV and isolated
BAV patients. These structural differences of the aorta wall may be the major clue why patients with
BAV and CoA dilate to a lesser degree under similar hemodynamic conditions compared to isolated



BAV patients.18;30 32 Despite this structural difference, the presence of BAV is a strong predictor for
aortic aneurysm formation in CoA patients, irrespective of age at repair, type of surgery and blood
pressure.33 The results of our study are in agreement with these previous studies as the prevalence
of aortic dilatation in CoA patients with BAV is much higher as compared to CoA patients without
BAV.

The relation between BAV and aortic valve stenosis has been well established in previous
studies, especially in isolated BAV patients.11;13;18 Moreover, the association between moderate to
severe aortic stenosis or regurgitation and aortic dilatation has been previously described, and
emphasizes the influence of aortic valve disease on aortic dilatation in BAV patients.11 13 However,
the prevalence of aortic valve disease is higher in CoA patients with BAV as compared to patients
with isolated BAV, which suggests an additional disease risk on top of the pathological process of
cystic medial necrosis, which is present in BAV patients.9;12;26 It has been hypothesized that the high
prevalence of hypertension in CoA patients might be causative for the high prevalence of aortic valve
disease in CoA patients.14

These findings are in agreement with the high prevalence of AS, AR and aortic dilatation in
CoA patients with BAV, as compared to CoA patients without BAV as found in this study. Patients
with an older age, aortic dilatation and an increased baseline aortic valve gradient are at increased
risk for AS in the near future. The association between older age and an increased baseline aortic
valve gradient has been previously described in non coarctation patients.34;35 However, the
association between aortic dilatation and aortic valve stenosis has never been described in CoA
patients. The relation between aortic dilatation and the increased risk of AS might reflect the
increased prevalence of aortic dilatation and AS in CoA BAV patients in our population. The increased
risk for aortic dilatation in BAV patients is attributed to intrinsic abnormalities of the aorta and local
hemodynamic turbulence caused by the BAV itself. Additionally, the risk of AS is increased in BAV
patients. The association between moderate to severe aortic valve stenosis, aortic regurgitation and
aortic dilatation has been previously described in isolated BAV patients. Patients with bicuspid valve
stenosis tend to develop aortic dilatation, which was not present in patients with congenitally
tricuspid aortic valves and acquired aortic stenosis.11;36 Therefore we assume that the predictive
value of aortic dilatation for future AS is caused by the fact that 63% of our populations are BAV
patients.

Little is known about the progression of aortic valve dysfunction in patients after coarctation
repair. The results of this study reveal that overall progression of aortic valve stenosis in CoA is mild,
even in CoA BAV patients, which might be explained by the fact that our study population was
relatively young. However, our findings demonstrate that AS progression is significantly increased in
patients at age 45 years or older, which underlines the need for a meticulous follow up of the aortic
valve gradient in CoA patients at older age irrespective of the presence of BAV.

This study prospectively demonstrates the predictive value of BAV on the occurrence of AR in
CoA patients, which is in agreement with the association between BAV and AR and aortic dilatation
as described in previous studies.10;13;32 Although shear stress from valvular lesions has been
previously identified as a cause of cystic medial necrosis in patients with normal aortas, the effect of
AR is thought to be superimposed on the intrinsic aortic pathology as found in BAV patients.11

The present study underlines the need for a meticulous clinical follow up of the aortic valve
gradient in CoA patients at older age, irrespective of the presence of BAV. Additionally our data
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demonstrate that CoA patients with BAV remain specifically at increased risk of future aortic
regurgitation. The results of this study emphasize the interaction between valvular and aortic disease
in coarctation patients.

Limitations
In this observational follow up study, we excluded patients that underwent an aortic valve
replacement during follow up. These are most likely the most complex patients with explicit aortic
valve pathology. However, as we wanted to observe the “natural” progression of the aortic valve in
CoA patients, those patients were excluded.

Conclusion
Overall progression of aortic valve stenosis in CoA patients is rather mild. However, patients aged 45
years or older demonstrate a significantly increased AS progression. CoA patients with older age,
aortic dilatation and an increased aortic valve gradient are specifically at risk for aortic valve stenosis
in the future. CoA BAV patients are at increased risk for aortic valve regurgitation in the future. These
findings emphasize the underlying congenital defect of valvular and aortic structure, and the
additional influence of aortic valve disease on aortic dilatation in adult post coarctectomy patients.
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Abstract
Background: Chronic hypertension is a major concern in adults who had resection of coarctation of
the aorta (CoA) in childhood. In otherwise healthy subjects, exercise induced hypertension is
prognostic for chronic hypertension. However, the prognostic value in CoA patients remains
unknown. The aim of this study was to evaluate the predictive value of exercise induced
hypertension for chronic hypertension in these patients.

Methods: In this prospective follow up study, 74 CoA patients (58% male; age 30.9±9.5 years)
underwent ambulatory BP (BP) monitoring, and exercise testing twice between 2001 and 2009 with a
follow up of 6.3±0.8 years. Hypertension was defined as mean systolic BP 140 mmHg and/or mean
diastolic BP 90 mmHg, or on anti hypertensive treatment. Exercise induced hypertension was
defined as mean systolic BP <140 mmHg, and peak exercise systolic BP 200 mmHg.

Results: At baseline, 27 (36%) patients were hypertensive, 11 (15%) exercise induced hypertensive,
and 36 (49%) normotensive. At follow up, all 27 hypertensive patients remained hypertensive. Seven
exercise induced hypertensive patients (64%) had developed chronic hypertension, whereas 4 (36%)
remained exercise induced hypertensive. Seven normotensive patients (19%) had developed
hypertension. Twelve (33%) had developed exercise induced hypertension, whereas 17 (47%)
remained normotensive. In multivariate analysis baseline maximal exercise systolic BP was
independently associated with mean systolic BP at follow up (ß = 0.13, P = 0.005).

Conclusion: In conclusion maximal exercise systolic BP is a predictor for chronic hypertension in CoA
patients. These findings demonstrate the clinical importance of exercise induced hypertension, and
warrant further study into the long term consequences of exercise induced hypertension and the
potential beneficial role of early anti hypertensive treatment in adult post coarctectomy patients
with exercise induced hypertension.
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Introduction
In otherwise healthy subjects, hypertension is a major predictor of adverse outcomes including heart
failure, stroke, renal disease and peripheral vascular disease.1 Normotensive subjects with an
exaggerated BP response on exercise are at three times greater risk of future development of
hypertension compared to subjects with a normal BP response on exercise.2;3 Swan et al discouraged
the use of exercise testing in CoA patients, because no difference was found in peak exercise BP
between CoA patients and controls.4 This is in contrast with previous studies in which maximal
exercise systolic BP in CoA patients has shown to be strongly associated with mean daytime systolic
BP at ambulatory BP monitoring.5;6 Furthermore, exercise induced hypertension is associated with an
increased common carotid intima media thickness (CIMT) in CoA patients, which is a validated
reproducible end point for atherosclerosis.7;8 Therefore, several authors have suggested that patients
with exercise induced hypertension might be amenable to antihypertensive medication or limitation
of strenuous physical activity.7;9 However, the usefulness of exercise testing and the validity of
exercise induced hypertension in the follow up of CoA patients is unknown. We designed a
prospective follow up study to assess the predictive value of exercise induced hypertension for the
development of chronic hypertension in adult post coarctectomy patients over time.

Methods
In 2001, 74 adult post coarctectomy patients from two tertiary referral centers were included in this
prospective follow up study. Patients were recruited from the CONCOR database, a Dutch National
registry and DNA bank for adult patients with congenital heart disease.10 Patients underwent
ambulatory BP monitoring, and exercise testing twice between 2001 and 2009 with a mean follow up
of 6.3±0.8 years. All examinations were performed in one institution. Echocardiography and an
exercise test were performed after the ambulatory BP monitoring device was removed. Medical
records of the patients such as age at surgery, type of surgery and history of recoarctation were
reviewed. The institutional review committee approved the protocol and informed consent was
obtained from all participants.

Ambulatory blood pressure monitoring (ABPM)
Systolic and diastolic BP were assessed on the right arm after a 5 minute rest period, by using an
aneroid sphygmomanometer (Speidel and Keller Maximstabil 3, Welch Allyn, Jungingen,
Germany).The average of three measurements was considered as rest BP. In all patients an
automatic ambulatory BP monitor (Spacelabs 90207, SpaceLabs Inc, Redmond, WA) was placed on
the right arm. The right arm was used to avoid operation related BP disturbances. Systolic and
diastolic BP and heart rate were recorded over at least 24 hours. BP was measured at regular
intervals of 15 minutes at daytime and 30 minutes at nighttime. Patients kept an activity diary,
including the amount of time they slept. Ambulatory BP studies were performed with the monitor
display switched off, to avoid that BP readings were affected by the patient’s anticipation.
Ambulatory BP monitoring was only considered acceptable, when at least 85% of the measurements
were successful. Patients were considered hypertensive when mean daytime systolic BP was 140
mm Hg and/or diastolic BP was 90 mm Hg6, or if patients were on anti hypertensive medication on
the discretion of the treating physician.



Exercise testing
Before the start of the exercise test, supine systolic and diastolic BP was measured on the right arm
after a 5 min rest period, using an aneroid sphygmomanometer (Speideland Keller Maxistabil 3). The
arm leg ratio was calculated after the systolic BP in the right leg was determined by palpation of the
posterior tibial artery. All patients underwent a maximal, symptom limited, standardized treadmill
exercise test, following the Bruce protocol. During the exercise test, BP was measured at regular
intervals of 3 min by conventional sphygmomanometry. The operator was unaware of the results of
the 24 h BP measurements. Exercise induced hypertension was defined as a mean daytime systolic
RR <140 mmHg, and/or a peak exercise systolic RR 200 mmHg.6

Echocardiography
Echocardiography was performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton, Norway)
ultrasound images system. Anatomy of the aortic valve and residual or recurrent gradients across the
left ventricular outflow tract were determined. The diagnosis of a bicuspid aortic valve (BAV) was
made when 2 aortic cusps were clearly identified in the short axis, with partial or complete fusion of
2 aortic valve leaflets resulting in either partial or complete absence of a functional commissure
between fused leaflets. Aortic stenosis was assessed using multiple windows.11 Patients were
considered to have a significant gradient when we observed a gradient over the aortic valve of at
least 20 mmHg.12 Left ventricular mass was calculated from M mode echocardiography tracings,
using the Devereux formula, and indexed for body surface area. An increased LV mass index was
defined as 101 g/m² for women and 117 g/m² for men, and was determined according to the
baseline echocardiographic investigation.

Statistical analysis
Data analysis was performed using the SPSS statistical package (16.0 for windows; SPSS Inc., Chicago,
Illinois, USA). Data are presented as mean value ± standard deviation, or in case of a skewed
distribution as median (range), or as number of patients (percent). Values were considered
statistically significant at P < 0.05.

Comparisons between continuous variables were made by two tailed Student t tests. Linear
regression analysis was used to indentify determinants for mean daytime systolic BP and left
ventricular mass index. Multivariate stepwise regression analyses were performed using 0.05 as the
criterion of significance for entry of the variables and 0.1 for removal, and were used to indentify
independent determinants of mean daytime systolic BP at ambulatory BP monitoring and left
ventricular mass index at follow up.
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Results
Seventy four post coarctectomy patients were included, 45 male (61%), with a mean age of 30.9 ±
9.5 years, mean age at repair 8.0 ± 6.8 years. (Table 1) The mean follow up period was 6.3 ± 0.8
years. No patients with anomalous right subclavian arteries coming off the descending aorta were
included. Fourty five patients (59%) had a bicuspid aortic valve. All patients with an aortic valve
gradient above 20 mmHg were BAV patients. Thirty patients (42%) had an increased left ventricular
mass at baseline. Five patients (9%) underwent repeat surgery in the past, of which 2 (3%) because of
recoarctation and 3 (4%) because of aortic aneurysm formation. Two patients underwent
transcatheter interventions because of recoarctation in the past. All patients were considered to be
successfully repaired, and without recoarctation, as assessed by CMR imaging at the end of follow
up. Ambulatory and exercise BP readings were successful in all patients. At baseline 27 patients
(36%) had chronic hypertension, based on ambulatory BP monitoring, their medical history and anti
hypertensive treatment; 11 patients (15%) had exercise induced hypertension, and 36 patients (49%)
were normotensive. At the end of the follow up, 41 patients (55%) were diagnosed with
hypertension, 16 patients (22%) had exercise induced hypertension and 17 patients (23%) were still
normotensive. (Figure 1) Seven patients (64%) with exercise induced hypertension developed
chronic hypertension, whereas 4 exercise induced hypertensive patients (36%) remained exercise
induced hypertensive. Seven normotensive patients (19%) had developed hypertension; 12
normotensive patients (33%) developed exercise induced hypertension, whereas 17 normotensive
patients (47%) remained normotensive. However, no significant difference was found in mean
daytime systolic BP at ambulatory BP monitoring at the end of follow when comparing the patients
with , and without exercise induced hypertension at baseline. (P = 0.26)

Table 1. 

Overall
n = 74

Normotensive
n = 36

X-hypertensive
n = 11

Hypertensive
n = 27

Male

0 0 0

0 0

0

0

0

0
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Discussion
This is the first prospective follow up study, which demonstrates the predictive value of exercise
induced hypertension for the development of chronic hypertension as assessed by ambulatory BP
monitoring in adult post coarctectomy patients. Previous research in otherwise normal,
normotensive subjects with exercise induced hypertension has shown that these patients are at
increased risk to develop chronic hypertension when compared to those with a normal BP response
on exercise. The underlying mechanism in these normal individuals is thought to be dysregulation of
vascular function.2;3;13 Likewise, in adult post coarctectomy patients exercise induced hypertension is
a well known complication and has been frequently described.5 7;14;15 In a previous cross sectional
study we showed that exercise induced hypertension was independently associated with mean
daytime systolic BP at ambulatory BP monitoring.6 It is thought that exercise induced hypertension in
CoA patients is caused by diminished arterial wall compliance and increased rigidity due to the
structural abnormal precoarctational wall, with more collagen and less smooth muscle tissue.16

Furthermore, it is hypothesized that the abnormal tissue in the precoarctational wall influences
baroreceptor activity in the upper vascular bed which might explain the pre and post operative
hypertension.6;17 20 The prognostic significance of exercise induced hypertension in CoA patients is
unknown. This is the first to assess the prognostic value of exercise induced hypertension in these
patients.

In this prospective follow up study a total of 27 (35%) patients were diagnosed as
hypertensive at baseline and 41 (55%) at the end of follow up based on clinical history, ambulatory

Table 2. 

  

 
analysis

 
analysis

 
analysis

 
analysis

Sex

      



BP monitoring and anti hypertensive treatment. These findings are in accordance with the high
prevalence of hypertension in coarctation patients, which is related to age at repair and duration of
follow up as described in previous studies. Despite the recommendations and benefit of early repair,
the prevalence of hypertension is still high in CoA patients. Hypertension is often already present in
early childhood in the absence of significant aortic arch obstruction, even in early operated patients
on before the age of 1 year.6;21 23

In this study, we found the maximal exercise systolic BP at baseline to be predictive for an
increased systolic BP at ambulatory blood pressure monitoring at the end of follow up. This is in
contrast with a previous report by Swan et al, in which no difference was found between the
maximal exercise systolic BP in CoA patients and controls. However, we measured the maximal
exercise systolic BP during exercise as compared to after exercise in the study as described by Swan
et al. Furthermore, in this study we prospectively evaluated the predictive value of the maximal
systolic BP for the development of chronic hypertension during follow up, which is of major clinical
importance in the surveillance of these patients.

The maximal exercise systolic BP was not predictive for an increased left ventricular mass at
the end of follow up, which is in agreement with previous studies.6;24 In normotensive and
hypertensive patients after coarctation repair, an increased left ventricular mass and differences in
systolic and diastolic left ventricular function have been described as compared to controls.25;26

Divitiis et al described that the ambulatory systolic BP had a significant influence on LV mass, and
proposed that the LV response in coarctation patients might be driven by a combination of genetic,
hemodynamic and hormonal factors.27 However, it has been shown, that LV hypertrophy occurs in
coarctation patients in the absence of restenosis or hypertension even in very young patients, which
suggests that LV hypertrophy might have a more developmental origin.28 30 Furthermore, the lack of
correlation between hypertension and LV mass in our study population might be due to the fact that
well treated and currently not hypertensive patients are grouped into the hypertensive group. End to
end anastomosis as surgical modality was independently associated with the LV mass, which might
be caused by the fact that the majority of the patients (72%) underwent this type of surgical repair.
The results of this study for the first time, demonstrate the predictive value of the maximal exercise
systolic BP for the development of chronic hypertension in adult post coarctectomy patients. These
findings warrant further study into the long term consequences of exercise induced hypertension
and the potential beneficial role of early anti hypertensive treatment of adult post coarctectomy
patients with exercise induced hypertension.
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Abstract
Aims: Post coarctectomy (CoA) patients have increased peripheral and central aortic blood pressure
and enhanced pulse wave reflection. We aimed to assess determinants of wave reflection and the
association of wave reflection and central hemodynamics with organ damage in CoA patients.

Methods and Results: We assessed peripheral and central hemodynamics in 79 CoA patients (mean
age 38 ± 13 years, 61% males). Central blood pressure and augmentation index (AIx), a measure of
wave reflection, were measured with applanation tonometry. Carotid intima media thickness (C IMT)
was measured using B mode ultrasonography. Left ventricular mass was calculated from M mode
echocardiography tracings using the Devereux formula and indexed for body surface area (LVMI).
Age, systolic and diastolic blood pressure, the use of antihypertensive medication, subclavian flap
and patch angioplasty and ascending aorta diameter significantly correlated with AIx. In a
multivariate model consisting of age, age at repair and use of antihypertensive medication (r2=0.473,
p<0.001) adding peripheral or central systolic blood pressure yielded the strongest models for
predicting C IMT (r2=0.516 and r2=0.510). In univariate regression analysis only male gender (r=0.413,
p<0.001), but none of the hemodynamic parameters, was associated with a higher LVMI.

Conclusion: In CoA patients age, blood pressure, use of antihypertensive medication, type of surgical
intervention and ascending aorta diameter are determinants of AIx. AIx, however, does not
independently predict organ damage in CoA patients. Next to age, age at repair and use of
antihypertensive medication, peripheral and central systolic blood pressures were the strongest
predictors of C IMT, while hemodynamic parameters were not associated with LVMI.
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Introduction
Despite successful surgical repair, the survival of post coarctectomy (CoA) patients remains
decreased compared to the general population1 3. Late complications after correction of aortic
coarctation include hypertension and accelerated atherosclerosis4. CoA patients have more organ
damage such as increased left ventricular mass (LVM) and increased carotid intima media thickness
(C IMT), a validated marker of atherosclerosis5, compared to controls6, 7.

Recent studies have demonstrated that wave reflection and central blood pressure are
markedly increased in CoA patients, also after successful surgical repair 8 10. The reconstructed and
scarred aorta is thought to cause early reflection of the pressure wave, thereby possibly contributing
to the increased risk of cardiovascular disease in CoA patients10. The reconstructed pre stenotic aorta
has shown to have reduced elastic properties11, 12. This is also apparent when the coarctation is
repaired at a younger age13. Besides reduced elasticity, aortic arch anatomy may also contribute to
an increase in wave reflection with angulated or gothic type aortic arches showing increased wave
reflection14. Thus, the increased wave reflection in CoA patients seems to be partially dependent on
anatomical and functional disturbances in the proximal aorta.

