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1
INTRODUCTION AND OUTLINE OF THIS THESIS
The adult congenital heart disease (CHD) population continues to grow, due to improved 
survival beyond childhood. The right side of the heart is of lesser importance in patients with 
acquired heart disease, but its role is of increasing importance in adults with CHD. This thesis 
will review the right side of the heart in the various groups of adults with CHD.
The right ventricle is of pivotal importance in adults with CHD and pulmonary arterial hyper-
tension (CHD-PAH). CHD-PAH is the result of systemic-to-pulmonary shunting and chronic 
increased flow that ultimately leads to an increased pulmonary vascular resistance. Ultimately, 
the vast majority of patients with CHD-PAH die because of right-sided heart failure. The objec-
tives of the first part of this thesis are to obtain a better insight in the treatment options and 
determinants of mortality in adults with CHD-PAH. The second part of this thesis comprises 
a trial on exercise capacity in patients with a Fontan circulation. The Fontan circulation is a 
palliative procedure performed in patients with complex CHD, when biventricular repair is not 
possible. The third and final part of this thesis encompasses studies evaluating the impact of 
cardiac surgery on the right ventricle in patients with CHD. 

Part I Latest insights, treatment and prognosis in pulmonary arterial hypertension 
Chapter 2 reviews studies on treatment of CHD-PAH patients with bosentan, an endothelin-1 
receptor antagonist. We discuss two prominent randomized controlled trials performed in 
patients with CHD-PAH. Besides the randomized controlled trials, two long-term, several 
prospective cohort, one post hoc analysis and multiple retrospective studies are evaluated. 
We recommend large and prospective trials to obtain reliable data on optimal treatment of 
patients with CHD-PAH.
Chapter 3 outlines the current state of art in treatment of patients with CHD-PAH. Treatment 
of patients with Eisenmenger syndrome, patients with CHD undergoing surgery and 
CHD-PAH patients in NYHA functional class II are discussed. In patients with CHD-PAH the 
current state of art in treatment is further demonstrated with cases in Chapter 4.
Chapter 5 states the definition and summarizes the results of bosentan treatment in segmental 
CHD-PAH. PAH in patients with CHD usually has a homogeneous pressure distribution. More 
rarely, complex CHD patients have segmental PAH, often post-surgery. In the current litera-
ture, data on efficacy of bosentan treatment in CHD patients with segmental PAH are lacking. 
Therefore, we evaluated the characteristics of these patients and the potential benefit of treat-
ment with bosentan in this clinical condition, by means of a retrospective chart review.
Determinants of mortality in patients with CHD remain equivocal. Chapter 6 reports a rela-
tionship between high-sensitivity troponin T and mortality. Levels of high-sensitivity troponin T are  
abnormal in a substantial proportion of CHD-PAH patients. Chapter 7 compares the prog-
nostic value of baseline characteristics with clinical events in patients CHD-PAH. Both base-
line NT-pro-BNP serum level and right ventricular function are superior to clinical events in 

Schuuring proefschrift.indd   11 05-03-14   14:19



12

1
prognostication. We recommend that these two baseline characteristics should have a major 
impact on therapeutic management in patients with CHD-PAH, such as initiation of combina-
tion therapy.

Part II Patients with a Fontan circulation
Chapter 8 describes the rationale and design of a trial on the role of bosentan in Fontan patients. 
Many patients with a Fontan circulation have a decreased exercise capacity. Given the lack 
of ventricular force to drive blood through the pulmonary arteries, a low pulmonary vascular 
resistance is crucial for a well-functioning Fontan circulation, as is illustrated by the finding 
that a high pulmonary vascular resistance is a strong predictor of mortality. Previous studies 
showed a significantly higher endothelin-1 plasma level in Fontan patients as compared to 
healthy controls. In patients with PAH, advanced therapy with bosentan, an endothelin-1 
receptor antagonist, has demonstrated to reduce the elevated pulmonary vascular resistance. 
Therefore we hypothesized that bosentan will improve exercise capacity in Fontan patients 
by supporting the systemic-to pulmonary circulation. Chapter 9 reports the results of our  
randomized controlled trial in Fontan patients. All patients are limited in their exercise capacity 
and 74% have an increased NT-pro-BNP level. Bosentan treatment was not beneficial on 
primary and secondary endpoints. 