Increased wave reflection may cause an increased left ventricular afterload, resulting in left
ventricular hypertrophy. Population based observational studies have shown that wave reflection
and central blood pressure better predicted C IMT than peripheral blood pressure15, 16. Whether the
increased wave reflection and higher central blood pressure in CoA patients is associated with C IMT
or LVM as possible markers of their increased cardiovascular event rate, has to our knowledge not
been assessed.

Therefore, our aim was to assess determinants of wave reflection in CoA patients and to
investigate whether wave reflection and central blood pressure were associated with cIMT and LVM
in CoA patients.

Methods
Study population
In this cross sectional study 79 CoA patients were selected from the outpatients’ clinic of the
Academic Medical Center (AMC), Amsterdam, the Netherlands, and from two participating tertiary
referral centers using the CONCOR database, the Dutch registry and DNA bank for adult patients with
congenital heart disease. The Medical Ethics Committee of all participating centres agreed with the
protocol, and all patients gave written informed consent prior to participating in the study. All post
coarctectomy patients were eligible for this study. Patients were invited to visit the study center
(AMC, Amsterdam), where hemodynamic measurements, ultrasonography of the carotid arteries and
echocardiography were performed on the same day. Demographic and clinical parameters such as
age, gender, body mass index (BMI), age at intervention the use of antihypertensive medication,
other associated congenital cardiac anomalies, aortic arch type and type of surgery were obtained
from patients’ medical records. Aortic arch morphology was determined by Magnetic Resonance
Imaging using a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany) and classified according to
Ou et al.17



Hemodynamic measurements
Participants were asked not to take their medication the morning of their visit to the hospital.
Hemodynamic measurements were done in fasting condition after a 15 min. rest in a quiet
temperature controlled room in supine position. Brachial blood pressure was measured 3 times at 1
minute intervals on the right arm using a validated oscillometric device (Omron 705IT). The mean of
the last 2 measurements was used for further analysis. We performed applanation tonometry of the
radial artery with a high fidelity micromanometer (Millar Instruments, Texas, USA). Radial pressure
waveforms were calibrated with brachial blood pressure and the corresponding central aortic
waveform was generated using a generalized transfer function. Central systolic blood pressure
(cSBP), central diastolic blood pressure (cDBP) and the augmentation index (AIx), a measure of
systemic wave reflection, were calculated by analysis of the central waveform using the SphygmoCor
system (Atcor Medical Pty Ltd, West Ryde, Australia) as described previously18, 19. AIx was defined as
the difference between the first and second peak of the waveform expressed as a percentage of the
pulse pressure and was corrected for heart rate of 75 beats per minute. Measurements were done in
duplicate and means were used for analysis.

B mode ultrasonography of the carotid artery
B Mode ultrasound images of the arterial wall segments of the right and left common carotid
arteries, carotid bulbs, internal carotid arteries, were acquired according to a standardized protocol5.
One well trained and experienced sonographer—blinded to all clinical information—performed all
measurements. We used an Acuson 128XP ultrasound instrument (Acuson, Mountain View, CA)
equipped with an L7 5 to 10 MHz linear array transducer and extended frequency software. The
mean intima media thickness of the common carotid artery, carotid bulb, internal carotid artery,
were defined as the mean C IMT of the near and far walls of both the left and right sides to facilitate
statistical analysis.

Echocardiography
Echocardiograms were obtained with either a Vivid 3 or Vivid 7 (GE, Vingmed Ultrasound, Horton,
Norway) ultrasound images system. Aortic diameters were measured in end diastole at the root and
at the ascending level. Left ventricular mass was calculated from M mode echocardiography tracings,
using the Devereux formula, and indexed for body surface areas (LVMI).

Statistical analysis
Baseline data are presented as mean ± standard deviation (SD) for continuous variables with a
normal distribution, median (range) for continuous variables with a non normal distribution and n
(%) for categorical variables. Univariate and multivariate regression analyses were used to identify
independent predictors of AIx, LVMI and C IMT in patients after repair of aortic coarctation. Single
variables that could have a pathophysiological association, such as SBP and DBP, were tested for co
linearity. If significant colinearity existed between variables, the variable with the highest correlation
with the dependent variable was chosen. All statistical tests were 2 sided and differences were
considered statistically significant at p <0.05. Data analysis was performed using SPSS (16.0 for
Windows, SPSS Inc, Chicago, Illinois, USA).
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Results
Patient characteristics of the 79 CoA patients are shown in table 1, mean age was 38 ± 13 years and
61% was male. Median age at repair was 7 yrs and 44% used one or more antihypertensive drugs.

Determinants of wave reflection
Univariate and multivariate analyses for determinants of AIx are shown in table 2. In univariate
analysis age (r=0.49, p=<0.001), SBP (r=0.24, p=0.03), DBP (r=0.47, p<0.001), use of antihypertensive
medication (r=0.24, p=0.04), subclavian flap (r= 0.27, p=0.02) and patch angioplasty (r=0.23, p=0.04)
interventions and ascending aorta diameter (r=0.36, p<0.01) correlated significantly with AIx, while
the association between AIx and age of repair was borderline significant (r=0.21, p=0.07). All
univariate variables with p<0.10 were entered in two multivariate models. Model 1 included age,
DBP, age of repair, subclavian flap and patch angioplasty interventions. Because aorta diameters
were not available for all participants, we included in model 2 ascending aorta diameter next to the
variables of model 1. Age, DBP and patch angioplasty intervention remained significant in model 1. In
model 2 next to age, DBP and patch angioplasty intervention, the ascending aorta diameter was a
borderline significant predictor of AIx (p=0.07).



Central hemodynamics and organ damage
Mean C IMT was 0.71 ± 0.17 mm and LVMI was 121.3 ± 38 g/m2. In table 3 univariate regression
analysis with C IMT as the dependent variable is shown. Age (r=0.66, p<0.001), age at repair (r=0.45,
p<0.001) and use of antihypertensive drugs (r=0.47, p<0.001) were associated with an increased C
IMT. Also, peripheral and central blood pressures, and AIx are associated with C IMT. In univariate
analysis the association with C IMT was similar for cSBP (r=0.57, p<0.001) and peripheral SBP (r=0.52,
p<0.001). Age, age at repair and use of antihypertensive medication were entered in a multivariate
regression model together with each of the hemodynamic parameters to determine which of the
hemodynamic parameters had the strongest independent association with C IMT (table 5). Addition
of DBP, cDBP, or AIx did not improve the model. SBP and cSBP were independently associated and
improved the predictive value of the multivariate model, the r2 for the models were 0.52 and 0.51. In

Table 1. 

n

38 ± 13

Male
2

Stent

Crenel

ODB

VSD
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Table 2. 

Univariate

P Value P Value P Value

Male

SBP

DBP

Stent

VSD

ODB

 

univariate regression analysis only male gender was associated with a higher LVMI (table 4), while
none of the hemodynamic parameters were associated with LVMI.



Table 3. 

Explanatory variable r2 P Value

Age

Age at repair

SBP

DBP

Table 4. 

Explanatory variable r2 P Value

Age

Age at repair

SBP

DBP

Table 5. 

r2 for model

–
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Discussion
In this cross sectional study, we assessed the determinants of wave reflection in a relatively young
group of CoA patients and assessed the association of clinical and hemodynamic parameters with
organ damage. We found that age, DBP and patch angioplasty intervention were independent
predictors of AIx in multivariate analysis. AIx, however, did not independently predict organ damage
in CoA patients. Age, age at repair, use of antihypertensive medication and peripheral and central
hemodynamics were associated with increased C IMT in univariate analysis. Adding SBP or cSBP to a
multivariate model including age, age at repair and a history of hypertension yielded the strongest
predictive models. However, central SBP was not a better independent predictor of C IMT than
peripheral SBP. Peripheral and central blood pressure and AIx were not associated with LVMI.

Determinants of wave reflection
It is thought that in CoA patients enhanced wave reflection is partially caused by early reflection of
pressure waves on the reconstructed and scarred aortic arch. The fact that surgical intervention with
patch angioplasty is an independent predictor of a higher AIx supports this concept. In the patch
angioplasty procedure synthetic materials are used which are less elastic than native tissues. This
might lead to enhanced local stiffness of the aorta, which in turn could lead to impedance mismatch
and enhanced pulse wave reflection. The subclavian flap method, however, is supposed to result in
less rigid suture lines and give a more tension free repair of the coarctation. Accordingly, in
univariate analysis subclavian flap repair was associated with a lower AIx. In contrast, Kenny and
colleagues showed that compared to end to end anastomosis, the subclavian flap method results in
stiffer arteries in young children20. The diameter of the ascending aorta was positively associated
with AIx in univariate regression analysis. Since we performed a cross sectional study, we cannot
determine whether the increase in aorta diameter is a consequence or a cause of increased wave
reflection. It could be argued that with advancing age fatigue of elastic fibers in the aortic wall causes
aortic stiffness, which in turn increases wave reflection. In line with this is a report showing that in
Marfan disease and Marfan like syndrome the increased AIx predicts the progression of aortic
diameter21, 22. This is relevant because dilatation of the aortic root, with increased risk of aortic
dissection, is the leading cause of morbidity and mortality in Marfan patients23 and to a lesser extent
this is also true for CoA patients24. In contrast with a previous report by Ou and colleagues14, no
association was found between aortic arch morphology and wave reflection. Differences in
methodology could be responsible for discrepancy in these findings. Age was an independent
predictor of AIx in both multivariate regression models in CoA patients. This is in line with the
positive association of AIx with age in the normal population25 27.

Central hemodynamics and organ damage
Despite successful surgical repair, CoA patients have a decreased life expectancy partially because of
accelerated atherosclerosis and associated increased risk of cardiovascular disease. Approximately
30% of the late deaths in CoA patients are caused by coronary artery disease with hypertension as
the most important contributor to coronary atherosclerosis1, 3. C IMT is widely used as an
intermediate end point for atherosclerosis and a risk marker of cardiovascular disease5. It has been
reported that C IMT is increased in CoA patients7, 28. Both SBP and cSBP, were independently
associated with increased C IMT when separately entered in a multivariate regression model, which



is consistent with previous findings29. Cross sectional population studies show that central blood
pressure, after adjustment for age, sex and BMI, is more strongly related with C IMT, LVM and
cardiovascular events15, 30 than peripheral blood pressure. Also, a Chinese population study
demonstrated that cSBP was more valuable in predicting cardiovascular mortality than peripheral
blood pressure variables16. However, in our study in CoA patients cSBP was not a better predictor of
C IMT than SBP. Perhaps this is a sign of premature aging of arteries, as Wojciechowska and
colleagues have shown that with ageing peripheral SBP approximates central SBP31.

The association of wave reflection with organ damage in CoA patients has to our knowledge
not been previously assessed. We showed that AIx was associated with increased C IMT, but this was
not independent of age, age of repair or hypertension. Not surprisingly, the strongest predictor of C
IMT was age. Also age at repair was positively associated with C IMT in CoA patients, which
corresponds to long term follow data reporting that morbidity and mortality of CoA patients is
favourably affected by early repair of the coarctation3.

As in the normal population, we found male gender to be associated with higher LVMI in CoA
patients. Although hypertension is common in CoA patients and is thought to be an important
contributor to the increased risk of cardiovascular disease, there is discussion whether LVM is
associated with blood pressure in this patient group. De Divitiis and colleagues found a positive
association between 24 hour ambulatory SBP32, while others found no independent association
between LVM and blood pressure33. Recently, Sarkola and colleagues showed that SBP was
associated with LVM in CoA patients with stent, but not with surgical repair of the coarctation29. So,
whether LVM truly reflects hemodynamic status in CoA patients has not been resolved. We found no
association between blood pressure and LVM, which is in line with previous observations that left
ventricular hypertrophy (LVH) can occur in the absence of hypertension34 and LVM does not regress
to normal values after surgical repair35. Central hemodynamics have been suggested to better reflect
the hemodynamic status in CoA status and might therefore predict LVM beyond peripheral
pressures36. We found, however, no association between non invasively assessed central blood
pressure and LVMI. Although increased LVM seems to be associated with increased aortic stiffness of
the reconstructed aorta6, 37 and CoA patients exhibit enhanced wave reflection10, we could not
demonstrate an association between wave reflection and LVM in these patients. It has been
hypothesized that aortic coarctation is more than a stenosis in the aorta and is related to more
extensive disease involving the left ventricle38. The lack of association between hemodynamic
parameters and LVM could be interpreted in this context. Hypertension related cardiovascular
disease is an important cause of premature cardiovascular disease in CoA patients, but the ill effects
of hypertension might not be appreciated by examining the left ventricle.

Limitations
Our study was cross sectional and has all the inherent limitations. Although the patients were asked
not to take their antihypertensive medication on the morning of the measurement day, it is likely
that blood pressure lowering drugs have affected the peripheral and central blood pressure
measurements to some extent. However, use of antihypertensive medication was not an
independent predictor of AIx in multivariate analysis. We did not assess left ventricle function. It is
possible that blood pressure is not related to LVM but is associated with functional aspects of the
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heart. Lastly, we did not use 24 hour ambulatory blood pressures, which might have shown different
associations with organ damage.

Perspectives
Since peripheral and central SBP were equally strong predictors of C IMT and AIx is not
independently associated with carotid atherosclerosis, the added value of assessing central
hemodynamics in CoA patients is questionable. Since peripheral SBP independently predicted C IMT,
we emphasize the need for careful follow up of blood pressure in CoA patients. Future studies should
point out whether pharmacological treatment aimed at lowering blood pressure will lead to
regression of C IMT and more importantly to a reduction of cardiovascular disease.
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Abstract
Background: Post coarctectomy (CoA) patients have enhanced pulse wave reflection, which is
thought to contribute to cardiovascular disease in this patient group. We compared wave reflection
in relatively healthy group of CoA patients without hypertension or recoarctation and matched
controls and compared wave reflection responses to pharmacological vasodilation.

Methods: In step 1 we measured augmentation index (AIx), a measure of wave reflection, using
applanation tonometry in thirty post coarctectomy patients without hypertension or recoarctation
(age 32±10 yrs, 18 males, blood pressure 127±10 / 69±9 mm Hg) and control subjects (age 33±9 yrs,
18 males, blood pressure 122±11 / 69±8 mm Hg). In step 2 we assessed AIx response to salbutamol
and NTG in 7 post coarctectomy patients and controls (both groups age 33±9 yrs, 5 males).

Results: Step 1: AIx was higher in CoA patients compared to controls (17±14 vs. 9±14 %, p<0.01). Step
2: the mean decrease in AIx from baseline in response to salbutamol was 5±12 vs. 3±3 % (p=0.54) for
CoA patients versus control subjects and 24±7 % vs. 14±7 % in response to NTG (p=0.04).

Conclusion: In conclusion, CoA patients without hypertension or recoarctation have higher AIx
compared to matched controls. The decrease in AIx was similar after salbutamol, but was greater
after NTG in CoA patients compared to controls. Although wave reflection is increased in CoA
patients, it can be decreased pharmacologically.
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Introduction
Aortic coarctation is a relatively common congenital heart defect characterized by a stenosis in the
aortic arch. Despite successful surgical repair, adult post coarctectomy (CoA) patients have an
increased risk of cardiovascular disease and decreased life expectancy compared to the general
population.1 4 Intra arterial measurements have shown that blood pressure waves are altered in
patients with aortic coarctation and that the change in pressure waveform may be explained by early
and thus increased reflection of the pressure waves on the stenosis.5 In population studies the
augmentation index (AIx), a measure of wave reflection, is a predictor of cardiovascular events and
mortality independent of blood pressure.6 CoA patients have enhanced wave reflection even after
surgical repair and it has been hypothesized that this might contribute to the development of
cardiovascular disease in CoA patients.7 Two recent non invasive studies assessing AIx using
applanation tonometry gave conflicting results. In line with invasive data, Szczepaniak and colleagues
found higher AIx in CoA patients, 8 while Swan and colleagues found no difference.9 In CoA patients,
enhanced wave reflection is thought to arise from early reflection of pressure waves on the
reconstructed and scarred aorta.7 The reconstructed pre stenotic aorta has indeed been shown to
have reduced elastic properties,10;11 even when the coarctation is repaired in early childhood.12

Furthermore the type of surgical intervention and anatomy of the aortic arch may influence local
arterial stiffness and increase wave reflection.12 14 Differences between CoA patients and controls
may be caused by differences in age and blood pressure, which could act as possible confounders.
Moreover, the question remains whether enhanced pulse wave reflection in CoA patients is related
to anatomic or functional changes in the proximal aorta and whether differences in wave reflection
can be influenced by vasoactive substances. In normotensive and hypertensive subjects with a
normal structure of the aorta, angiotensin II or noradrenalin induced vasoconstriction causes an
increase in AIx,15 whereas vasodilators, such as nitroprusside and calcium channel blockers lower
AIx.16 Since in CoA patients increased wave reflection might be caused by disturbances in the
anatomy and functional properties of the proximal aorta, it is not known whether vasodilating drugs
decrease wave reflection to the same extent as in persons with a normal anatomy of the aorta.

We hypothesized that Aix is increased in CoA patients compared to healthy controls and that
pharmacologically induced vasodilation differs between CoA patients and healthy controls. We
therefore set out to examine AIx in a relatively healthy subgroup of CoA patients without
hypertension or evidence of restenosis and compared to healthy controls. In a subgroup of CoA
patients and controls we examined the effect of salbutamol and nitroglycerine (NTG) as a measure of
endothelium dependent and endothelium independent vasodilation on AIx.

Methods
The study consisted of two parts. To assess differences in hemodynamics between CoA patients and
controls we non invasively assessed peripheral and central hemodynamics (step 1). We then
examined differences in response to endothelium dependent and independent vasodilation in CoA
patients and controls by determining wave reflection and central hemodynamics before and after
salbutamol and nitroglycerine (step 2). The study protocols were approved by the medical ethics
committee of the Amsterdam Medical Center and all participants gave informed consent.



Study population and design
We used the CONgenital CORvitia (CONCOR) database, the Dutch national registry of patients with
congenital heart disease, to recruit CoA patients from the Academic Medical Center and two
participating tertiary referral centers. Control subjects were recruited via advertisement and among
hospital staff. All measurements were conducted in a quiet, temperature controlled room.
Participants were asked to visit the research facility after an overnight fast. Measurements were
performed in supine position in the morning after a 15 minute rest. All hemodynamic measurements
were performed by a single investigator (BvdB).

Step 1 In 30 CoA patients without hypertension and without evidence of recoarctation, which
was ruled out by cardiac magnetic resonance imaging, and in 30 control subjects matched for age
and gender, peripheral and central hemodynamics and arterial stiffness were measured. Brachial
systolic and diastolic blood pressure (SBP, DBP) were measured 3 times at 1 minute intervals using a
validated oscillometric device (Omron 705IT) with an appropriately sized cuff. We used the average
of the last two readings for the calibration of central hemodynamic measurements and further
analyses. Central hemodynamics and pulse wave velocity (PWV), as a measure of arterial stiffness,
were performed using the SphygmoCor system (Atcor Medical Pty Ltd, West Ryde, Australia).17 By
using applanation tonometry with a high fidelity micromanometer (Millar Instruments, Texas, USA)
peripheral pressure waveforms were recorded from the radial artery of the right arm. Using the
brachial blood pressure for calibration and with the use of a validated generalized transfer function a
corresponding central (aortic) waveform was generated. Central DBP, SBP, mean arterial pressure
(MAP), pulse pressure, reflection time (Tr) and AIx were calculated by further analysis of the central
waveform. The AIx is the difference between the second and first systolic peaks divided by the pulse
pressure, and is reported as a percentage and was corrected for heart rate of 75 beats per minute.

First we tested the validity of the radial to aortic transfer function in CoA patients by
measuring radial and carotid artery waveforms in a group of 37 CoA patients with and without
hypertension (data not shown). The aortic AIx derived from waveforms at the right radial artery
correlated significantly with right carotid artery AIx (r=0.72, p=<0.001). This is similar to previous
findings by Segers and colleagues reporting a correlation of 0.75 between aortic AIx derived from the
radial artery and carotid AIx in middle aged normotensive and mildly hypertensive subjects free from
cardiovascular disease.18 Because radial measurements are easier to perform and are more
reproducible we decided to calculate aortic waveforms from radial artery measurements. Carotid
femoral PWV was assessed using the foot to foot method. Measurements were done in duplicate
and means were used for analysis.

Step 2 In 7 CoA patients and 7 age and gender matched control subjects, wave reflection
response to endothelium dependent vasodilation and endothelium independent vasodilation with
salbutamol and NTG was determined by applanation tonometry of the right radial artery as described
previously.19 After calibration with brachial blood pressure, baseline applanation tonometry
measurements were performed. Thereafter, 400 g salbutamol (Pharmachemie BV, Haarlem, the
Netherlands) was inhaled by the participant under supervision of the investigator. Applanation
tonometry measurements were repeated after 5, 10, 15 and 20 minutes. After a 10 minute interval
the next baseline measurement was taken and immediately followed by administration of 400 g
sublingual nitroglycerine spray (Sandoz BV, Almere, the Netherlands). After 3, 5, 10, 15 and 20
minutes measurements were repeated. We calculated AIx at baseline and at time of maximum
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response to salbutamol or NTG. To further examine the effect of salbutamol and NTG on peripheral
and central pressure waves we used a model of the arterial system to calculate central pressure and
flow from the peripheral pressure waves allowing separation into backward and forward waves by
waveform analysis as described previously.20;21

Statistical analysis
Data are presented as mean±standard deviation (SD) for continuous variables and n (%) for
categorical variables. Comparisons of variables between groups were made by unpaired Student’s t
tests for continuous variables in the step 1 analysis; in the step 2 analysis because of the limited
sample size we conservatively used the non parametric Mann Whitney test. Categorical variables
were compared by 2 test. A p value less than 0.05 was considered statistically significant. All
statistical analyses were performed using SPSS software (version 16.0, Chicago, Illinois, USA).

Results
Step 1 Table 1 shows baseline and hemodynamic parameters of CoA patients and controls. Patients
and controls were well matched for age, gender and body mass index. Peripheral SBP and DBP were
not significantly different between CoA patients and controls, although PP tended to be higher in
CoA patients, 58±12 vs. 53±9 mm Hg, (p=0.06). AIx was increased in CoA patients compared to
controls, 17±14 vs. 9±14 % (p<0.01). There was a trend towards a higher central SBP (110±12 vs.
104±11 mm Hg, p=0.06), while central DBP was similar. The central PP was significantly higher in CoA
patients, 40±8 vs. 34±6 mm Hg (p<0.01). PWV did not differ between the two groups, 5.9±0.8 vs.
6.1±1.1 m/s for CoA patients compared to controls (p=0.24).

Table 1. 

Parameter CoA Controls P Value

n 30 30

32 ± 10 33 ± 9

Male, n (%)
2 24 ± 3 23 ± 3

127 ± 10 122 ± 11

110 ± 12 104 ± 11

70 ± 9 70 ± 9

AIx, % 17 ± 14 9 ± 14

147 ± 20



Step 2 Mean age was 33±9 years for both the CoA patients and controls subjects, both groups
consisted of 2 males and 5 females. One subject in each group used antihypertensive medication. At
baseline, CoA patients had higher SBP and similar DBP compared to controls (125±7 / 71±4 vs. 116±6
/ 68±5 mm Hg, p=0.02 / p=0.33). Baseline AIx values for CoA patients were higher before salbutamol
(22±16 vs. 2±6 %, p=0.01) and NTG administration (25±13 vs. 2±11 %, p=0.11). The absolute
decrease in AIx from baseline for salbutamol was similar for CoA patients and controls (5±12 vs. 3±3
%, p=0.54), while in CoA patients the absolute decrease in response to NTG was larger compared to
controls (24±7 % vs. 14±7 %, p=0.04). Figure 1 shows the response of the peripheral pressure waves
to salbutamol and NTG administration in CoA patients and controls. Figure 2 shows the response of
the central aortic pressure waves. After NTG the decrease in central systolic peak significantly
differed between CoA patients and controls with a central SBP decrease of 7.4 mm Hg in CoA
patients and 3.0 mm Hg in controls (p=0.01), while peripheral SBP was similar between CoA patients
and controls in response to salbutamol and NTG . When separated in forward and backward waves,
the late systolic part of the forward wave and to a lesser degree the backward wave decreased after
NTG compared to baseline in both groups, but this effect was more evident in the CoA group than in
controls. Because of the combined decrease in forward and backward pressure waves, the resultant
reduction in AIx, central SBP and PP was therefore significantly larger in CoA patients compared to
than in controls.
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Figure 1. Waves are a mean of the group. Radial pulse waves at baseline (solid lines) and after administration
(dotted lines) of salbutamol (panel A and B) and NTG (panel C and D) in CoA patients and controls.
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Figure 2. Waves are a mean of the group. Aortic pulse waves at baseline (solid lines) and after administration
(dotted lines) of salbutamol (panel A and B) and NTG (panel C and D) in CoA patients and controls.
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Figure 3. Waves are a mean of the group. Aortic pulse waves separated in forward and backward waves at
baseline (solid lines) and after administration (dotted lines) of salbutamol (panel A and B) and NTG (panel C and
D) in CoA patients and controls.



Discussion
This study shows that CoA patients without hypertension or recoarctation have an increased AIx
compared to age and gender matched healthy controls. CoA patients compared to control subjects
had similar AIx response to endothelium dependent vasodilation with salbutamol, while endothelium
independent vasodilation with NTG caused a greater decrease in AIx and central systolic pressure in
CoA patients.

For a long time it has been recognized that in case of a coarctation of the aorta the decrease
in diameter and elasticity of the proximal aorta reduces the cushioning function resulting in a change
of the pressure wave because of early reflection on the coarctation site.5 This is supported by a
report showing a decrease, but not a complete normalisation, of the AIx after successful balloon
dilatation of the aortic stenosis.22 Previous invasive measurements in CoA patients have
demonstrated that wave reflection remains enhanced after successful surgical repair.7 Important
determinants of AIx are age and blood pressure, but even in normotensive CoA patients AIx was
higher compared to age matched controls.8 In comparison with the report by Murakami and
colleagues7, we found a smaller difference in wave reflection between CoA patients and controls
despite a higher average age of our study population. However, our patients exhibited no sign of
clinically relevant recoarctation and were free of hypertension, whereas Murakami’s study consisted
of a more heterogeneous group of CoA patients, two of whom had a pressure gradient over the
coarctation site. Also, we used healthy normotensive controls free of cardiovascular disease that
were individually matched for age and gender with CoA patients, whereas the control group of
Murakami’s study consisted of subjects who had catheterization for various cardiac or aortic diseases
and were assumed to be normal controls. Our data of increased AIx in CoA patients are in line with
previous intra arterial studies and also with one non invasive study using applanation tonometry.8 A
second study using applanation tonometry, however, found no difference in AIx between
normotensive CoA patients and controls with similar age as in our study,9 but as in our study they did
find increased central PP. Furthermore, in the study of Szczepaniak and colleagues AIx was increased
in CoA patients with and without residual stenosis of the aorta, suggesting that the function of the
proximal aorta is impaired irrespective of residual stenosis of the aorta.8

Pressure waves generated by contraction of the left ventricle (forward waves) travel down
the aorta with a certain speed (pulse wave velocity), where they reflect at points where there is a
discontinuity (reflection points) and travel back to the heart (backward waves). Pressure waves
measured anywhere in the arterial system are the result of the interaction between forward and
backward waves. It has been hypothesized that the increased wave reflection observed in CoA
patients is caused by reflection of the forward pressure wave on the reconstructed aorta.7 Our
findings of an increased AIx and a shorter reflection time support these observations. In general the
AIx is principally determined by heart rate, aortic stiffness and reflection site.23;24 Heart rate did not
differ between CoA patients and controls, and correction for heart rate did not change the observed
differences between the two groups. We found no differences in carotid femoral PWV, a marker of
the global aortic stiffness, between CoA patients and controls. However, this may not exclude local
differences in aortic distensibility. Previous ultrasound and magnetic resonance studies have shown
that the proximal aorta is less distensible even after correction of the coarctation.25;26 It is known that
the pressure wave (and thus PP) arises from the interaction of left ventricular ejection and
compliance of the arterial system, which is mainly determined by the aorta.27 Indeed we and others
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have shown increased central aortic PP in CoA patients.7 9 Because the increase in AIx could not be
explained by differences in heart rate or global aortic stiffness in our study, the loss of elasticity in
the reconstructed aorta and subsequent changes in reflection site is the most likely explanation for
the observed differences in wave reflection.

In order to assess whether wave reflection can be pharmacologically modified in CoA
patients we used salbutamol and NTG, which are thought to affect pulse waveforms by decreasing
the magnitude of wave reflection from peripheral sites through vasodilation.19 The AIx is for a large
part determined by backward waves arising from the lower body, so the change in AIx in response to
salbutamol and NTG would mainly result from dilatation of the post coarctation vascular bed. At
baseline and after endothelium dependent (salbutamol) and endothelium independent vasodilation
(NTG), AIx remained higher in CoA patients. Meaning that there is an additional factor that increases
wave reflection in CoA patients. Although it has been shown that pre stenotic arteries have abnormal
vasodilation, post stenotic arteries indeed had normal vascular response to glyceryltrinitrate.28 We
therefore conclude that it is likely that the increased wave reflection seen in CoA patients is partially
caused by factors which cannot be influenced by pharmacologically induced vasodilation, such as
anatomical or functional properties of the aortic arch.

The mean decrease in wave reflection for salbutamol was comparable between the groups.
However, NTG reduced wave reflection to a larger degree in CoA patients than in control patients.
Our wave separation analysis model showed that not only the backward but also the forward
contributes to this. This suggests that in CoA patients reducing preload would effectively reduce
wave reflection.

Limitations
Our study was cross sectional and has all the inherent limitations. Since we did not measure aortic
length in patients or controls we cannot exclude that differences in aortic path length contribute to
the early wave reflection. Because height was similar in CoA patients and controls, we consider it
unlikely that the small surgically resected part of the aorta could explain the increased wave
reflection. Furthermore there was no association between height and AIx in CoA patients (data not
shown), suggesting that differences in aortic path length that result from differences in height are
not an important determinant of wave reflection. The number of CoA patients and controls in the
salbutamol and NTG study was small. We may therefore have missed small differences in response to
vasodilation between groups. The decrease in AIx for CoA patients and controls after salbutamol and
NTG was, however, comparable to normotensive healthy controls in a previous study19.

Conclusion
Wave reflection is increased in normotensive CoA patients without recoarctation compared to age
and gender matched controls. The increased AIx observed in CoA patients before and after
pharmacologically induced vasodilation gives further support to persistent anatomical and functional
disturbances in the aorta as a cause of early wave reflection. We show, however, that wave
reflection can be modified pharmacologically by vasodilating drugs and that the effect of NTG on
wave reflection and central systolic pressure was larger in CoA patients than in controls.



Perspectives
Increased AIx and central pressures are independent predictors of cardiovascular disease in the
population. Antihypertensive drugs, preferably those with vasodilating capacities should be assessed
for their ability to lower AIx and central pressure in CoA patients. It has not been determined though
whether AIx and central pressures longitudinally predict cardiovascular events in CoA patients.
Prospective follow up studies would need to be designed to answer this question. In the meantime a
first step would be to assess whether the AIx or central pressures are associated with organ damage
in this specific patient group.
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Introduction
Hypertension is on of the most important contributors to this increased cardiovascular risk in aortic
coarctation.1;2 Organ damage involving left ventricular hypertrophy (LVH) and an increased LV mass
are therefore often found in CoA. However, extensive LVH has also been described in neonates after
early repair and in normotensive CoA, which suggests that the LV abnormalities might have a more
developmental origin, which has been previously suggested.3 5 In general two different types of
cardiomyopathies can be distinguished. In patients with hypertrophic cardiomyopathy LVH has a
genetical origin, whereas in patients with aortic valve stenosis (AS) or hypertension, LVH is caused by
pressure overload. Discrimination between cardiomyopathies can readily be made with cardiac MRI
(CMR) as cardiomyopathies often show distinct patterns of fibrosis.6;7 The aim of this study is to
investigate the presence and pattern of LV fibrosis in CoA, which may render support to the
hypothesis of a developmental defect of the left ventricular myocardium.

In 2008 twenty seven consecutive adult CoA patients underwent late gadolinium enhanced
cardiovascular magnetic resonance imaging (CMR), echocardiography and 24 hour ambulatory blood
pressure monitoring (ABPM). The CONCOR database, the Dutch registry and DNA bank for adult
patients with congenital heart disease, was used to identify eligible patients.8 The Medical Ethics
Committee approved the protocol, and informed consent was obtained. The study protocol conforms
to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the
institution's human research committee. Hypertension was defined as a mean daytime blood
pressure of 135/85 mm Hg or higher. CMR imaging was performed using a 1.5 Tesla scanner
(Siemens Avanto, Erlangen, Germany). Late gadolinium enhancement images covering the LV were
acquired 10 minutes after intravenous injection of intravenous gadolinium with a segmented
inversion recovery sequence with an inversion time optimized to null. Normal myocardial signal (TI
between 200 ms and 300 ms) was defined as myocardial areas with signal intensity above the
average of apparently normal myocardium plus 2 standard deviations. Image analysis were
performed by one radiologist and focused on the presence of LV fibrosis. Residual aortic valve
gradients were assessed.9 Left ventricular mass was calculated from M mode echocardiography
tracings, using the Devereux formula, and indexed for body surface area (BSA). An increased LV mass
was defined as 101 g/m² for women and 117 g/m² for men.

Of all patients 16 (59%) were male, mean age was 34 years (range 11 57 yrs) and mean age
after repair was 7.0±8.6 years. Repair by resection and end to end anastomosis was performed in
eighteen patients (67%). Ten patients (37%) had hypertension based on ambulatory blood pressure
monitoring. An increased LV mass was found in 16 patients (59%). 15 (56 %) patients were diagnosed
with BAV. Aortic valve stenosis was found in 8 patients (all BAV patients). (Table 1) The presence of
LV fibrosis could not be detected with late gadolinium cardiovascular Magnetic Resonance Imaging
(CMR) in all 27 adult post coarctectomy patients.
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LV fibrosis as detected by late gadolinium CMR imaging could not be detected in CoA, despite the
high prevalence of hypertension, left ventricular hypertrophy and the former circumscript narrowing
of the aortic lumen. Despite successful surgery in CoA, 20 to 40% of the patients develops arterial
hypertension after repair.1 An increased LV mass and differences in systolic and diastolic LV function
have been observed in both those CoA patients with and without hypertension and even in the
absence of restenosis. These findings suggest that an aortic coarctation might be part of an extensive
developmental disorder including the left ventricle.3 5;10 Despite this hypothesis, previous studies
have shown a strong correlation between LV mass and the carotid intima media thickness in CoA,
both markers for target organ damage due to hypertension.10 These findings suggest that the
occurrence of left ventricular pathology in CoA is certainly related to the high prevalence of
hypertension. Surprisingly, LV fibrosis could however not be detected in CoA despite the high
prevalence of hypertension, increased LV mass and aortic valve stenosis. As LV fibrosis is often found
in genetically determined hypertrophic cardiomyopathies the current findings do not support the
hypothesis that aortic coarctation might be part of an extensive developmental disorder including
the left ventricle.6;7 Our findings suggest that LVH in CoA is largely hemodynamically driven, whereas
the damaging effect of pressure overload due to hypertension or aortic valve stenosis with regard to
the occurrence of LV fibrosis seems to be limited. Moreover, the absence of previous intracardiac
surgery and cyanosis after birth, and early coarctation repair might preserve the elastic properties of
the aorta and prevent LV damage and fibrosis. These findings suggest that the prognosis regarding
left ventricular failure is relatively good in these patients.
 

Table 1. 

n = 27

34

Male 16 59%

3 11%

15 56%

16 59%

19

93%
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Abstract
Background: Adult post coarctectomy patients (CoA) demonstrate an increased cardiovascular
morbidity and mortality. The carotid intima media thickness (CIMT), a marker for atherosclerosis, is
increased in CoA. The aim was to evaluate the predictive value of CIMT for cardiovascular events.
Methods and Results: Consecutive CoA patients were prospectively studied during 10.1 ± 0.7 years
follow up. At baseline and follow up echocardiography, MRI and CIMT imaging were performed,
while cardiovascular events were registered. CIMT data were compared with controls. The composite
endpoint included myocardial infarction, cerebrovascular events (CVA), aortic aneurysm repair,
(sudden) cardiac death. 160 CoA patients were studied. (median age 31.7 (18 74 yrs), 64% male).
Events occurred in 18 patients (11%); five (3%) with myocardial infarction, four (2.5%) with an
ischemic CVA, seven (4%) with aortic aneurysm repair and two (1%) died suddenly. An increased
CIMT ( 0.8 mm) (HR = 9.98, < 0.001) and increased cholesterol levels (HR = 4.95, P = 0.047) were
predictive for events. Baseline CIMT was increased in CoA compared to controls (0.64 ± 0.12 mm vs.,
0.57 ± 0.07 mm (P = 0.005). CIMT progression rates were similar. (0.0091 ± 0.016 mm/year vs 0.0097
± 0.018 mm/year, P = 0.84) Signs of atherosclerosis seem to appear significantly earlier in CoA.
Conclusion: The contemporary cardiovascular event rate in CoA is 11% in 10 years. Atherosclerosis
seems to appear significantly earlier in CoA compared to controls. CoA patients with a CIMT
exceeding 0.8 mm have a tenfold higher cardiovascular risk. CIMT seems to be a useful tool for
cardiovascular risk assessment in CoA.
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Introduction
Mortality and morbidity remain increased in patients with aortic coarctation (CoA) after successful
repair.1 3 Common complications after surgical repair include: systemic hypertension, aortic
aneurysm formation, cerebrovascular complications and premature coronary artery disease. 4 6

Previous studies have shown that coronary artery disease was the most common cause of premature
death in CoA, of which more than one third of all deaths were directly attributed to acute myocardial
infarction. Therefore it is thought that the major burden in CoA is caused by premature
atherosclerosis. 7

The carotid intima media thickness (CIMT) measures vascular remodeling and is a validated
non invasive reproducible marker for atherosclerosis. An increased CIMT has been found in the pre
coarctational arteries in both children and adult CoA patients, even in normotensive patients after
early repair. This supports the theory of a developmental defect of the proximal aorta and its
branches.1;8 11Vascular remodeling of the arterial wall is due also to the normal aging process,
residual aortic gradients and residual or recurrent hypertension.11 14

At present, data with regard to the incidence of clinical cardiovascular events in CoA is
lacking and we are unaware of the progression of vascular remodeling. Such data is necessary for
adequate cardiovascular risk management in CoA patients. The aim of the current prospective
observational study is to evaluate the burden of atherosclerosis in CoA patients by means of the
incidence of clinical cardiovascular events, to evaluate the predictive value of the CIMT on these
events, and to measure the vascular remodeling in time.