Part III Impact of cardiac surgery on the right ventricle
In adults with acquired heart disease right ventricular function is frequently declined after 
coronary artery bypass graft surgery. In adult patients with CHD the incidence and persistence 
of declined right ventricular function after cardiac surgery is unknown. Chapter 10 describes 
right ventricular function after cardiac surgery in patients with CHD. In Chapter 11 we identify 
determinants of right ventricular failure after cardiac surgery. Data of consecutive patients 
are studied in a retrospective chart review. Various hypotheses regarding changes in right  
ventricular performance after cardiac surgery are put forward. 
In Chapter 12 the major findings presented in this thesis are summarized and future perspec-
tives and clinical care are discussed.
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Chapter 2

Adult patients with pulmonary arterial hypertension  
due to congenital heart disease:  

a review on advanced medical treatment with bosentan

Mark J Schuuring, Jeroen C Vis, Marielle G Duffels,  
Berto J Bouma, Barbara JM Mulder 

Therapeutics and Clinical Risk Management 2010 Sep 7;6:359-66
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ABSTRACT
Pulmonary arterial hypertension (PAH) is a progressive disease with poor survival outcome. 
PAH is classified by the in 2009 updated clinical classification of pulmonary hypertension and 
a major subgroup is PAH due to congenital heart disease (CHD) with systemic to pulmonary 
shunt. CHD-PAH is a result of systemic to pulmonary shunting and chronic increased flow 
that ultimately results in adaptations of pulmonary vasculature and endothelial dysfunction. 
The advanced stage is called Eisenmenger syndrome (ES) which forms a small percentage 
(1%) of all CHD patients. Therapies targeted on PAH symptoms are called primary therapy for 
PAH, but most CHD-PAH patients progress to advanced therapy which is directed at the PAH 
itself. In CHD-PAH, advanced therapies are extensively investigated for all three major path-
ways: endothelin-1 receptor antagonists as bosentan, prostanoids such as epoprostenol and 
phosphodiesterase 5 inhibitors such as sildenafil. Endpoints in most trials were catheteriza-
tion haemodynamics, World Health Organization functional class, six minute walking distance 
and patient focused outcomes, based on quality of life questionnaires and Borg dyspnea 
index. The BREATHE-5 and EARLY study were two important randomised controlled trials 
(RCT) showing efficacy of bosentan at short follow-up. Moreover in patients with Eisenmenger 
syndrome (ES), one recent survival retrospective study with majority of patients on bosentan 
showed strong survival benefit over conservative therapy. A diversity of prospective cohort 
and retrospective studies were performed but all with limited data, due to small numbers and 
heterogeneity of underlying CHD diagnoses. Further larger studies are needed to determine 
optimal treatment for adults with CHD-PAH .This review focuses on bosentan in CHD-PAH. 
In particular, we discuss outcome of various clinical trials and compare efficacy and safety of 
bosentan to other advanced therapies.

Schuuring proefschrift.indd   18 05-03-14   14:20



19

2

1. INTRODUCTION TO THE MANAGEMENT OF  
PULMONARY ARTERIAL HYPERTENSION 
Pulmonary arterial hypertension (PAH) is a syndrome characterized by symptoms of 
dyspnea, fatigue, chest pain and syncope. Underlying mechanism is a progressive increase 
of pulmonary vascular resistance and a sustained elevation of pulmonary arterial pressure to 
more than 25 mm Hg at rest. 1 It may lead to a decreased functional capacity, and right ventricular 
failure, and is often associated with early death.2,2 PAH can be classified into five main catego-
ries according to the updated clinical classification of Pulmonary Arterial Hypertension.1 This  
updated clinical classification is a result of the expert conference at Dana Point in 2008. This 
conference revised the Venice classification from 2003 and evaluated the five main groups.  
In this review we focus on pulmonary arterial hypertension due to congenital heart disease 
(CHD-PAH), which is part of group one. The CHD-PAH group is well defined population which 
is investigated and compared to other groups thoroughly.3–5 New in the updated clinical classi-
fication of PAH is the subdivision of CHD-PAH in four main groups; 1) Eisenmenger syndrome 
2) PAH associated with systemic-to-pulmonary shunts 3) PAH with small defects and 4) PAH 
after corrective cardiac surgery. The pathophysiologic mechanism for all these four groups 
involves intra-cardiac shunting and increased flow, though in different stages. Longstanding 
increased flow leads to pulmonary vascular changes and increased pulmonary vascular resis-
tance. Ultimately this can lead to a reversal of the systemic-to-pulmonary shunt and cyanosis, 
the so called Eisenmenger syndrome classified as group one within CHD-PAH. Eisenmenger 
syndrome is a multi organ syndrome with symptoms of dyspnea, arrhythmia, congestive heart 
failure, endocarditis, cyanosis, increased blood viscosity, iron deficiency anaemia, blood 
clotting disturbances and early death.6 Patients with Eisenmenger syndrome form a small 
percentage (1%) of the CHD population.6  Important sub-group in this Eisenmenger popula-
tion are patients with Down syndrome.7  Once developed Eisenmenger syndrome patients 
tend to remain stable for many years, although highly symptomatic, requiring major lifestyle 
adjustments due to limited functional capacity.8 Exercise capacity and quality of life (QoL) 
are diminished, pregnancy is strongly contraindicated in female patients9 and associated life-
threatening complications are numerous.10  Survival in patients with Eisenmenger syndrome 
is lower than in the general population (55% reach 50 years of age). Treatment of pulmonary 
arterial hypertension is based on the updated clinical classification of PAH. Therapies targeted 
on their symptoms are called primary therapy for PAH.11  Unfortunately most primary therapies 
for category one in the updated classification of PAH are not effective to slow down progres-
sion. However, primary therapies remain applicable for treatment of complications as thrombosis, 
cardiac failure and rhythm disorders. Patients with CHD-PAH who progress to functional class 
II, III, or IV, irrespective of anticoagulation, diuretics, digoxin, oxygen or lifestyle advices, 
qualify for advanced therapy. Advanced therapy is directed at the underlying mechanism of 
PAH. For PAH treatments with advanced therapy three main pathways have been detected: 
prostacyclin, nitric oxide and endothelin-1.13 This resulted in therapies with prostanoids such 
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as epoprostenol, phosphodiesterase 5 inhibitors such as sildenafil and endothelin-1 receptor 
antagonists such as bosentan.11 

2. BOSENTAN FOR TREATMENT OF PATIENTS WITH CHD-PAH
The mechanism of bosentan is a competitive dual inhibition of the endothelin-1 receptor.12 

Endothelin-1 is a potent vasoconstrictor, which also mediates cell proliferation, fibrosis 
and inflammation.13 Experimental data also showed that endothelin-1 not only modulates  
vascular smooth muscle tone but also promotes cellular proliferation, initiates cardiac  
myocyte and nonmyocyte hypertrophy. Moreover, endothelin-1 regulates secretion of neuro-
hormonal mediators of cardiac and vascular hypertrophy. It is mainly synthesized in endothelial 
cells and works locally.14 The plasma level of endothelin-1 in patients with PAH appeared to be 
elevated, inducing histopathological changes in the pulmonary vascular bed.15, 16 Endothelin-1 
acts on two receptor types, subtype A and subtype B. Endothelin-1 receptor subtype A (ETA) 
is predominantly found in smooth muscle cells and fibroblasts. Agents which selectively block 
the type A endothelin-1 receptor are Ambrisentan and Sitaxsentan. Endothelin-1 receptor  
subtype B (ETB) is expressed in smooth muscle and endothelial cells.17 Activation of endothelial 
ETB mediates clearance of endothelin-1 and vasodilatation by nitric oxide and prostacyclin 
release.14 Because of these effects ETB activation is theoretically desirable in PAH. Bosentan 
exhibits a relative ETA to ETB affinity of 20 to 1 in vitro assays and is therefore classed a dual 
endothelin-1 receptor blocker.18 PAH is common in adult patients with congenital heart 
disease 3,19 and treatment of CHD-PAH with bosentan is extensively investigated.

3. EFFICACY AND COMPARATIVE STUDIES
To determine the efficacy of bosentan for advanced treatment of PAH various endpoints have 
been investigated. The gold standard for diagnoses of PAH and evaluation of effect remains 
cardiac catheterization. Most clinical studies performed catheterization. However, alternative, 
less invasive endpoints as the World Health Organization functional class, the Borg scale of 
dyspnea and the total distance walked in six minutes (6MWD) were also used to examine 
treatment efficacy.20  The use of the World Health Organization modified functional classifi-
cation (FC) scale allows for standardized grading, which is also incorporated into treatment 
guidelines.21 The functional class ranges from class I representing PAH without limitation of 
physical activity to class IV meaning PAH with inability to carry out any physical activity with-
out symptoms. The six minute walking distance (6MWD) is an exercise test with outcome in  
meters. Benefit of the 6MWD is the simplicity, the ease of replication and the possibility of 
measurements of oxygen saturations at peak exercise and its prognostic clinical correlation 
and prognostic significance.22 The validity of the 6MWD is questionable in patients with an 
intellectual disability.23,23 The third non invasive efficacy endpoint is the score on the Borg 
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scale of dyspnea with 0 representing no dyspnea and 10 the maximal dyspnea.21 An over-
view of efficacy studies in patients with CHD-PAH in which the effect of endothelin-1 receptor 
antagonist was investigated is showed in Table 1. The small number of patients included in all 
CHD-PAH studies is worth mentioning as well as the heterogeneity of underlying diagnosis.