Methods
In this prospective follow up study, 160 consecutive CoA patients from three participating tertiary
referral centres were enrolled in 2001 and followed for 10.1±0.7 years. Eligible participants were
identified from the CONgenital CORvita (CONCOR) database, a Dutch National registry and DNA bank
for adult patients with congenital heart disease.15 At baseline, all patients underwent
echocardiography, CMR imaging, 24h ambulatory blood pressure monitoring and laboratory testing.
In 136 patients B mode ultrasound imaging of the carotid arteries was performed at baseline. Risk
factors for atherosclerosis were assessed. At follow up, data with regard to cardiovascular events
were collected from patient’s medical records. In 75 patients from this cohort who were willing to
participate B mode ultrasonography of the carotid arteries was repeated after a mean follow up of
7.0±0.7 years. As 7 year CIMT follow up data of a control population were lacking, we compared
CIMT data at both baseline and follow up with an age and sex matched control population.16 The
institutional review committee approved the protocol and an informed consent was obtained from
all participants. The study protocol conforms to the ethical guidelines of the 1975 Declaration of
Helsinki.

Clinical end points
Cardiovascular events were identified during follow up from patients’ medical records. The
composite cardiovascular endpoint included myocardial infarction (including acute coronary
syndrome, angina with documented ischemia and revascularization procedures) ischemic and
hemorrhagic cerebrovascular events as detected by CMR or CT imaging, surgery in case of aortic
aneurysms, and (sudden) cardiac death.



B mode ultrasonography of the carotid artery
B mode ultrasound images of the carotid arteries were acquired according to a standardized
protocol. Images were obtained from the right and left common carotid arteries, carotid bulbs and
internal carotid arteries. The mean CIMT was defined as the mean CIMT of the near and far walls
from both left and right carotid arteries. One well trained and experienced sonographer blinded to
all clinical information performed all measurements. An Acuson 128XP ultrasound instrument
(Acuson, Mountain View, CA) was used equipped with an L7 5 to 10 MHz linear array transducer and
extended frequency software. The images were analyzed by analysts who were blinded to all clinical
information.

Echocardiography
Echocardiograms were obtained with either a Vivid 3 or Vivid 7 (GE, Vingmed Ultrasound, Horton,
Norway). Images were obtained according to the ASE American Society. Anatomy of the aortic valve
and residual or recurrent gradients across the left ventricular outflow tract as well as ejection
fraction were determined. Aortic regurgitation and stenosis was assessed using multiple windows.17

Aortic regurgitation was classified as none or mild to moderate. A significant aortic valve gradient
was defined as a gradient over the aortic valve of at least 20 mmHg.18 Left ventricular mass was
calculated from M mode echocardiography tracings, using the Devereux formula, and indexed for
body surface area (BSA). Aortic root diameter and ascending aorta diameter were obtained from the
parasternal long axis view. The fractional shortening was calculated using M mode echocardio
graphy.

Ambulatory blood pressure monitoring
In all patients an automatic ambulatory blood pressure monitor (Spacelabs 90207, SpaceLabs Inc,
Redmond, WA) was placed on the right arm. Blood pressure was measured at regular intervals of 15
minutes at daytime and 30 minutes at nighttime. Patients were considered hypertensive when mean
daytime systolic blood pressure was 135 mm Hg and/or diastolic blood pressure was 85 mm Hg or
if patients were on anti hypertensive medication in accordance with the JNC 7 report.19;20

Cardiac magnetic resonance imaging (CMR)
CMR imaging was performed with a 1.5 Tesla MRI scanner with high power gradients (Siemens
Avanto, Erlangen, Germany). CMR was used to visualize the thoracic aorta. The largest diameter was
measured in the transverse aortic arch, the site of repair and the descending aorta at the level of the
diaphragm, using multiple image plane reconstruction (MPR) on screen. Both the transverse aortic
arch/diaphragmatic aorta and the site of repair/diaphragmatic aorta ratios were determined.
Recoarctation was considered to be more then mild when at least one of the following criteria was
met: hypertension and a resting blood pressure gradient 30 mmHg between right arm and leg, or
transverse aortic arch/diaphragmatic aorta ratio <0.7 or site of repair/diaphragmatic aorta ratio
<0.7.21 Furthermore the aortic arch morphology was assessed
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Statistical Methods
Data analysis was performed by means of the SPSS statistical package (16.0 for Windows; SPSS Inc.,
Chicago, Illinois, USA). Data are presented as mean ± SD, as median (range), or as number of patients
(percent). Comparisons of continuous variables between groups were made by two tailed, unpaired
Student’s t tests. Cox regression analysis was used to identify determinants for the occurrence of
cardiovascular events during the scheduled follow up period. Cumulative event rates were evaluated
using Kaplan Meier estimates and compared using the log rank test. Multiple imputations were used
to impute the missing CIMT values of 24 patients at baseline. Data as presented have been
performed without imputation. However, multiple imputation of missing CIMT values did not affect
the results. ROC analysis were used to determine the discriminative clinical CIMT cut off value for
clinical events in CoA, which was 0.8 mm. Linear regression analyses were used to identify
determinants for an increased CIMT at follow up and for an increased CIMT progression during
follow up. Multivariate stepwise regression analyses were performed using 0.1 as the criterion of
significance for removal of the variables and 0.05 for entry was used to identify independent
determinants the CIMT at the end of follow up.

Results
Patient population
Hundred and sixty adult CoA patients were included of which 103 (64%) were male with a median
age of 31.7 years (18 – 74 years) and a median age at repair of 5.3 years (0 – 37 years). Seventy one
percent underwent coarctation repair by end to end anastomosis, 13% patch angioplasty, 8%
subclavian flap angioplasty, and 7% graft interposition. Ninety four patients (59%) had a bicuspid
aortic valve (BAV). At baseline 80 (50%) of all patients suffered from hypertension, 50 patients (30%)
had increased total cholesterol levels and three (2%) patients suffered from diabetes. (Table 1)



Table 1. 

n = 160 Controls (n = 75) P Value

Age (years) NS

Male (60) NS

Body mass index (g/m²)  

 

 

 VSD*  

 Open ductus Botalli  

 

Age at repair (yrs)  

Type of repair  

 End to end anastomosis  

 Patch angioplasty  

 

 

 

 

 Patch aortoplasty  

 

Hypertension  

Smoking  

Diabetes  

Laboratory results  

 

 

 

 

Increased LV mass index (g/m²)§  

 

   

Clinical cardiovascular events
Clinical cardiovascular events occurred in 18 (11%) of all 160 CoA patients during 10 year follow up.
Of these patients, five patients (3%) had a myocardial infarction (of which two patients had a second
myocardial infarction), four patients (2.5%) had an ischemic cerebrovascular accident (of which three
patients had a second ischemic cerebrovascular event). Seven patients (4%) underwent surgery
because the presence of an aortic aneurysm. Sudden cardiac death was found in two patients (1%),
of which one patient after registered ventricular fibrillation. (Table 2)
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Event free survival in patients with and without an increased CIMT
ROC curve analysis revealed a clinical discrimitive CIMT cut off value of 0.80 mm for the clinical
events with an area under the curve (AUC) of 0.66 (95% CI = 0.49 to 0.84; p = 0.049), yielding a
sensitivity of 46% (95% CI = 19% to 87%) and a specificity of 87% (95% CI = 80% to 92%). Survival
analysis revealed that there was a significant difference in event free survival in patients with and
without an increased CIMT > 0.8 mm. Cumulative event free survival was significantly lower in
patients with a CIMT above 0.8 mm (P< 0.001, HR 9.98). (Figure 1)

0 2 4 6 8 10
0

20

40

60

80

100

CIMT 0.80 mm (N = 142)
CIMT > 0.80 mm (N = 18)

HR = 9.98
P < 0.001

Time to event (years)

Pe
rc

en
te

ve
nt

fr
ee

su
rv

iv
al

(%
)

 

Figure 1: Percentage event free survival in patients with and without an increased CIMT > 0.80 mm.

Determinants for clinical cardiovascular events during follow up
Univariate cox regression analysis demonstrated that age (HR = 1.070; CI: 1.03 1.11, P < 0.001),
elevated total cholesterol levels (HR = 6.59; CI: 1.40 31.08, P = 0.017), CIMT (HR = 350.14; CI: 4.51
27170.8, P = 0.008) and an increased CIMT (> 0.8 mm) (HR = 11.55; CI: 1.55 3.31, P < 0.001) are
associated with the occurrence of cardiovascular events during follow up. Multivariate Cox

Table 2. 

5 3%

Cerebrovascular events

Ischemic 4 3%

Hemorraghic

7 4%

Sudden cardiac death 2 1%

Total 18 11%



regression analysis revealed that increased total cholesterol levels (HR = 4.95, CI P = 0.047) and an
increased CIMT (> 0.80 mm) (HR = 9.98, P < 0.001) were predictive for the occurrence of
cardiovascular events during follow up. (Table 3). Figure 2 demonstrates the strong correlation
between CIMT and age and the distribution of the cardiovascular events in the CoA population.

Table 3. 

 HR P Value HR P Value

Age (years)

Male

Body mass index (g/m²)

 VSD*

 Open ductus Botalli

Age at repair (yrs)

Type of repair

 End to end anastomosis

Hypertension

Smoking 

Diabetes

Laboratory results

 Elevated Triglyceride levels

Increased LV mass index (g/m²)§
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Figure 2: Correlation between age and baseline CIMT and the distribution of cardiovascular events in CoA.

CIMT progression over time in CoA
CIMT progression rates were determined in 75 patients (45 male (60%), median age of 30.6 years
(range 18 74 years) after a mean follow up of 7.0 ± 0.7 years. CIMT data of CoA patients at both
baseline and follow up were compared with an age and sex matched control group. Baseline CIMT
was 0.64 ± 0.12 mm in CoA versus 0.57 ± 0.07 mm (P = 0.005) in the control population. At follow up
CIMT was 0.70 ± 0.14 mm in CoA versus 0.65 ± 0.12 mm (P = 0.001) in the control population. (Figure
3) These findings demonstrate that signs of atherosclerosis appear significantly earlier in CoA as
compared to controls. Overall CIMT progression rates were similar in the CoA population and healthy
controls (0.00 91± 0.016 mm/year versus 0.0097±0.018 mm/year (P = 0.84)). CIMT progression rates
were significantly higher in hypertensive CoA as compared to normotensive CoA patients (0.0051 ±
0.017 mm/year vs. 0.0140 ± 0.01 mm/year P = 0.04). However, no difference was found in CIMT
progression rates between patients with and without a cardiovascular event. (0.015±0.0283 vs.
0.0094 ± 0.0177; P = 0.59). CIMT progression rates were highest in the common carotid artery with
0.0137 mm/year as compared to 0.0105 mm/year in the carotid bulb and 0.0086 mm/year in the
internal carotid artery. (Table 4)
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Figure 3: CIMT progression in CoA versus controls during 7 years follow up. Baseline CIMT was 0.64 ± 0.12 mm
in CoA versus 0.57 ± 0.07 mm (P = 0.005) in controls. At follow up CIMT was 0.70 ± 0.14 mm in CoA versus 0.65
± 0.12 mm (P = 0.001) in controls.

Table 4. 

 Baseline
(mm)  

Follow-up
(mm)  

IMT progression rate
(mm / year)

Mean CIMT*

CCA†

CB‡

ICA§   

Determinants for an increased CIMT progression rate during follow up
Univariate regression analysis demonstrated that the prevalence of hypertension (ß = 0.01, CI: 0.028
0.154, P = 0.02,) and the baseline CIMT (ß = 0.053, CI: 0.088 0.018, P = 0.004) were associated
with an increased CIMT progression rate. In multivariate analysis these findings were confirmed and
demonstrate that the prevalence of hypertension (ß = 0.01, CI: 0.003 0.019, P = 0.007) and the
baseline CIMT (ß = 0.06, CI: 0.09 0.022, P = 0.001) were independent determinants for the CIMT
progression rate. (Table 5)
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Discussion
This is the first study to quantify the cardiovascular event rate in CoA, which is as high as 11% during
10 year follow up. For the first time, the predictive value of IMT for the occurrence of cardiovascular
events is demonstrated. CoA patients with an increased CIMT > 0.8mm were at tenfold higher risk for
cardiovascular events. Moreover, this study demonstrates that the atherosclerotic process appears
significantly earlier in CoA patients as compared to healthy controls, while overall atherosclerosis
progression rates are similar.

Former studies have shown that late death in CoA is caused by cardiovascular complications
in 70% of all cases. In 25 37% of all cases this is particularly caused by coronary atherosclerosis.22 24

The present study showed that in the 21st century the cardiovascular burden with an event rate of
11% during 10 year follow up is still high in this young population. These findings are similar to
Roifman et al. who found a significantly higher prevalence of coronary heart disease in CoA patients
compared to patients with a ventricular septal defect of similar age. 25

The current study found a strong relation between CIMT measured at baseline in CoA
patients and the development of cardiovascular events in time. CoA patients with a CIMT above 0.8
mm demonstrated even a tenfold higher risk for cardiovascular events. After adjustment for
traditional risk factors as hypertension and dyslipidemia this relation remained significant. Recently

Table 5. 

Univariate

P Value P Value

BSA



Roifman et al. found in a nested case control study that aortic coarctation alone was not associated
with coronary artery disease after adjustment for other risk factors.25 These findings together
suggest that CIMT measurements in CoA patients will improve cardiovascular risk assessment.

It is well known that CIMT is a reliable marker to assess overall cardiovascular mortality and
morbidity due to atherosclerosis in patients with and without CoA.26;27 In CoA both structural and
functional vascular abnormalities have been found despite early and successful surgical repair. 8;28 32

These functional vascular abnormalities are thought to be pre dominantly present in the pre
coarctational aorta and is branches in CoA after both early and late repair.1;28;29;33 Vriend et al.
demonstrated significant structural abnormalities in both the carotid and femoral arteries reflected
by an increased IMT, independent of age at surgery and blood pressure.1 The effect of early repair on
the pre coarctational wall was limited, which points towards a developmental origin of the vascular
abnormalities of the proximal aorta and its branches.

The current data are in accordance with previous in vitro data by Sehested et al. which have
shown more collagen, less smooth muscle cells, and reduced contractility in the pre coarctational
wall compared to the post coarctational wall.31 These findings suggest that the abnormal properties
of the proximal arterial system cannot be attributed to the pre operative raised blood pressure
alone, but are possibly part of an innate and fixed vascular defect. .34 36 However, data on long term
consequences of these vascular and hemodynamic abnormalities on the process of arterial wall
change and atherosclerosis are scarce.

We found that the process of atherosclerotic disease expressed by CIMT appears significantly
earlier in CoA patients as compared to controls. On the other hand, the CIMT progression rates were
similar for both groups. The progression was significantly increased in hypertensive CoA patients and
was related to the baseline CIMT. However, the clinical implications of CIMT progression rates are of
limited clinical value.37

The association between CIMT and hypertension has been previously described in the
general population.38 The prevalence of hypertension is significantly higher in CoA patients.39

Hypertension functions as cause and effect in CoA, causing an increased arterial stiffness, whereas
structural vascular abnormalities are also contributing to the development of hypertension.26;31;40;41

These findings indicate that the hemodynamic effects serve as an additional attributor to vascular
damage on top of the innate vascular alterations of the proximal arterial system in CoA, which
exposes CoA patients to an increased risk for hypertension and cardiovascular complications.

The current observations of a high incidence of cardiovascular events and the atherosclerosis
appears earlier in CoA patients compared to healthy controls emphasizes the need for an adequate
cardiovascular risk assessment of these young patients. CIMT measurement next to standard clinical
care appears helpful in identifying patients with the worst prognosis. Close surveillance with strict
control of cholesterol levels, diabetes, smoking and blood pressure with tight anti hypertensive
treatment will reduce the risk for progression of atherosclerosis and cardiovascular events. The
effect of statin therapy on the vascular wall damage and cardiovascular risk in CoA is not known but
currently evaluated in a prospective randomized setting.42
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Limitations
The main limitation of this study is that 7 year CIMT follow up data of a control population were
lacking. Therefore, we compared CIMT data at both baseline and follow up with seperate age and
sex matched control populations.
A second limitation is that CIMT measurements were not available in 24 patients at baseline.
However, multiple imputations of these missing CIMT values did not affect the results.

Conclusion
The contemporary cardiovascular event rate in CoA patients is 11% in 10 years. Atherosclerosis
appears significantly earlier in CoA patients as compared to controls, while overall atherosclerosis
progression rates are similar. CoA patients with a CIMT exceeding 0.8 mm have a tenfold higher
cardiovascular risk. CIMT measurement appears to be a useful clinical tool to improve cardiovascular
risk assessment in CoA patients. A close surveillance and risk factor modification with special
attention for blood pressure is of major clinical importance to prevent cardiovascular complications
in CoA
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Abstract
Background: HMG coA reductase inhibitors (statins) have been proven to reduce atherosclerosis
progression as observed by carotid intima media thickness in patients with known coronary heart
disease, independent of lipid lowering. Cardiovascular complications are common in patients after
successful coarctation repair. The effect of statins on cardiovascular risk in adults after successful
coarctation repair has not yet been established.

Methods: We designed a multicentre, prospective, randomized, open label trial to evaluate the
effect of the HMGcoA reductase inhibitor (Atorvastatin) on atherosclerotic progression in adult post
coarctectomy patients. The primary endpoint in this study is the carotid intima media thickness as
measured by Bmode ultrasonography of the carotid arteries.

Conclusion: This large prospective, randomized, open label trial will establish the effect of HMG coA
reductase inhibitors (Atorvastatin) on cardiovascular risk in adult patients after successful coarctation
repair.
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Introduction
Coarctation of the aorta is typically a discrete narrowing of the thoracic aorta just distal to the left
subclavian artery. Coarctation of the aorta is a common malformation, accounting for 6 to 8 percent
of all congenital heart defects. 1;2 Without surgical repair, average life expectancy in coarctation
patients is 35 years, with 90% of the patients dying before the age of 50 years.3 Although life
expectancy has dramatically improved since the advent of corrective surgical techniques,
complications are common and mortality is increased in these patients. 3;4 Age at repair is a
significant contributor to survival in coarctation patients, and early repair is recommended.5;6 Despite
early and successful repair, coarctation patients appear to have persisting vascular abnormalities
such as impaired endothelial function and abnormal elastic properties of large vessels, especially at
the pre coarctation vascular tree.7 12

The most common cause of this premature death is coronary artery disease, followed by
sudden death, heart failure, cerebrovascular accidents and ruptured aortic aneurysms. In 25 37% of
the cases, late death is caused by coronary atherosclerosis.5;13;14 Hypertension and left ventricular
hypertrophy are among the factors that contribute to premature death of coronary and
cerebrovascular disease in patients after surgically repaired coarctation. Although blood pressure
typically falls after successful repair, persistent or recurrent hypertension and disproportionate
systolic hypertension with exercise are not uncommon. 15 17

The previously described increased risk for coronary atherosclerosis in coarctation patients
as compared to the healthy population is reflected by an increased carotid intima media thickness
(CIMT) as described in a recent report from our institution.10;12 CIMT is nowadays considered a
reproducible endpoint for atherosclerosis, and was significantly increased in both normotensive and
in hypertensive post coarctectomy patients.12 In a previous study by Shukla et al, it was shown that
low dose HMG coA reductase inhibitors (statins) reduced progression of atherosclerosis as observed
by carotid CIMT in patients with known coronary heart disease and normal lipid values independent
of lipid lowering. This study favours the use of this statin therapy in patients with normal cholesterol
levels.18 In addition pleiotropic effects of statin therapy include improvement of endothelial
dysfunction, anti inflammatory properties and stabilization of atherosclerotic plaques.19;20 Statin
treatment might prevent additional damage and progression of existing damage in the main arteries
in adult post coarctectomy patients. However, the benefit of statins on cardiovascular risk in patients
after successful coarctation repair has never been evaluated. A large prospective sufficiently
powered intervention trial evaluating the use of statins in adult post coarctectomy patients is
warranted.

Methods
Study overview
We designed a multi centre, prospective, randomized open label study with blinded endpoints
(Probe design) to evaluate the effect of the HMG coA reductase inhibitor (Atorvastatin) on
atherosclerotic progression in adult post coarctectomy patients. The study is being conducted in 6
tertiary referral centres in the Netherlands. The protocol has been approved by the institutional
ethics committees of the participating centres. The authors are solely responsible for the design and
conduct of this study; all study analyses, the drafting and editing of the paper, and its final contents.
The study is supported by an unrestricted educational grant provided by Pfizer B.V., The Netherlands.



The trial is registered at http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=1065. A flowchart
of the study design is shown in figure 1.

Objectives:
Primary objective: The main objective of this study is to assess whether statin therapy reduces the
progression of CIMT (atherosclerotic disease) as measured by B mode ultrasonography of the carotid
arteries, in patients after successful coarctation repair.
Secondary objective: The second objectives are to assess whether statin treatment influences:

Mortality and morbidity due to cardiovascular disease (i.e. myocardial infarction, cerebrovascular
accidents, aortic complications and heart failure).

The concentration of serum lipids.
Liver and renal function.
Persistent or recurrent hypertension and the exaggerated rise in systolic pressure in response to

exercise.
Pulse wave velocity through the aorta.
Quality of life.

Study selection

Patients 18 years old after successful coarctation repair who were treated in one of the
participating centres (Academic Medical Centre Amsterdam, VU University Medical Centre
Amsterdam, University Medical Centre Utrecht, Radboud University Medical Centre Nijmegen,
University Medical Centre Groningen and Leiden University Medical Centre) were eligible to
participate in the study. Inclusion and exclusion criteria are detailed in Table 1.

Potential candidates were identified via the CONCOR database, a national database and DNA
bank of adult patients with congenital heart disease.21 If a patient met all the inclusion and none of
the exclusion criteria, the patient was invited to the outpatient clinic for a detailed explanation of the
study and asked for informed consent.
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Table 1. Inclusion and exclusion criteria.

Inclusion criteria

Exclusion criteria

Randomization
Eligible patients were randomly assigned to Atorvastatin 80 mg once a day or no prescription of
statins (no placebo) using randomly permuted blocks of 6 or 4, stratified by site. If randomization
indicates use of Atorvastatin, the investigator prescribed the medication to the patient. Patients
obtained the prescribed Atorvastatin from their local pharmacy.

Study Medication
Patients in the Atorvastatin group started on 80 mg once daily. After 3 months blood analysis were
performed. Other medication was noted, but continued. For each individual safety of Atorvastatin
use in combination with other drugs was evaluated.
Trial medication was ceased if any of the following events occurred:

Raised plasma transaminase levels > three times limiting value.
Symptoms of decreased liver function: icterus, discoloured stools, dark urine.
Raised CPK level > five times limiting value.
Myopathia.
In the occurrence of any of the events stated above the patient can contact their treating

physician or the principal investigator of any of the participating centres.

Outcome Measures

At baseline study measures (i.e. Medical history, physical examination (including weight, height and
BSA), B mode ultrasonography of the carotid arteries, electrocardiography, 24 hour ambulatory
blood pressure monitoring, echocardiography, exercise testing, CMR, blood analysis, and quality of
life questionnaires) were obtained in all participating patients. These study measures will be
repeated after 3 years follow up. Physical examination, B mode ultrasonography of the carotid
arteries, electrocardiography, echocardiography, blood analysis and quality of life questionnaires will
be repeated after 1.5 year. (Figure 1) Medical history included parameters such as; type of



coarctation repair, age at repair, the presence of associated congenital cardiac abnormalities, re
operation, medical therapy and cardiovascular disease risk factors.

Figure 1: Flow diagram for the trial. B mode CIMT, B mode ultrasonography of the carotid arteries; ECG,
Electrocardiogram; 24h ABPM, 24 hour ambulatory blood pressure monitoring; CMR, cardiovascular magnetic
resonance imaging; PWA, pulse wave anlysis; QOL, quality of life questionnaires.

Clinical data and definitions
B mode ultrasonography of the carotid artery
CIMT measurements were performed in all patients at baseline and will be repeated at 1.5 year and
after 3 years follow up to establish the primary end point. B mode ultrasound images of the carotid
arteries were acquired according to a standardized protocol. Images were obtained from the arterial
wall segments of the right and left common carotid arteries, carotid bulbs and internal carotid
arteries. One well trained and experienced sonographer blinded to all clinical information
performed all measurements.

An Acuson 128XP ultrasound instrument (Acuson, Mountain View, CA) was used, equipped
with an L7 5 to 10 MHz linear array transducer and extended frequency software. Standard views of
2 by 2 cm were imaged. The views were saved as 4:1 compressed JPEG files. Validated hardware and
software was used for image analyses. The images were analyzed by analysts who were blinded to all
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clinical information. To facilitate statistical analysis, the mean CIMT (from the right and left common
carotid artery, carotid bulb and internal carotid artery) was defined as the mean CIMT of the near
and far walls both left and right.

Electrocardiography
A 12 lead ECG was registered at baseline, and will be repeated at 1.5 year and after 3 years follow
up.

Ambulatory blood pressure monitoring
All patients underwent 24 hour ambulatory blood pressure monitoring at baseline and
measurements will be repeated at the end of follow up.

Systolic and diastolic blood pressures were assessed on the right arm after a 5 minute rest
period, by using an aneroid sphygmomanometer (Speidel and Keller Maximstabil 3, Welch Allyn,
Jungingen, Germany). The average of three measurements was considered as rest blood pressure. In
all patients an automatic ambulatory blood pressure monitor (Spacelabs 90207, SpaceLabs Inc,
Redmond, WA) was placed on the right arm. The right arm was used to avoid operation related
blood pressure disturbances. Systolic and diastolic blood pressures and heart rate were recorded
over at least 24 hours. Blood pressures were measured at regular intervals of 15 minutes at daytime
and 30 minutes at nighttime. Patients kept an activity diary, including the amount of time they slept.
Ambulatory blood pressure studies were performed with the monitor display switched off, to avoid
that blood pressure readings were affected by the patient’s anticipation. Ambulatory blood pressure
monitoring was only considered acceptable, when at least 85% of the measurements were
successful. Patients were considered hypertensive when mean daytime systolic blood pressure was

135 mm Hg and/or diastolic blood pressure was 85 mm Hg or if patients were on anti hypertensive
medication, in accordance with The Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7 Report).22

Echocardiography
All patients underwent an echocardiographic examination at baseline, at 1.5 year and at 3 year
follow up. Echocardiography was performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton,
Norway) ultrasound images system. The echocardiogram performed the closest to the concomitant
CMR was analyzed. Aortic root diameters were measured in end diastole at the level of the sinus of
Valsalva. The aortic dimensions were measured using the leading edge to leading edge technique
according to the recommendations of the American Society of Echocardiography.23;24 Anatomy of the
aortic valve and residual or recurrent gradients across the left ventricular outflow tract as well as
ejection fraction were determined. The diagnosis of BAV was made when 2 aortic cusps were clearly
identified in the short axis, with partial or complete fusion of 2 aortic valve leaflets resulting in either
partial or complete absence of a functional commissure between fused leaflets.25 Aortic regurgitation
and stenosis was assessed using multiple windows.26 Aortic regurgitation was classified as none or
mild to moderate. Patients were considered to have a significant gradient when we observed a
gradient over the aortic valve of at least 20 mmHg.27 Left ventricular mass was calculated from M
mode echocardiography tracings, using the Devereux formula, and indexed for BSA. An increased LV



mass was defined as 101 g/m² for women and 117 g/m² for men, and was determined according to
the baseline echocardiographic investigation.

Exercise testing
Exercise testing was performed in all patients at baseline and will be repeated after 3 years follow
up. Before the start of the exercise test, supine systolic and diastolic blood pressure was measured
on the right arm after a 5 min rest period, using an aneroid sphygmomanometer (Speideland Keller
Maxistabil 3).

The arm leg ratio was calculated after the systolic blood pressure in the right leg was
determined by palpation of the posterior tibial artery. All patients underwent a maximal, symptom
limited, standardized treadmill exercise test, following the Bruce protocol. During the exercise test,
blood pressure was measured at regular intervals of 3 min by conventional sphygmomanometry. The
operator was unaware of the results of the 24 h blood pressure measurements. Patients with a
maximal peak exercise systolic blood pressure >200 mmHg were considered to have exercise induced
hypertension.

Cardiac Magnetic Resonance Imaging (CMR)
Cardiac Magnetic Resonance Imaging was performed in all patients at baseline and will be repeated
at 3 years follow up. Image acquisition was performed by cardiovascular magnetic resonance
angiography by using a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany). To visualize the
entire aorta, a three dimensional T1 weighed spoiled gradient echo sequence was used after
administration of intravenous Gadolinium. This resulted in a three dimensional representation of the
entire aorta. Diameters were determined in the ascending aorta at the level of the right pulmonary
artery, distal transverse aortic arch, coarctation site, descending aorta, and at the level of the aorta
diaphragm. The diameter of the ascending aorta at the level of the right pulmonary artery was used
as the standard data acquisition point for the ascending aorta. For CMR analyses, two independent
observers (RF, PL) used Impax client 6.0 (Leiden, NL). Furthermore the aortic arch morphology was
assessed.28

Pulse wave analysis (PWA)

The PWA measurements were performed in 124 (80%) of the patients and will be repeated at 1.5
years, and after 3 years follow up by the Sphygmocor device and the Millar tonometer (SPC 301,
Millar Instruments). To determine pulse wave velocity (PWV), pressure waveforms were recorded at
the carotid and radial artery sequentially. Wave transit time was calculated by the SphygmoCor
(version 8, AtCor) system software, using the R wave of a simultaneously recorded ECG as a
reference frame. Surface distance between the two recording sites was measured, thus allowing
PWV to be determined. The measurements were performed both on the left and right side. For every
two patients in whom this measurement was performed, one control was recruited. Controls are age
and gender matched healthy volunteers. Eligible volunteers received a letter with information about
the purpose of the study and the Pulse Wave Analysis.
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Blood analysis
At baseline blood analysis were performed in all patients at baseline, and will be repeated after 3
months, 1.5 years and at 3 years follow up. Concentrations of the following parameters were
recorded: haemoglobin, hematocrit, C reactive Protein (CRP), leucocytes, thrombocytes, glucose,
sodium, potassium, creatinine, urea, alanine aminotransferase, aspartate aminotransferase, gamma
GT, alkaline phosphatase, CPK, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides.
Patients do need to fast before blood samples are taken. All blood samples are drawn and analysed
locally.

Statistical analysis
Sample size calculation was based on the primary endpoint (per subject averaged carotid mean IMT);
a standard deviation (of the means of the difference of paired replicate observations) of 0.10 mm;
and a considered clinically relevant difference of 0.05 mm carotid IMT between groups (2 sided
alpha=0.05; beta=0.2). Based on these assumptions we calculated that 128 patients are required to
obtain 80% power to detect a difference of 0.05 mm in IMT between the treatment groups. To
accommodate for a 10% drop out, the inclusion of at least 150 patients was advised.29 For statistical
analyses, SPSS 16.0 (SPSS Inc, Chicago, IL) for Windows is used. A 2 tailed probability value of < 0.05
is used as a criterion for statistical significance. Descriptive data will be presented as number with
percentage, mean with SD or median with range, as appropriate. The primary analysis will be
according to the intention to treat principle. Chi square for qualitative data and independent t tests
for quantitative data will be applied to detect differences between the statin group and the
untreated group at baseline. If there are significant differences between groups on parameters that
could influence study outcome, we will perform covariate adjusted comparisons as a secondary
analysis. Differences between baseline and follow up between groups will be assessed using a paired
t test. To detect differences in the end points between the statin group and the untreated group will
be determined by a Chi square or independent t test. A probability value of p < 0, 05 is considered
significant.

Time line and trial management
Patients were enrolled in the study from October 2007 until April 2010. Of the 690 eligible patients,
160 patients gave informed consent. There were no significant differences between eligible patients
that consented and eligible patients that refused participation. (Table 2) Of all patients that signed
informed consent, 9 (5 %) discontinued their involvement before the end of the study at 3 year
follow up. Reasons for discontinuation included myopathia and pregnancy wish. Table 2 summarizes
the baseline characteristics of the study population.



Discussion
This is the first prospective multicenter, randomized trial to evaluate the effect of statin treatment
on the carotid intima media thickness in patients after successful repair of aortic coarctation.

Previously, aortic coarctation has been considered to be a surgically correctable lesion, and
often patients were discharged form cardiological care. Despite the improved survival in these
patients after repair, survivors still have decreased life expectancy, with cardiovascular complications
as the main cause. Currently it is evident that a meticulous surveillance of these patients by a
cardiologist specialised in the field of congenital heart disease is warranted. Due to the high
cardiovascular risk in these patients, thorough risk assessment for coronary artery disease is
necessary in these patients, and therapy should be focused on modifying these risk factors.
Treatment of hypertension should begin with recommendations to improve lifestyle such as diet,
weight control and exercise, and if uncontrolled medical treatment should be initiated.15

Considering anti hypertensive treatment, diuretics and beta blockers are recommended and
several trials indicate that renin angiotensin aldosteron system inhibitors may have a protective
effect, besides the lowering effect on blood pressure.
Organ damage in coarctation patients i.e. an increased left ventricular mass, left ventricular systolic
and diastolic dysfunction and structural and functional abnormalities of the proximal arteries and its
branches persist even after successful repair, even in normotensive patients.9;30 32 These findings
advocate the use of RAAS inhibitors in these patients, for they may benefit from the protective
effects.

However, the protective effect of statins on vascular function in coarctation patients has
never been evaluated. Today, carotid IMT is the most widely used non invasive measure for
atherosclerosis, to quantify the extent of subclinical disease and to monitor change over time.
Several cohort studies in subjects with and without vascular disease or cardiovascular risk factors
have been performed, and consistently demonstrated that an increased CIMT is related to an
increased cardiovascular risk. Several studies have shown that low density lipoprotein (LDL) lowering
has a beneficial effect on CIMT and on the change in ateroma volume as determined with a
miniaturised intra coronary ultrasound device as used in the IVUS study. These studies demonstrate
the concordance between trial outcome as determined by ultrasonic wall measurements in the
carotid and coronary arteries, and by clinical outcome.33 35 A meta analysis across several trials
demonstrated that statin therapy was associated with an average decrease of CIMT progression of
0.012 mm/year. Moreover, a risk reduction of 52% for cardiovascular disease (CVD) events was
found. In this analysis, CIMT benefit was linked to the reduction of cardiovascular events.36 Several

Table 2. 
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 Consent No Consent P Value

 Male
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Male



13

intervention studies established for CVD risk factors have shown a significant effect on CIMT
progression within 12 18 months, with results consistent with clinical event trials.35 These findings
demonstrate the wealth of experience with external carotid ultrasound, as a validated imaging
technique for the qualification of , and the effect of intervention on subclinical atherosclerosis. The
increased carotid and femoral IMT that has been demonstrated in coarctation patients, despite early
and successful repair, reflects the increased cardiovascular risk in these patients.12;37;38 The fact that
early repair seems to protect postcoarctation arterial wall structure, but demonstrates only limited
effects on precoarctation vessel wall, supports the theory of a developmental defect of the proximal
aorta and its branches.12 The developmental abnormalities are accompanied by vascular
abnormalities such as an impaired endothelial function and abnormal elastic properties of large
vessels, especially at the pre coarctational tree.7 12 A recent meta analysis in familial
hypercholesterolemia (FH) patients demonstrated that statin treatment is associated with significant
improvement of arterial structure and endothelial function. 39 Furthermore, it is known that the
pleiotropic effects of statins include improvement of endothelial dysfunction, antioxidant effects,
anti inflammatory properties and stabilization of atherosclerotic plaques, and may be unrelated to
the cholesterol lowering properties of the drugs.19;20 These findings indicate that coarctation patients
may benefit from the pleiotropic effects of statin treatment, in addition to the cholesterol lowering
effects. However, the effect of statins on endothelial function in patients after coarctation repair
remains unknown.

This study aims to provide further insights in the effect of statins (Atorvastatin) on
atherosclerosis progression, and vascular function, and overall cardiovascular risk in adult patients
after successful coarctation repair.

Limitations
One limitation of this study is that we did not measure HbA1c levels, but that we measured fasting
glucose levels at baseline, 1.5 year and 3 year follow up. It might have been more accurate to use
HbA1c to assess the effect of glucose levels on cardiovascular risk in these patients.

Conclusion
This multi centre, prospective, randomized open label study with blinded endpoints may establish
the role of statins (Atorvastatin) in the treatment of patients after successful repair of aortic
coarctation, and might provide these patients with a reduction of the increased risk of cardiovascular
disease.
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Abstract
Aims: Carotid intima media thickness (CIMT) is an established marker for atherosclerosis. Patients
after coarctation repair (CoA) demonstrate an increased CIMT compared to controls. The role of
statins on CIMT and cardiovascular risk in CoA is unknown.
Methods and Results: We designed a multicentre, prospective, randomized, open label trial with
blinded endpoint (PROBE design) to evaluate the effect of three year treatment with Atorvastatin 80
mg once daily on the change in CIMT and cardiovascular risk in CoA. The primary endpoint was CIMT
measured by B mode ultrasonography. Secondary outcome measures were mortality and morbidity
due to cardiovascular disease and serum lipids.