3.1 Randomised controlled trials
In 2001, the first clinical randomised controlled trial on the effect of the dual endothelin-receptor 
antagonist bosentan was performed in PAH patients.24 Only patients with idiopathic PAH and 
associated with collagen vascular disease were included. For patients with congenital heart 
disease in total two randomised controlled trials (RCT) were conducted. The first randomised 
controlled trial, the BREATHE-5 study described bosentan as endothelin-1 receptor antago-
nist therapy in patients with ES.25 This trial also included children (patients >12 years) and at 
baseline all patients were in functional class III. The study showed a statistically significant 
treatment effect for reduction of the pulmonary vascular resistance index and decrease of 
the mean pulmonary arterial pressure. Remarkable in this trial was the increased pulmonary  
vascular resistance index (PVRi) observed in the placebo arm. This elevation in functional 
class III patients in a small period of time, 16 weeks, was not expected. The 6MWD resulted 
in a treatment effect of 53 m (p<.008). Directly after the end of this study, a subgroup was 
included in an extension prospective cohort study. This 6MWD data showed improvement 
in those patients who had initially received placebo (33 m) and maintenance of the effect in 
patients who were treated with bosentan (67 m).26 
The second randomised controlled trial investigating bosentan was the EARLY study by Galiè 
et al about bosentan treatment exclusively of PAH patients in functional class II.27 A subgroup 
(n = 32) were patients with CHD-PAH. Change in 6MWD was not statistically significant at 6 
months from baseline, though the 6MWD was increased in the endothelin-1 receptor antago-
nist group and decreased in the placebo group. Bosentan treatment was associated with a 
lower incidence of decline in functional class compared to placebo (p = .03). 

3.2 Long term follow up and survival
Since approval of the European Medicines Agency (EMEA) and the Food and Drug Administra-
tion (FDA) for bosentan, four long term trials have been conducted (follow up 12 – 28 months). 
D’ Alto et al described a 12 months safety and efficacy study in ES patients and showed a 
significant reduction of the pulmonary vascular resistance index (PVRi) and systemic vascular 
resistance index (SVRi) ratio.28 This suggests a greater effect of endothelin-1 receptor antago-
nists on pulmonary rather than on systemic circulation. Bosentan increased the pulmonary 
and systemic flow significantly. The pulmonary and systemic pressures decreased although 
not significantly. Bosentan treatment caused a greater reduction in right ventricular than in the 
left ventricular afterload after one-year follow-up , resulting in a reduction of right-to-left shunting, 
an improvement in pulmonary blood flow, and ultimately, in systemic oxygen delivery. 
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The second long term study was performed by Diller et al looking at 18 (14 females) patients 
with median follow-up of 29 months.29 In total 15 patients had Eisenmenger’s syndrome. At 
baseline all patients were in functional class III. Compared to baseline the arterial saturation 
increased within the first 6 months of treatment (81.1 ± 4.9 % vs. 84.7 ±2.6 %, p=.014). 6MWD 
improved significantly in 0 to 6 months, 6 to 12 months and 1 to 2 years of treatment. (p=.005). 
Functional class also improved during follow-up (p=.001). Two long term studies that showed 
a short term efficacy followed by gradual return to baseline were performed by Apostolopoulou 
et al and Duffels et al.23,30 The first study showing stabilization was by Apostolopoulou et al 
with two year follow-up using treadmill exercise testing, using an exercise protocol described 
by Northridge et al.31 Most patients (68%) were cyanotic and all patients had severe right 
ventricular dilatation and hypertrophy on echocardiography. After the initial improvement at 16 
weeks of treatment in maximal and submaximal exercise, all exercise parameters at 2 years 
seem to be slowly returning to baseline. Next study was by Duffels et al who have done a  
subgroup analysis after two years follow-up on bosentan efficacy in CHD-PAH, comparing  
patients with and without Down syndrome.23  Although not significant, a trend towards  
improvement was seen in patients with Eisenmenger syndrome. This treatment effect in both 
studies is different from the observation by D’ Alto et al and Diller et al.28,29 The discrepancy 
between the first two studies and the other two CHD-PAH trials may be due to a higher cardiac 
output with lower pulmonary vascular resistance of their population, possibly indicating less 
advanced disease stage or natural progression. 
In contrast, a strong survival benefit was shown in one recent retrospective study performed 
in patients with Eisenmenger syndrome on various advanced therapies (AT) with majority of 
patients on bosentan (73.5%, n= 50).8 These patients were compared to 168 patients with 
Eisenmenger syndrome not on AT, showing a strong survival benefit for advanced therapies. 
In absolute numbers two (2.9 %) patients on AT died versus 50 (29.8 %) not on AT. In this 
survival study Eisenmenger syndrome patients who received advanced therapy were likely to 
be at the worst end of the spectrum and therefore at a higher risk of death. In accordance with 
this, patients on advanced therapy in the study were significantly older, were more exercise 
impaired, and were more likely to receive anticoagulants and to have a history of syncopal 
episodes, indicating overall a more advanced disease stage. Furthermore, another recent 
meta-analysis demonstrated improved survival with targeted therapy resulting in a number 
needed to treat of 20 to prevent one death at 1 year.32