155 patients (36.3±11.8 yrs, 96 (62%) male) were randomised (Atorvastatin = 80, no
treatment = 75). There was no significant effect of Atorvastatin on the change in CIMT. (Treatment
effect 0.005, 95%CI, 0.039 – 0.029; P = 0.76). A significant effect on serum cholesterol and LDL
levels was found. ( 0.71, 95%CI, 1.16 0.26; P = 0.002 vs. 0.66 1.06 0.26; P = 0.001) There was no
difference in secondary outcome measures. Baseline CIMT was higher in hypertensive compared to
normotensive CoA. (0.69± 0.16 mm vs. 0.61±0.98 mm; P = 0.002). Hypertension (ß = 0.043, P = 0.031)
was the strongest determinant for the change in CIMT.
Conclusion: Three year treatment with Atorvastatin does not lead to a reduction of CIMT and
secondary outcome measures, despite a decrease in total cholesterol and LDL levels. Hypertensive
CoA patients demonstrate the highest CIMT and the largest CIMT progression. Blood pressure control
should be the main focus in CoA to decrease cardiovascular risk.
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Introduction
Aortic coarctation (CoA) is a typical discrete aortic narrowing distal to the left subclavian artery.1

Despite surgical or percutaneous repair, CoA patients demonstrate a significant premature morbidity
and mortality.2 4 Several studies have shown that the main cause of death in CoA is premature
coronary atherosclerosis.2;5 8

Carotid intima media thickness (CIMT) is known to be a reproducible marker for atherosclerosis
and is associated with future cardiovascular risk and the occurrence of cardiovascular events in the
general population.9 12 Previous studies demonstrated an increased CIMT in both children and adult
CoA patients, even in normotensive CoA and in those after early repair, which might reflect the
increased cardiovascular risk.13;14

In the general population, traditional risk factors such as hypertension and cholesterol levels
have been proven to be important determinants for CIMT progression.9;15 Moreover, LDL cholesterol
levels are one of the key determinants for CIMT as confirmed by a linear relationship between LDL
cholesterol levels and CIMT.16 A meta analysis across several trials demonstrated that statin therapy
resulted in an average decrease of CIMT progression of 0.012 mm/year together with a 52% risk
reduction for cardiovascular disease.17 18 Shukla et al demonstrated that low dose statins reduced
progression of atherosclerosis reflected by the change in CIMT over time in patients with acquired
coronary heart disease and normal lipid values independent of lipid lowering.19

Brili et al. demonstrated that four weeks treatment with Atorvastatin in CoA significantly
improved endothelial function and decreased serum levels of proatherogenic inflammatory
cytokines.20;21 These data are intriguing as CoA patients have increased circulating levels of
proinflammatory cytokines and adhesion molecules, which have a well established role in
atherogenesis development. 22 However, the benefit of statin treatment on the vascular wall and
cardiovascular risk in CoA patients has never been investigated. Therefore, the aim of our study was
to evaluate the beneficial effect of statin therapy on the change in CIMT over time in CoA. Secondary
endpoints included mortality and morbidity due to cardiovascular disease, aortic diameters, blood
pressure, and serum cholesterol levels.

Methods
Study overview
We designed a multi centre, prospective, randomized open label study with blinded endpoints
(PROBE design) to evaluate the effect of three year treatment with high dose Atorvastatin on the
change in CIMT in CoA. Six tertiary referral centres in the Netherlands participated in this trial.
Potential candidates were identified via the CONCOR database, a national database and DNA bank of
adult patients with congenital heart disease.23;24 The study complies with the Declaration of Helsinki;
locally appointed ethics committees have approved the research protocol and informed consent was
obtained from all subjects prior to their participation in the study. The trial design including the
power calculation is registered at: http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=1065.

Study population

Adult patients after successful coarctation (CoA) repair followed in one of the participating centres
(Academic Medical Centre Amsterdam, VU University Medical Centre Amsterdam, University Medical
Centre Utrecht, Radboud University Medical Centre Nijmegen, University Medical Centre Groningen



and Leiden University Medical Centre) were eligible to participate in the study. Inclusion and
exclusion criteria are detailed in Table 1. If a patient met all inclusion and none of the exclusion
criteria, the patient was invited to the outpatient clinic for a detailed explanation of the study and
asked for informed consent.

Interventions
Participating patients randomized for medication started on study medication when all baseline
examinations had been performed. Patients in the Atorvastatin group started on 80 mg once daily.
After 3 months blood analyses were performed. The use of co medication during the study was
closely monitored.

Blinding and randomization
Patients were randomized according to a computer generated randomization sequence using
randomly permuted blocks of 6 or 4, stratified by site. Eligible patients were randomly assigned to
Atorvastatin 80 mg once a day or no prescription of Atorvastatin. If randomization indicated use of
Atorvastatin, medication was prescribed by the investigator. Patients obtained the prescribed
Atorvastatin from their local pharmacy.

Outcome Measures

At baseline study measures (i.e. medical history, physical examination, B mode ultrasonography of
the carotid arteries, 24 hour ambulatory blood pressure monitoring, echocardiography, exercise
testing, CMR imaging and blood analysis) were obtained in all participating patients. These study
measures were repeated after 3 years follow up. Physical examination and blood analysis were
repeated after 1.5 years follow up. Study protocols at baseline after 1.5 years and after three years
follow up were identical. Medical history included parameters such as; type of coarctation repair,

Table 1. Inclusion and exclusion criteria.

Inclusion criteria

Exclusion criteria
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age at repair, the presence of associated congenital cardiac abnormalities, re operation, medical
therapy and cardiovascular disease risk factors.

Clinical data and definitions
B mode ultrasonography of the carotid artery (CIMT imaging)
CIMT imaging was performed at baseline and after three years follow up. Images were acquired
according to a standardized protocol, and obtained from the arterial wall segments of the right and
left common carotid arteries, carotid bulbs and internal carotid arteries. Two well trained and
experienced sonographers blinded to all clinical information performed all measurements
ultrasound scans. An Acuson 128XP ultrasound instrument (Acuson, Mountain View, CA) was used.
Standard views of 2 by 2 cm were imaged of each arterial segment were .saved as a DICOM still
image. All scans were analyzed off line in a core lab. Validated software was used (eTRack), as
extensively published before. The primary endpoint was defined as the per subject aggregate of
available IMT measurements at a given time point in the study.

Ambulatory blood pressure monitoring (24h ABPM)
All patients underwent 24h ABPM at baseline and at follow up. An automatic ambulatory blood
pressure monitor (Spacelabs 90207, SpaceLabs Inc, Redmond, WA) was placed on the right arm. The
right arm was used to avoid operation related blood pressure disturbances. Blood pressures were
measured at regular intervals of 15 minutes at daytime and 30 minutes at nighttime. Patients were
considered hypertensive when mean daytime systolic blood pressure was 135 mm Hg and/or
diastolic blood pressure was 85 mm Hg or if patients were on anti hypertensive medication, in
accordance with the JNC 7 Report. 25

Exercise testing
Exercise testing was performed in all patients at baseline and was repeated after 3 years follow up.
All patients underwent a maximal, symptom limited, standardized treadmill exercise test, following
the Bruce protocol. During the exercise test, blood pressure was measured at regular intervals of 3
min by conventional sphygmomanometry. Patients that were normotensive at rest and had a
maximal peak exercise systolic blood pressure >200 mmHg were considered to have exercise induced
hypertension.26 27

Cardiac Magnetic Resonance Imaging (CMR)
Cardiac Magnetic Resonance Imaging was performed in all patients at baseline and was repeated
after 3 years follow up. Image acquisition was performed by CMR angiography by using a 1.5 Tesla
scanner (Siemens Avanto, Erlangen, Germany). Diameters were determined in the ascending aorta at
the level of the right pulmonary artery, distal transverse aortic arch, coarctation site, descending
aorta, and at the level of the aorta diaphragm. The diameter of the ascending aorta at the level of
the right pulmonary artery was used as the standard data acquisition point for the ascending aorta.
For CMR analyses two independent observers used Impax client 6.0 (Leiden, NL).28



Blood analysis
At baseline blood analysis was performed and was repeated after 3 months, 1.5 years and at 3 years
follow up. Concentrations of the following parameters were recorded: C reactive Protein (CRP),
glucose, sodium, potassium, creatinine, urea, alanine aminotransferase, aspartate aminotransferase,
gamma GT, alkaline phosphatase, CPK, total cholesterol, HDL cholesterol, LDL cholesterol,
triglycerides. Patients did need to fast before blood samples were taken. All blood samples were
drawn and analysed locally.

Clinical endpoints:
In order to evaluate clinical outcomes cardiovascular endpoints were defined as follows; coronary
ischemia (including acute coronary syndrome, myocardial infarction, angina with documented
ischemia and revascularization procedures) ischemic and hemorrhagic cerebrovascular events,
surgery for aortic aneurysms, surgery for aortic recoarctation, new onset hypertension and (sudden)
cardiac death.

Statistical methods
Data are expressed as numbers with percentage, as mean with standard deviation, or median with
range, as appropriate. Changes between baseline and follow up were assessed for all patients in the
statin group and the group without treatment, using a two tailed paired t test or Wilcoxon matched
pairs signed ranks test where appropriate. Differences in outcome variables between intervention
and control group were assessed by Student’s independent t test or Mann Whitney U as appropriate.
Regression analyses were used to determine the most important determinants for the change in
CIMT over time in CoA. In these analyses, cardiovascular risk factors were selected on statistical and
biological grounds. For statistical analyses, PASW 18.0 (SPSS Inc., Chicago, Illinois) for Windows was
used. A 2 tailed p value of < 0.05 was used as a criterion for statistical significance.

Results
Study population
A total of 612 patients registered in the CONCOR database at time of inclusion were invited to
participate in the trial. Of all 612 patients, 155 patients signed informed consent and were enrolled
between October 2007 and October 2009. There were no significant differences between eligible
patients that consented and eligible patients that refused participation.6 Out of these 155 patients,
80 patients were randomly assigned to Atorvastatin treatment and 75 patients were assigned to no
treatment. Baseline characteristics are described in Table 2.

The primary endpoint (change in CIMT) could not be evaluated in 22 patients (Atorvastatin =
12 (15%), no treatment group = 10 (14%) as follow up CIMT was not performed. (Figure 1) Six
patients (7%) reduced their study medication to 40 mg once daily due to complaints of muscle pain.
Mainly due to practical issues concerning the planning of CIMT and CMR, follow up duration varied
from 2.3 years to 4.4 years, with a mean follow up of 3.3 years. The primary analysis was intention
to treat and involved all patients who were randomly assigned except those in whom the primary
endpoint could not be evaluated.
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Table 2. 
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Secondary outcome measures
Laboratory results:
Total cholesterol levels decreased from 4.55±0.93 mmol/l to 3.63±1.21 mmol/l (P < 0.001) in the
statin group and from 5.00±1.09 mmol/l to 4.93±1.20 mmol/l (P = 0.63) in the no treatment group,
with a within group difference of 0.71 mmol/l ( 1.16 0.26, P = 0.002). LDL cholesterol levels
decreased significantly in the statin group from 2.65±0.75 mmol/l to 1.81±1.12 mmol/l (P < 0.001)
compared to from 3.08±1.04 mmol/l to 3.07±97 mmol/l in the group without treatment (P = 0.95)
with a within group difference of 0.66 mmol/l ( 1.06 0.26, P < 0.001). No significant changes in
HDL cholesterol levels, serum triglycerides and CRP levels were found between the statin group and
the group without treatment.

CMR imaging:
The ascending aortic diameter changed from 29.3±5.5 mm to 29.6±8.3mm (P = 0.76) in the statin
group and from 31.7±6.9mm to 31.4±6.02 (P = 0.67) in the group without treatment. The within
group difference was 0.60mm ( 1.81 – 3.02) (P = 0.62). No significant differences were observed
between the statin group and the group without treatment regarding the change in aortic diameters
in the other segments of the aorta i.e. the aortic arch, coarctation repair site and descending aorta as
is depicted in (Table 3).

Ambulatory blood pressure measurements
The mean daytime systolic blood pressure changed from 132.4±14.0 mmHg to 131.1±22.0 mmHg (P =
0.64) in the statin group, and from 132.7±10.9 mmHg to 135.3±10.6 (P = 0.14). The within group
difference was 9.9mmHg ( 8.61 – 30.61) (P = 0.27). The mean daytime diastolic blood pressure
changed from 77.3±10.3 mmHg to 75.3±12.8mmHg (P = 0.32), and from 77.10±6.9 mmHg to 78.7±8.7
mmHg (P = 0.22) in the group without treatment. The within group difference was 5.83mmHg ( 6.02
– 17.05) (P = 0.35).

Clinical endpoints:
During the study period, the incidence of the composite endpoint was 15%. The most common
clinical event was new onset hypertension in our population occurring in 15 patients (10%), followed
by aortic aneurysm repair in 5 (3%), cerebrovascular accidents (of which both were transient
ischemic attacks) in 2 (1%) and recoarctation repair in 2 patients (1%). No coronary ischemia was
observed during follow up. There were no differences in clinical endpoints between the Atorvastatin
group and the no treatment group. (Table 4)

Table 4. Clinical cardiovascular events.

  P Value

Coronary ischemia 0 (0%) 0 (0%)

Cerebrovascular accident 0 (0%) 2 (3%) 0.23

1 (1%) 4 (6%) 0.16

7 (10%) 8 (13%) 0.45

2 (3%)  0 (0%) 0.24



Subgroup analysis:
In hypertensive CoA CIMT changed in the statin group from 0.70±0.14mm to 0.67±0.17mm (P = 0.10)
as opposed to from 0.69±0.14mm to 0.67±0.16mm (P = 0.11) in those without treatment. In
normotensive CoA CIMT changed in the statin group from 0.59±0.11mm to 0.56±0.21mm (P = 0.05)
as opposed to from 0.63±0.10mm to 0.57±0.11mm (P = 0.002) in those without treatment. The effect
of statin treatment on the change in CIMT over time was similar in hypertensive and normotensive
CoA. (0.005, 95%CI, 0.039 – 0.0500; P = 0.81 vs. 0.029 95%CI, 0.075 – 0.016; P = 0.20). The
treatment effect on the primary outcome measure, the change in CIMT, was not statistically
significant between subgroups. (Figure 3)

Difference 95% CI (sta�ns - no sta�ns)
Aor�c valve stenosis 0.0013 -0.0426 0.0453
No aor�c valve stenosis -0.0619 -0.1532 0.0292

Early repair 0.0030 -0.0367 0.0427
Late repair -0.0555 -0.1649 0.0539

complex CoA -0.0131 -0.0739 0.0475
simple CoA -0.0029 -0.0454 0.0395

0.0017 -0.0415 0.0449
Smoking -0.0202 -0.0798 0.0393
No Smoking

-0.0066 -0.0553 0.0421
Increased LDL cholesterol 0.0016 -0.0550 0.0582
Normal LDL cholesterol

0.0005 -0.0361 0.0362
Increased Total cholesterol -0.0160 -0.1031 0.0709
Normal Total cholesterol

-0.0348 -0.0800 0.0104
Hypertensive 0.0100 -0.0392 0.0500
Normotensive

Male -0.0167 -0.0830 0.0490
Female 0.0006 -0.0400 0.0410

Overall -0.0054 -0.0398 0.0290

       Favours sta�ns Favours no sta�ns

Figure 3: Difference in change in the change in CIMT during follow up between statin group and the group
without treatment and 95 percent confidence intervals per subgroup

Determinants for the change of CIMT during follow up.
In order to determine the most important traditional risk factors associated with the change in CIMT
during follow up we tested all risk factors that might affect CIMT change over time together with the
allocation (statin treatment or no statin treatment) in a univariate and multivariate model. Univariate
regression analysis revealed that age (ß = 0.001, P = 0.07), increased total cholesterol levels (ß = 0.03,
P = 0.07), hypertension (ß = 0.038, P = 0.058) and baseline CIMT (ß = 0.14, P = 0.01) were associated
with a significant change of CIMT during follow up. Multivariate regression analysis demonstrated
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that age (ß = 0.004, P< 0.001), hypertension (ß = 0.043, P = 0.031), and baseline CIMT (ß = 0.39, P <
0.001) were significantly associated with a significant change in CIMT over time. (Table 5)

Table 5. Predictors for an increased CIMT progression during follow-up.

CIMT progression

Univariate

P Value P Value

Age (yrs) 0.001 0.07 0.004 < 0.001

Hypertension at baseline and FU (> 140/90 mmHg) 0.04 0.05 0.043 0.031

Increased total cholesterol 0.03 0.07  

Smoking -0.11 0.54  

Baseline CIMT (mm) -0.14 0.01 -0.39 < 0.001

0.005 0.77   

Discussion
This is the first prospective multicenter randomized trial to evaluate the effect of three year
treatment with high dose statins in patients after successful coarctation repair. Treatment with high
dose Atorvastatin did not result in a beneficial effect on the overall change in CIMT. There was no
effect on mortality and morbidity due to cardiovascular disease, despite a significant decrease in
serum total cholesterol and LDL levels. Moreover, this study demonstrates that hypertension is the
most important determinant for the change in CIMT over time in CoA.

Previous studies have shown that long term statin treatment has a beneficial effect on CIMT
progression and cardiovascular risk in patients with acquired coronary artery disease (CAD). 17 18;19

Moreover, it has been shown that CIMT progression may serve as a reliable surrogate marker for
cardiovascular disease endpoints in several statin trials.11;29 The explanation for the limited effect of
three year intensive statin treatment on the vascular wall and cardiovascular risk in CoA seems to be
multifactorial.

First of all, this might suggest that the increased CIMT in CoA as described by Vriend et al. is
less severe in this relatively young population as compared to a cohort with familiar
hypercholesterolemia (FH) or patients after a myocardial infaction.14 The mean CIMT at baseline in
the Enhance trial in FH patients for example was 0.70 mm at baseline as compared to 0.67 mm in our
population.14

Secondly, the question rises whether the observed increased CIMT in CoA reflects a process
of atherosclerotic disease. Studies have shown a strong relation between CIMT and blood pressure
both in subjects with and without CoA.14;15;27 In the present study hypertension appeared to be the
strongest determinant for the change in CIMT over time in CoA, similar as in the general
population.30 32 These findings suggest that the observed increased CIMT in CoA might reflect
vascular wall hypertrophy due to pre operative and residual hypertension, as opposed to early
atherosclerosis.33 A recent meta analysis demonstrated that statins do not lower blood pressure in
normotensive and hypertensive patients34 However, data analyzing the effect of statins on CIMT in
hypertensive patients without CoA is lacking.



The third explanation for the limited effect of statins on CIMT relates to the hypothesis that the
increased CIMT in CoA might be part of an innate structural defect.14;35 The risk of CAD is usually
attributed to residual hypertension, intrinsic vascular reactivity abnormalities specific to CoA and
possibly endothelial dysfunction and increased proinflammatory cytokines.7;36 However, as some of
these abnormalities persist even after early repair without affecting the pre coarctational wall, these
vascular defects might be inherent and part of a developmental vascular defect.14;22;35 In the present
study, no significant change in CIMT was found in both the Atorvastatin group and the group without
treatment, during 3 year follow up. This observation suggests that the process of arterial wall change
in CoA might stabilize after repair and that the increased CIMT reflects both the innate abnormality
of the proximal large arteries and the additional effect of hypertension.

Although our study did not support a role for statin treatment in CoA patients, the increased
prevalence of CAD as reported by Roifman et al. might suggest a possible role for statins as primary
prevention.7 However, CoA was not an independent risk factor for CAD after adjustment for the well
known cardiovascular riskfactors.7 Therefore, blood pressure regulation in these patients seems
more appropriate than treatment with statins in CoA.

Limitations
Due to the fact that aortic coarctation is a relatively rare anomaly, it remains difficult to evaluate
hard clinical endpoints such as death or hospitalization in this relatively small population. However,
our study population is by far the largest CoA population to participate in a randomized clinical trial
to date.

A second limitation is the systematic error in CIMT measurements observed in this study. This
measurement error might be caused by the fact that CIMT images were analyzed directly after the
examination was performed, instead of analyzing all data at once at the end of follow up. However,
data were analyzed consecutively and blinded and therefore have not affected the longitudinal
effects of lipid modifying therapy between groups.

Conclusion
Three years of intensive treatment with high dose Atorvastatin did not result in a significant
beneficial effect on the change in CIMT or on mortality and morbidity due to cardiovascular disease,
despite a significant decrease in serum total cholesterol and LDL levels. Moreover, this study
demonstrates that hypertension is the most important determinant for the change in CIMT over time
in CoA. Targeting cardiovascular risk factors with special attention to blood pressure is of major
clinical importance and might prevent vascular wall damage and future cardiovascular events. A
more vigilant follow up of blood pressure along with future trials focused on blood pressure control
are required to decrease cardiovascular risk in CoA.
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Congenital heart disease is the leading cause of infant morbidity in the Western world, but only since
the last decades its aetiology has been understood. Congenital heart disease are found in 19–75 of
every 1,000 live births, depending on which types of defects are included.1 Congenital heart disease
(CHD) affect different parts of the heart and can be classified into three categories: cyanotic heart
disease, left sided obstruction defects and septation defects. Coarctation of the aorta (CoA) is one of
the left sided obstruction defects characterized by a discrete obstructive lesion located in the
proximal descending aorta, adjacent to the arterial duct or ligament.2 Surgical and percutaneous
repair of the coarctation can relieve the obstruction, but recurrent coarctation and an interplay of
persistent pathophysiological processes such as endothelial dysfunction, arch morphology and
vascular and ventricular stiffness, lead to long term hypertension. The increased prevalence of
hypertension causes vascular dysfunction and with that an increased risk of vascular disease. Long
term complications include recoarctation, aortic aneurysm formation, hypertension and the
attendant risk for coronary artery disease and cerebrovascular accidents are common and require
long term surveillance. The aim of this thesis was to expand our insight in the long term
complications and the therapeutic options in patients after surgical and percutaneous repair of CoA.

Since surgical treatment of heart defects became available three to four decades ago, adults
with congenital heart disease form a new and relatively young population. Due to the improved
survival this population is steadily growing. However, little is known regarding long term survival, but
late complications occur frequently. In we discuss the most recent advances in the
treatment of congenital heart disease. Nearly half of all CHD patients have one or more
complications in adulthood, such as endocarditis, stroke, systemic or pulmonary hypertension, aortic
aneurysm formation or dissection, and arrhythmias. Heart failure and sudden cardiac death are the
main causes of death. In this chapter we discuss pharmacological, interventional and surgical
interventions that reduce the risk of heart failure, arrhythmias, vascular complications, pulmonary
hypertension and endocarditis in adult congenital heart disease.

In we summarize the recent insights in the efficacy and safety of both surgical and
transcatheter repair for aortic coarctation. Surgery has proven to be an effective treatment for the
management of native aortic coarctation, and surgical repair remains the treatment of choice in
neonates. Percutaneous treatment has become an acceptable treatment modality in the adult
population. Balloon angioplasty and endovascular stent repair remain technically challenging, but are
safe and undoubtedly effective in appropriately selected patients. The role of balloon angioplasty in
adults seems to be limited to patients in which the access to stenting is not available. Stent repair is
currently the mainstay of percutaneous treatment in adults with native and recurrent coarctation, as
it prevents vessel elastic recoil and reduces the need for reinterventions due to recoarctation and
aortic aneurysm formation in the future.

In two cases are presented of two CoA patients diagnosed in adulthood both
treated by an endovascular approach in our own institution. This chapter emphasizes the variety of
indications in which percutaneous treatment is an excellent alternative for surgical treatment in
adult native coarctation patients.

It is well known that aortic dilatation and aortic valve dysfunction are common late
complications in CoA. The Bentall procedure, a technique for composite aortic valve and root
replacement has become the standard operation for aortic root dilatation combined with aortic valve
pathology. In our institution we observed increased transvalvular gradients in some patients after a
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Bentall procedure. Normative values of gradients across an isolated aortic valve prostheses have
been described however are not known for patients after Bentall procedure. In chapter 5 we
compared maximal transvalvular pressure gradients (TPGmax) as measured by echocardiography
across SJM aortic valve prostheses in patients after Bentall procedure and after isolated aortic valve
replacement (AVR). In this chapter we demonstrate that transvalvular gradients in patients after
Bentall procedure are significantly increased as compared to patients after isolated AVR. Reference
values, known for isolated aortic valve prostheses, are therefore not reliable in patients after Bentall
procedure.

It is known that intrinsic abnormalities of the thoracic aorta predispose for aortic dilatation,
which can ultimately lead to dissection or rupture, and subsequent death. In chapter 6 we sought to
evaluate the progression rate of ascending aortic dilatation in CoA by using serial CMR imaging with a
mean follow up of 5.5 years. Moreover we evaluated which CoA patients are specifically at increased
risk for aortic dilatation. The progression rate of ascending aortic dilatation was significantly
increased in CoA with 2.2 mm/5 years. Moreover we found that CoA patients known with associated
congenital cardiac abnormalities (complex CoA patients) were specifically at risk for ascending aortic
dilatation as compared to those without associated congenital cardiac abnormalities. These
intriguing data suggest a variable expression in CoA with those patients with a more extensive
developmental defect to be at increased risk for progressive ascending aortic dilatation. Moreover,
these data underline the need for regular CMR imaging for it is the golden standard in CoA, with due
regard for the clinical history and the presence of associated congenital cardiac anomalies.

Previous studies have shown that the presence of aortic valve disease is common in CoA
patients, and many of these patients require aortic valve interventions. The high prevalence of aortic
valve disease might be related to the presence of a bicuspid aortic valve which is found in up to 60%
of all CoA patients, and is associated with an increased risk for aortic dilation.3 However little is
known on the progression of aortic valve dysfunction CoA. In chapter 7 we prospectively evaluated
the progression and determinants of aortic valve dysfunction in CoA. In this chapter we demonstrate
that the progression of aortic valve stenosis (AS) in adult CoA patients is relatively mild in this young
population. CoA patients with an older age, aortic dilatation and an increased aortic valve gradient
were specifically at risk for aortic valve stenosis in the future. CoA patients with BAV were specifically
at risk for aortic valve regurgitation in the future. These findings emphasize the underlying congenital
defect of valvular and aortic structure, and the additional influence of aortic valve disease on aortic
dilatation in CoA.

The increased prevalence of hypertension is another major concern in CoA patients after
surgical repair. The mechanism behind the occurrence of hypertension in CoA seems to be
multifactorial. It is caused by an increased rigidity of the pre coarctation arterial conduits with more
collagen and less smooth muscle and reduced baroreceptor sensitivity. Exercise induced
hypertension is another well known complication which is often found in CoA. In chapter 8 we
evaluated the predictive value of exercise induced hypertension for the occurrence of chronic
hypertension in CoA. In this chapter we demonstrate that the maximum exercise systolic BP was a
predictor for chronic hypertension in CoA. These findings suggest that CoA patients with exercise
induce hypertension are specifically at risk for the development of chronic hypertension in the
future. Addional research is necessary to unravel the long term consequences of these findings.



Moreover, the potential beneficial role of early anti hypertensive treatment of adult CoA patients
with exercise induced hypertension needs to be evaluated.

Previous studies have shown that besides peripheral hypertension both wave reflection and
the central blood pressure as measured in the aorta are increased in CoA.4 7 It has been hypothesized
that enhanced wave reflection might contribute to the development of cardiovascular disease in CoA
patients.8 In CoA, enhanced wave reflection is thought to arise from early reflection of pressure
waves on the reconstructed and scarred aorta.4 In chapter 9 we aimed to examine whether the
augmentation index (AIx), a measure of wave reflection as determined by applanation tonometry is
increased in CoA patients without hypertension or evidence of restenosis compared to controls.
Moreover, we observed the association between AIx and type of intervention, aortic arch
morphology, diameters of the thoracic aorta, and associated congenital cardiac anomalies in CoA
patients. Finally we examined how AIx responds to endothelium dependent and independent
vasodilation, using salbutamol and nitroglycerine, in CoA patients compared to controls. In this
chapter we demonstrate that the Aix is significantly increased in CoA as compared to controls.
Important determinants for an increased Aix were age, DBP and surgical repair by using patch
angioplasty. The response to peripheral vasodilation with salbutamol and nitroglycerin caused a
similar decrease in AIx in CoA patients and controls. These data support the concept that the Aix
seems to be increased in CoA due to early reflection on the reconstructed aorta. Moreover, these
data demonstrated that the Aix can be pharmacologically altered, which is of major clinical
importance in the surveillance of patients after coarctation repair.

In chapter 10 we examined whether the increased wave reflection and central blood
pressure in CoA was associated with the carotid intima media thickness (CIMT) a surrogate marker
for atherosclerosis and the left ventricular mass (LV mass) both important markers for end organ
damage. In this chapter we aimed to assess determinants of wave reflection (Aix) in CoA patients and
to investigate whether wave reflection and central blood pressure were associated with CIMT and LV
mass in CoA. In this study we found that peripheral and central blood pressure were equally strong
predictors of CIMT. However, there was no association with Aix and carotid atherosclerosis.
Therefore the added value of assessing central hemodynamics in CoA patients remains questionable.
Importantly peripheral systolic blood pressure (SBP) independently predicted CIMT, which underlines
the importance of a careful follow up of blood pressure in CoA. Future studies should point out
whether pharmacological treatment aimed at lowering blood pressure will lead to regression of CIMT
and more importantly to a reduction of cardiovascular disease

Due to the increased prevalence of hypertension in CoA, organ damage involving left
ventricular hypertrophy (LVH) and an increased LV mass are often found. Interestingly LV
hypertrophy has been described even in neonates after early repair and in normotensive CoA
patients, which suggest that LV hypertrophy might have a more developmental origin. In chapter 11
we investigated the presence and pattern of LV fibrosis in CoA patients after successful repair by
using late gadolinium enhanced CMR imaging. CMR imaging is an important tool to differentiate
between cardiomyopathies based on distinct patterns of fibrosis as detected by delayed
enhancement imaging. However, left ventricular fibrosis could not be demonstrated in adult CoA
patients, despite the presence of hypertension, LV outflow tract obstruction and LV hypertrophy.
These findings do not support the earlier hypothesis of a developmental defect of the left ventricular
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myocardium in CoA. Moreover, the results of this study suggest that long term prognosis regarding
left ventricular failure is relatively good in CoA patients after successful repair.

Long term follow up data in patients after coarctation repair (CoA) demonstrate an increased
cardiovascular morbidity and mortality. It is known that the carotid intima media thickness (CIMT), a
reliable marker for atherosclerosis, is increased in CoA. However, data with regard to the clinical
consequences of the increased CIMT and the incidence of cardiovascular events is lacking. The aim of
chapter 12 was to evaluate the exact burden of atherosclerosis by means of the incidence of
cardiovascular events, and to evaluate the predictive value of CIMT on cardiovascular events in CoA.
In this chapter found that the cardiovascular event rate in CoA is as high as 11% during 10 year
follow up. Moreover, we found that CIMT is an important clinical predictor for the occurrence of
cardiovascular events in the future. Especially CoA patients with a CIMT above 0.8 mm had a tenfold
higher risk for these events. Interestingly, the process of atherosclerotic disease appeared to be
almost 7 years ahead in CoA as compared to healthy controls, whereas overall atherosclerosis
progression rates were similar. Similar to the general population, risk factors for cardiovascular
events and accelerated atherosclerosis appeared to be increased total cholesterol levels and
hypertension. This study is of major clinical importance, as signs of atherosclerosis seem to appear
significantly earlier in CoA patients. Special attention for these risk factors is therefore of major
clinical importance for the clinical surveillance of CoA patients.

Previous studies have shown that HMG coA reductase inhibitors (statins) have been proven
to reduce atherosclerosis progression as observed by carotid intima media thickness in patients with
known coronary heart disease, independent of lipid lowering. To evaluate the effect of treatment
with high dose statins on cardiovascular risk and CIMT progression in CoA we set up a multi center,
open label, double blind, randomized controlled trial. The rationale and design is presented in
chapter 13. This chapter outlined our trial in which 160 adult CoA patients from 6 tertiary referral
centres in The Netherlands are randomized to receive either Atorvastatin 80 mg once daily or no
treatment for three years. The primary outcome measure was the effect of statin therapy on the
change in CIMT over time in CoA. Secondary outcome measures included mortality and morbidity
due to cardiovascular disease, blood pressure, and serum cholesterol levels. In chapter 14 the results
of this first prospective randomized trial on the effect of three year treatment with high dose
Atorvastatin on the change in CIMT and cardiovascular risk in CoA are presented. Treatment with
Atorvastatin did not result in a beneficial effect on the change in CIMT. Moreover, there was no
effect on mortality and morbidity due to cardiovascular disease, despite a significant decrease in
serum total cholesterol and LDL levels. Hypertension appeared to be the most important
determinant for the change in CIMT over time. The knowledge as obtained in this study is of major
clinical importance for cardiologists, as intensive blood pressure regulation seems to be more
appropriate than statin therapy in CoA. This article contains an important message for many
cardiologists, since CoA patients often present with early atherosclerosis.
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Aangeboren hartafwijkingen zijn een van de meest voorkomende aangeboren aandoeningen bij
pasgeborenen. Het aantal patiënten met aangeboren hartafwijkingen is de laatste decennia
substantieel toegenomen. De incidentie van aangeboren hartafwijkingen is 19 75 per 1000 levend
geborenen.1 Aangeboren hartafwijkingen kunnen worden verdeeld in drie categorieën: cyanotische
hartaandoeningen, linkszijdige obstructieve defecten en septumdefecten. Een coarctatie van de
aorta is een van de linkszijdige obstructieve defecten en wordt gekenmerkt door een obstructie ter
hoogte van de proximale aorta descendens grenzend aan de ductus arteriosus.2 Middels chirurgische
en percutane ingrepen kan de obstructie worden opgeheven, echter het ontstaan van een
recoarctatie en een samenspel van verschillende pathofysiologische processen zoals endotheel
dysfunctie en een stijf vaatbed zorgen voor hypertensie na de operatie. De verhoogde prevalentie
van hypertensie zorgt voor vaatdysfunctie met als gevolg daarvan een verhoogd cardiovasculair risico
na de operatie. Veel voorkomende complicaties op de lange termijn zijn recoarctatie,
aneurysmavorming in de aorta, hypertensie een verhoogd risico op coronairlijden en
cerebrovasculaire accidenten. Dit proefschrift richt zich op de lange termijn complicaties en de
therapeutische mogelijkheden na chirurgische en percutane behandeling van patiënten met een
coarctatio aortae.

De ontwikkelingen binnen de cardiothoracale chirurgie in de laatste decennia hebben
gezorgd voor een aanzienlijke toename van de overleving van patiënten met aangeboren
hartziekten. Het merendeel van de kinderen met aangeboren hartaandoeningen bereikt hierdoor de
volwassen leeftijd. Dit betekent dat deze jonge groep patiënten met een aangeboren hartafwijking
enorm is toegenomen. Lange termijn complicaties komen veel voor na chirurgische correctie, echter
er is nog weinig bekend over de overleving op de lange termijn.

omvat een overzicht van de meest recente ontwikkeling met betrekking tot de
behandeling van aangeboren hartziekten. Meer dan de helft van alle patiënten met een aangeboren
hartafwijking ontwikkelt een of meer complicaties gedurende de volwassen leeftijd zoals;
endocarditis, cerebrovasculaire events, systemische of pulmonale hypertensie, aneurysma vorming
of een dissectie van de aorta, en hartritmestoornissen. Hartfalen en plotse hartdood zijn de meest
voorkomende doodsoorzaken binnen deze groep patiënten. In dit hoofdstuk bespreken we de
beschikbare farmacologische, percutane en chirurgische behandelingsmogelijkheden ten aanzien van
hartfalen, hartritmestoornissen, vasculaire complicaties, pulmonale hypertensie en endocarditis bij
patiënten met aangeboren hartziekten.

In beschrijven de meest recente inzichten met betrekking tot de effectiviteit en
veiligheid van de chirurgische en percutane behandeling van patiënten met een coarctatio aortae. De
chirurgische behandeling is een bewezen effectieve therapie voor patiënten met een natieve
coarctatie van de aorta en is de eerste keuze behandeling voor neonaten. Percutane behandeling is
een nieuwe effectieve behandelingsmodaliteit voor de behandeling van volwassenen met een
coarctatio aortae. De rol van een ballonangioplastiek bij volwassenen is beperkt tot die patiënten
waar stentimplantatie niet mogelijk is. Stent implantatie is op dit moment de behandeling van keuze
bij volwassenen met een natieve of recoarctatie, aangezien deze behandeling het risico op een
recoarctatie en aneurysmavorming ter plaatste van de coarctatie in de toekomst aanzienlijk
verkleind. In beschrijven we twee patiënten die op de volwassen leeftijd zijn
gediagnosticeerd met een coarctatio aortae, en waar in beide gevallen is gekozen voor een
percutane interventie. Dit hoofdstuk beschrijft de verscheidenheid aan indicaties waarin een
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percutane behandelingsstrategie de voorkeur heeft boven een chirurgische behandeling bij
patiënten met een coarctatie van de aorta.

Het is bekend dat het risico op dilatatie van de aorta en aortaklepdysfunctie veel
voorkomende late complicaties zijn in de coarctatie populatie. De Bentall procedure is een
chirurgische behandeling waarbij zowel de aortawortel (door middel van een buisprothese) als de
aortaklep wordt vervangen bij patiënten met zowel klepdysfunctie als aortawortel dilatatie.
Normaalwaarden voor de drukgradiënt over een geïsoleerde aortaklepprothese zijn bekend, echter
deze normaalwaarden zijn niet bekend voor patiënten met een Bentall prothese. In
vergelijken we de maximale drukgradiënt (TPGmax) gemeten met behulp van echocardiographisch
onderzoek bij patiënten met een geïsoleerde St Jude Medical (SJM) aortaklep prothese met de
drukgradiënt over de klepprothese bij patiënten met een Bentall buisprothese. De resultaten van
deze studie laten zien dat de gradiënt over de aortaklepprothese bij patiënten met een Bentall
buisprothese significant hoger is in vergelijking tot de patiënten met een geïsoleerde
aortaklepprothese. Dit laat zien dat de bekende referentiewaarden voor de gradiënt in een
geïsoleerde aortakunstklep niet betrouwbaar zijn voor de klinische follow up van patiënten na een
Bentall procedure.