Finally, one study investigated the short and long term effect of bosentan on systemic-to-pulmo-
nary shunts in adults compared to children.33 This study showed short term improvement in 
both adults and children with PAH but at long-term follow-up a progressive decline in benefi-
cial bosentan effect was observed. The decline appeared most pronounced in the pediatric 
patients, who, in that study, tended to have more severe disease at baseline.

Schuuring proefschrift.indd   23 05-03-14   14:20



24

2

3.3 Retrospective and prospective cohort studies
Besides the randomised controlled trials and long term studies, several prospective cohort, 
one post hoc analysis and multiple retrospective studies were performed. The posthoc 
subgroup analysis of the BREATHE-5 study by Berger et al compared atrial septum defects 
versus ventricular septal defects.10 The group of ventricular septal defects included patients 
with an isolated ventricular septal defect and patients with an atrial septal defect combined 
with a ventricular septal defect. Interestingly, an increased pulmonary vascular resistance 
index (PVRi) appeared more in placebo-treated ASD patients and an opposite decrease in 
PVRi was more observed in the VSD bosentan-treated patients. The analysis showed that the 
effect of bosentan treatment was similar in ES patients with ASDs and patients with VSDs,  
indicating that the location of septal defect may have little bearing in relation to the tricuspid 
valve. Results of the BREATHE-5 prospective cohort extension study with two cohorts,  
ex-placebo patients and ex bosentan patients, showed longer 6MWD and less deterioration 
of functional class for the ex bosentan group.26  The study by Jing et al performed cardiac 
catheterization after 12 weeks follow-up and included 34 (37%) patients with CHD-PAH.34 For 
the total cohort, including CHD-PAH patients, the increase in cardiac output agrees with 
the results of two previous studies, whereas Duffels observed no change in cardiac output 
response to 6 months treatment with bosentan.35  

4. SAFETY AND TOLERABILITY
In addition to efficacy, the clinical studies mentioned above investigated the safety and toler-
ability of endothelin-1 receptor antagonist treatment. An overview of adverse effects in those 
studies with CHD-PAH is showed in Table 1. Relative contraindications to initiate bosentan 
treatment are moderate to severe hepatic impairment because the metabolism of bosentan 
occurs by cytochrome p450 CYP2C9 and CYP3a4.18  

4.1 Severe adverse events
In the BREATHE-5 study, severe adverse events were more frequently seen in bosentan 
treated patients than in the placebo group: palpitations (11% versus 0%) and chest pain (8% 
versus 0%). In the BREATHE-5 prospective cohort extension study four patients (11%) expe-
rienced a total of seven serious adverse events (palpitations, viral gastroenteritis, increased 
liver function test (LFT), lethargy, nausea and chest pain (11%).26 The report of spontaneous 
abortion in BREATHE-5- OLE highlights the importance of the use of effective contraception. 
D’Alto et al reported one patient with non-sustained ventricular tachycardia. Debates about 
enhanced hypoxemia induced by endothelin-1 receptor antagonists in patients with PAH due 
to congenital heart disease have been rejected by the described studies. Initially, concerns 
were raised about the effect of endothelin-1 receptor antagonists on the potentially more  
reactive systemic circulation compared to the obstructed pulmonary vascular bed, which could 
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hypothetically result in worsening of systemic hypoxemia (as a result of increased right-to-left 
shunting). However, no such effect occurred. 
In the survival analysis of Eisenmenger syndrome patients by Dimopoulos et al, 52 patients 
died during a median follow-up of 4.0 years.8 Only two of them died while on advanced therapy 
but unclear is whether they were on bosentan or other advanced therapy.