Voorgaand onderzoek heeft aangetoond dat de intrinsieke afwijkingen in de thoracale aorta
bij patiënten met een coarctatio aortae zorgen voor een verhoogd risico op aorta dilatatie, wat op de
lange termijn kan lijden tot een dissectie of ruptuur van de thoracale aorta en daarmee plots
overlijden. In evalueerden we de progressiesnelheid van aorta dilatatie bij patiënten
met een coarctatio aorta middels Magentic resonance angiogram (MRA) van de thoracale aorta
gedurende een gemiddelde follow up duur van 5.5 jaar. Daarnaast onderzochten we welke patiënten
met een coarctatio aortae het grootste risico op aorta dilatatie hebben. Wij toonden aan dat de
progressiesnelheid significant hoger is in de coarctatie populatie, en dan met name in de aorta
ascendens met 2.2 mm per 5 jaar. Daarnaast vonden we dat coarctatie patiënten met meerdere
aangeboren hartdefecten (de complexe CoA patiënten) een duidelijk groter risico hebben op dilatatie
van de aorta ascendens in vergelijking met patiënten zonder neven aangeboren cardiale defecten (de
simpele CoA patiënten). Deze bevindingen benadrukken het belang van adequate beeldvorming
middels MR angiografie bij patiënten met een coarctatio aortae met extra aandacht voor de groep
“complexe” CoA patiënten met meerdere aangeboren hartdefecten.

Het is bekend dat aortaklep pathologie veel voorkomt bij patiënten met een coarctatie van
de aorta. Daarnaast is bekend dat een bicuspide aortaklep in ongeveer 60% van de patiënten met
een coarctatio aortae voorkomt, wat gepaard gaat met een significant hoger risico op aorta
dilatatie.3 Er is echter weinig bekend over de progressiesnelheid van aortaklepdysfunctie in deze
populatie. In onderzochten we de progressiesnelheid van aortaklepdysfunctie en
onderzochten we welke CoA patiënten een verhoogd risico hebben op klepdysfunctie. De resultaten
laten zien dat de progressie van aortaklepstenose een relatief mild beloop heeft in de CoA populatie.
Leeftijd, aorta dilatatie en een verhoogde aortaklep gradiënt op baseline waren voorspellers voor
een verhoogd risico op een aortaklepstenose in de toekomst. CoA patiënten met een bicuspide
aortaklep hebben een aanzienlijk groter risico op het ontwikkelen van aortaklep insufficiëntie.

Hypertensie is een veel voorkomende lange termijn complicatie bij patiënten na chirurgische
of percutane behandeling van een coarctatio aortae en zorgt voor een verhoogde mortaliteit en
morbiditeit op de lange termijn. De oorzaak voor deze verhoogde prevalentie van hypertensie lijkt



multifactorieel. Hypertensie wordt o.a. veroorzaakt door een toegenomen stijfheid van de aorta voor
de coarctatie als gevolg van meer collageen en minder glad spierweefsel in de wand van de aorta.
Daarnaast wordt een verminderde barorecepter activiteit beschreven in deze patiënten groep.
Inspanningsgebonden hypertensie komt daarnaast ook veelvuldig voor. In hoofdstuk 8 onderzochten
we de voorspellende waarde van inspanningsgebonden hypertensie op het ontwikkelen van
chronische hypertensie na chirurgische correctie van een coarctatio aortae. De maximale systolische
bloeddruk bij inspanning bleek een belangrijke voorspeller voor chronische hypertensie te zijn. Deze
bevindingen suggereren dat patiënten met inspanningsgebonden hypertensie een groter risico
hebben op het ontwikkelen van hypertensie in de toekomst. Aanvullend onderzoek is nodig om de
lange termijn gevolgen van deze bevindingen te evalueren en om het effect van vroege anti
hypertensieve therapie van CoA patiënten met inspanningsgebonden hypertensie te bestuderen.

Eerder onderzoek heeft aangetoond dat naast de perifeer gemeten bloeddruk ook de
golfreflectie in de aorta en de centraal gemeten bloeddruk verhoogd zijn bij Coa patienten.4 7 Een van
de hypotheses is dat de toegenomen golfreflectie mogelijk bijdraagt aan het toegenomen
cardiovasculaire risico op de lange termijn.8 De gedachte is dat de toegenomen golfreflectie ontstaat
door een vroege reflectie van de drukgolf in de aorta op de geopereerde verlittekende aorta.4 In
hoofdstuk 9 onderzochten we of de augmentatie index (Aix), een maat voor de golfreflectie gemeten
middels applanatie tonometrie verhoogd is bij coarctatie patiënten zonder hypertensie of
aanwijzingen voor een recoarctatie, in vergelijking met gezonde controles. Aanvullend bestudeerden
we de associatie tussen de augmentatie index en het type interventie, de aorta boog morfologie, de
diameters van de thoracale aorta en het hebben van andere hartdefecten in onze populatie.
Daarnaast vergeleken we het effect van endotheel afhankelijke en onafhankelijke vasodilatatie met
salbutamol en nitroglycerine op de augementatie index tussen CoA patiënten en een gezonde
controle populatie. Dit hoofdstuk laat zien dat de augmentatie index significant verhoogd is bij
coarctatie patiënten (zonder recoarctatie of hypertensie) in vergelijking tot gezonde controles.
Leeftijd, de diastolische bloeddruk en chirurgische correctie door middel van een patch angioplastiek
waren determinanten voor een verhoogde augementatie index. De reactie op perifere vasodilatatie
met salbutamol en nitroglycerine was gelijk in de CoA groep en de gezonde controle groep.

Deze data ondersteunen de hypothese dat de augmentatie index, en dus de golfreflectie,
verhoogd is bij coarctatie patiënten als gevolg van de vroege reflectie van de drukgolf in de
gereconstrueerde aorta. Daarnaast laten we met deze data zien dat de augmentatie index
farmacologisch kan worden beïnvloed.

In hoofdstuk 10 onderzochten we of er een relatie is tussen de golfreflectie (AIx) en centraal
gemeten bloeddruk bij CoA patiënten en de intima media dikte van de arteria carotis (CIMT) een
surrogaat marker voor atherosclerose, en de linker ventrikel massa (LV massa), beide belangrijke
markers voor eindorgaanschade. Dit hoofdstuk laat zien dat de perifere bloeddruk en de centrale
gemeten bloeddruk in de thoracale aortae eenzelfde voorspellende waarde hebben voor een
verhoogde CIMT. Er was echter geen associatie tussen de Aix en de CIMT en/of LV massa. De
toegevoegde waarde van de beoordeling van de centrale bloeddruk en de augmentatie index in de
CoA populatie lijkt daarmee gering. De perifeer gemeten systolische bloeddruk was echter wel een
onafhankelijke voorspeller voor de CIMT. Dit benadrukt het belang van een adequate bloeddruk
regulatie in deze patiënten groep.
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Bekend is dat de hoge prevalentie van hypertensie kan leiden tot orgaanschade zoals een
toegenomen linker ventrikel massa en CIMT in de CoA populatie. Echter, linker ventrikel hypertrofie
is ook beschreven bij neonaten na chirurgische correctie en dus het opheffen van de obstructie, en
bij normotensieve CoA patiënten. Dit suggereert dat de aanwezigheid van linker ventrikel hypertrofie
in deze patiëntengroep mogelijk ook een aangeboren herkomst heeft. In hoofdstuk 11 bestudeerden
we de aanwezigheid van linker ventrikel fibrose na chirurgische correctie van een coarctatio aorta
middels cardiale MRI. Cardiale MRI is een belangrijke modaliteit om te differentiëren tussen
cardiomyopathieen middels het beoordelen van de mate van fibrosering van de linker ventrikel.
Linker ventrikel fibrose werd echter niet aangetoond ondanks de aanwezigheid van hypertensie en
linker ventrikel hypertrofie. Deze bevindingen pleiten tegen de eerdere genoemde hypothese dat de
aanwezige linker ventrikel hypertrofie in de CoA groep onderdeel is van een ontwikkelingsstoornis.
Daarnaast laten deze data zien dat de lange termijn prognose met betrekking tot linker ventrikel
falen in de CoA populatie relatief goed is.

Voorafgaand onderzoek heeft ons geleerd dat coarctatie patiënten na chirurgische of
percutane correctie van de obstructie op de lange termijn een aanzienlijk verhoogde cardiovasculaire
morbiditeit en mortaliteit hebben. Onderzoek heeft daarnaast aangetoond dat de intima media dikte
van de arteria carotis (CIMT), een betrouwbare marker voor atheroslcerose is toegenomen in de CoA
populatie. De klinische consequentie van deze toegenomen CIMT en de gevolgen voor het
ontwikkelen van cardiovasculaire events op de lange termijn is echter niet bekend. In hoofdstuk 12
onderzochten we de voorspellende waarde van de CIMT op het ontwikkelen van cardiovasculaire
events in deze patiënten groep gedurende 10 jaar follow up. In ons cohort ontwikkelde 11% van alle
CoA patiënten een cardiovasculair event gedurende deze periode. De aanwezigheid van een
toegenomen CIMT (> 0.8mm) zorgt daarnaast voor een groter risico op een cardiovasculair event in
de toekomst. In dit hoofdstuk komt verder naar voren dat het atherosclerotisch proces zich duidelijk
eerder ontwikkelt in de CoA populatie in vergelijking met gezonde controles, terwijl de gemiddelde
progressie snelheid van de atherosclerose gelijk is. Hypertensie en verhoogde cholesterol levels
waren belangrijke voorspellers voor zowel het ontwikkelen van een cardiovasculair event als een
toegenomen progressiesnelheid van het atherosclerotisch proces.

Eerder uitgevoerde studies hebben aangetoond dat cholesterolverlagers een gunstig effect
hebben op de progressie van atherosclerose, gemeten middels de CIMT bij patiënten met
coronairlijden. Om het effect van een langdurige behandeling met een hoge dosering statines op het
cardiovasculair risico en de progressie van de CIMT bij CoA patiënten te evalueren, hebben we een
multi center, open label, dubbel blind, prospectief en gerandomiseerd onderzoek opgezet. De
rationale en het ontwerp van deze studie is beschreven in hoofdstuk 13. Dit hoofdstuk beschrijft het
ontwerp van de trial waarin 160 CoA patiënten uit 6 academische centra in Nederland
gerandomiseerd werden voor het gebruik van 80 mg Atorvastatine, een cholesterol verlager, of geen
cholesterolverlagende therapie gedurende een periode van 3 jaar. De primaire uitkomstmaat was
het effect van statine therapie op de progressie van de CIMT gedurende follow up. Secundaire
uitkomst maten waren het voorkomen van cardiovasculaire events, de bloeddruk (gemeten middels
een 24h meting) en cholesterol waarden. Hoofdstuk 14 demonstreert de resultaten van deze eerste
gerandomiseerde multi center studie. Behandeling met een hoge dosering statines had geen effect
op de progressie van de CIMT noch op de cardiovasculaire mortaliteit en morbiditeit, ondanks een
significante verlaging van het totale cholesterol en LDL cholesterol. Hypertensie was de belangrijkste



determinant voor de verandering van de CIMT gedurende follow up. Deze resultaten zijn van groot
klinisch belang voor de behandeling van CoA patiënten, aangezien intensieve bloeddruk verlaging
belangrijker lijkt dan behandeling met statines.
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Advances in paediatric cardiovascular surgery and medicine have shifted mortality as a result of
congenital heart disease (CHD) both in infancy and adulthood.1;2 Due to improved survival this
population is steadily growing in number and age. Little is known about long term survival, but late
complications occur frequently. Life expectancy in patients after coarctation repair (CoA) remains
diminished despite early detection and both catheter based and surgical interventions.

To date there is a wide variety of treatment options in CoA involving surgical approaches and
percutaneous treatment modalities including balloon angioplasty and stent repair. Traditional
treatment in CoA, consists of open surgical repair which is still the treatment of choice in infants and
in children beyond the neonatal period. However due to the development of significant
collateralisation through intercostal arteries these patients remain at increased surgical risk due to
bleeding complications. Older patients remain at increased risk of paraplegia (0.1 5%), an increased
peri operative mortality and an increased long term risk of residual or recurrent coarctation, aortic
aneurysm formation and hypertension.3

Catheter based approaches have been developed in an effort to reduce the risk for surgical
complications and to shorten procedural recovery times.4;5 Balloon angioplasty is the treatment of
choice in children with recoarctation, and currently available immediate results in native coarctation
are similar with regard to gradient reduction as compared to surgery.

Stent implantation has shown excellent short term results in both children beyond infancy
and in adults with native coarctation. Moreover, stent repair is currently the mainstay of
percutaneous treatment in adults with native and recurrent coarctation, as it prevents vessel elastic
recoil and reduces the need for reinterventions in the future.6 Covered stents are currently
recommended as first line intervention in endovascular management of aortic coarctation in various
clinical conditions such as; native aortic coarctation, stent fracture and recoarctation and aneurysm
formation after both surgical and percutaneous procedures.

Data with regard to the periprocedural risks and the intermediate complications such as
aneurysm formation and the need for reintervention are now available. However, data with regard
to long term outcome after percutaneous treatment strategies are scarce. Adequate clinical
surveillance by CT or MRI is therefore necessary in all patients, both for the individual patient as for
the overall assessment of long term outcome after the various treatment modalities.

Future studies should focus on the long term follow up for aortic complications, morbidity
and mortality after each of the available treatment strategies. Moreover, a recently published
Cochrane review demonstrated that data from randomized trials were not available to compare
surgery and stent repair, which emphasize the need for randomized data to compare different
treatment strategies.7 Future advance in coarctation stenting might be the use of bioabsorbable
stents a new promising technique in the setting of coarctation stenting.8 This revolutionary technique
may enable the use of stent treatment in infants and still prevent the need for redilatation in a
growing child.9;10
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Our understanding of CoA has significantly changed in the last decades. This discrete narrowing of
the descending aorta was first perceived as a local abnormality, but appears to be a more complex
lesion. The complexity comprises widespread vascular abnormalities, significant end organ damage
after repair, and accelerated atherosclerosis. As a consequence aortic aneurysm formation, systemic
hypertension, stroke, sudden cardiac death and heart failure account for the majority of premature
death even after successful repair.3;11 The care for coarctation patients remains challenging due to
the wide variety of late morbidity and mortality. Given the complexity and the adverse outcome in
CoA patients, new therapeutic strategies aiming at reducing global cardiovascular risk need to be
investigated.

This thesis demonstrates for the first time that 3 year treatment with high dose statins did
not affect CIMT progression and the risk for future cardiovascular events during follow up, despite a
decrease in total cholesterol and LDL levels. Although our study did not support a role for statin
therapy in CoA, the increased prevalence of CAD as reported by Roifman et al. might suggest a
possible role for statins as primary prevention. These data are supported by the fact that a recent
study demonstrated that 4 weeks treatment with Atorvastatin significantly improved endothelial
function and decreased levels of pro inflammatory cytokines.12;13 Future studies are needed to assess
the role of statin therapy as primary prevention in CoA.

Besides the limited effect of statin therapy on CIMT progression, this thesis demonstrates
that hypertension is the strongest determinant for the change in CIMT over time. Therefore,
treatment of hypertension seems the most important target to reduce cardiovascular risk in CoA
patients in the future. Persistent or recurrent hypertension is one of the major concerns in CoA, as
one of the most important contributing factors to the increased cardiovascular risk.3;14 16 Factors
contributing to systemic hypertension are numerous such as a diminished arterial wall compliance,
reduced baroreceptor sensitivity or residual aortic gradients which makes treatment challenging.
Considering anti hypertensive treatment strategies in CoA, literature assessing which of the various
classes of anti hypertensives offers the best blood pressure control in CoA remains scarce. The 2008
ESC guidelines recommend ß blockers, angiotensin conversing enzyme inhibitors (ACE) and
angiotensin II receptor blockers (ARBs) in patients with significant hypertension in CoA.17 Data
comparing the effects of ß blockers, ACE inhibitors and ARBs on blood pressure control are scarce in
CoA.18 In recently published randomized crossover trial 4 weeks treatment with ramipril
demonstrated a significant improvement of endothelial function and a reduction of the expression of
the proinflammatory cytokines. Whether the use of anti hypertensive agents such as ramipril should
be initiated for normotensive patients needs to be addressed in larger trials.19 Future trials are
needed to evaluate the effect of blood pressure lowering therapy on end organ damage and clinical
outcome, as it seems the most important contributor for future cardiovascular risk in CoA.

Endovascular renal artery sympathetic denervation is a novel, minimally invasive therapy for
patients with resistant hypertension.20 Recently one case report has been published in which the
effect of renal denervation was performed in a patient after coarctation repair with resistant
hypertension. In this case report a positive effect of renal denervation was observed.21 These results
bare the hope that this minimally invasive technique might extend the currently very limited
treatment options against hypertension in patients after successful coarctation repair in the future.



Early recognition of CoA patients at increased cardiovascular risk is very important.
Proinflammatory cytokines and adhesion molecules which have been demonstrated to play an
important role in athereogenesis might serve as an important clinical tool to identify patients at
increased cardiovascular risk as well as a new therapeutic target in cardiovascular risk management.
Increased levels of pro inflammatory cytokines such as IL 6, and adhesion molecules (sVCAM 1 and
sICAM 1) which cause endothelial dysfunction and play an important role in the development of
atherogenesis have been found in CoA. Previous studies have shown that increase in levels of pro
inflammatory cytokines and adhesion molecules in CoA are caused by the dysfunctional vascular
wall.22 Proinflammatory cytokines such as IL 1b and IL 6 activate the synthesis of acute phase
proteins such for example CRP in the liver and induce the up regulation of the expression of adhesion
molecules on the endothelial surface (such as VCAM 1).13;19 It is well known that the soluble forms of
these adhesion molecules such as sVCAM 1 seem to have a predictive value in cardiovascular risk
assessment.13;19 However the role of these pro inflammatory cytokines and adhesion molecules as a
tool to predict cardiovascular risk in CoA patients is unknown. Early identification is important to
reduce long term cardiovascular morbidity and mortality in CoA. Therefore, future studies are
needed to evaluate the role of these biomarkers as tool for early identification of CoA patients at
increased cardiovascular risk.

In the past few decades, genetic studies in humans have identified genes that are causative
in various forms of inherited and sporadic congenital heart diseases.23 In CoA most cases are
sporadic; however, there is a clear genetic component, with congenital heart disease occurring in
almost 4% of offspring of women with CoA. Moreover there is a five fold increased risk of bicuspid
aortic valve (BAV) in first degree relatives of children with left heart obstructive lesions such as CoA,
aortic valve stenosis and hypoplastic left heart syndrome.24;25 Previous linkage analyses in 289
individuals in 43 families of children with left heart obstructive lesions have unravelled a genetic
susceptibility locus on chromosomes 2p23, 10q21 and 16p12 which demonstrates that there might
be a common genetic cause.26 Although genetic data are currently used as a research tool, it is
inevitable that genetic studies will have an important role in determining prognosis in patients after
coarctation repair. Genetic data will be important in determining the risk of future transmission of
congenital heart disease to offspring of CoA patients. Moreover, these data might help to identify
patients at increased risk for cardiovascular complications, which might enable individualized
cardiovascular risk management in CoA patients in the future.
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