4.2 Liver function test disturbances
Potential major complication is disturbance of the liver function tests (LFT). In the long term  
trials, D’Alto et al reported three patients with a four times elevation of liver function tests at 
two months of follow-up. Bosentan was reduced from 125 mg twice a day to 62.5 mg twice 
a day with a complete normalisation of the aminotransferase level.28 In the other two stud-
ies with a long term follow up no significant rises in liver transaminases were reported. 29.30  

Furthermore, the induction of hepatic enzymes can make hormonal contraception unreliable. 
To conclude, aminotransaminase levels of more than 3 times upper normal limits need further 
evaluation. Discontinuation of bosentan is recommended when levels are more than 5 times 
UNL, and re-introduction can only be considered if levels were less than 8 times upper normal 
limits. In all studies, liver function tests normalised after dose reduction. Other laboratory tests 
were often not described in the studies mentioned above. However, a decrease in haemoglobin 
(<10 g/dL) was seen in one patient (3%) in the study of D’Alto et al and in the BREATHE-5 
study.26  Monitoring of the international normalised ratio in the study of Apostolopoulou did 
not show interference.30

4.3 Mild adverse effects
Various mild adverse events were reported e.g. edema, hypersensitivity, rash and reversible  
thrombocytopenia.36 Clinical studies (not focusing) on CHD-PAH showed incidences of 
leg edema between 10% reported by Channick et al 37 and 27% in BREATHE-2.38 In the 
BREATHE-5 study, leg edema was more frequently reported in the bosentan treated patients 
compared to the placebo group. (19% vs 12%). Moreover, headache (14% versus 12%) and 
dizziness (8% versus 6%) were more common in bosentan treated patients.25 In the EARLY 
study most common reported mild adverse event in the bosentan group was nasopharyn-
gitis.27 The incidence of leg edema was similar in the two groups. BREATHE-5- OLE showed  
fatigue, dizziness, and headache (each 5%), leg edema (19%); nasopharyngitis (11%); diar-
rhoea (8%).26 The mechanism of edema is not entirely clear. Alternatively it may be the result 
of vasodilatation caused by bosentan, or dysfunction of renal tubular function.14 In the 28 
months follow-up study of Apostolopoulou et al only flushing and dizziness were reported 
which resolved within two weeks without regimen changes.30 In all but one study, hypoten-
sion or syncope did not appear. Only the BREATHE-5 reported one episode of vasovagal 
syncope.25 Additionally, none of the studies reported an increase in cyanosis after long term 
treatment with endothelin-1 receptor antagonist (28 months).30 
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5. PATIENT-FOCUSED OUTCOMES 
Patient focused assessments in clinical CHD-PAH studies are important due to possible 
discrepancies between clinical performance and objective exercise capacity of patients. PAH 
patients are likely to adapt to decreased needs. In the literature, several scores are developed 
to measure perception of improvement in CHD-PAH.13,39  The Quality of Life (QoL) scores and 
the Borg dyspnea index are most frequently used. Unfortunately, the CHD-PAH trials did not 
consistently use one type of scoring system.13

The Quality of Life evaluation was usually performed using the 36-item Short Form health 
survey (SF-36) or the Minnesota living with PAH questionnaire.39 The SF-36 is a well-docu-
mented, widely used and validated, self-administered QoL scoring system incorporating 36 
questions.23 The SF-36 includes 8 independent scales (scored as 0 to 100) that assesses the 
general health concepts of Physical Functioning, limitations caused by physical health problems 
(Role–Physical), Body Pain, General Health Perceptions, Vitality, Social Functioning, limita-
tions caused by emotional problems (Role–Emotional), and Mental Health. The SF-36 was 
used by Duffels et al in the description of exercise capacity and quality of life in adults with 
CHD-PAH with and without Down syndrome.23 In EARLY study, the SF-36 scores showed that 
57% of bosentan treated patients and 38% of placebo treated patients had experienced 
improved clinical performance (p < .05).27 The study reported significantly improvement of 
QoL in 2 of 8 SF-36 -scales in patients without Down syndrome. The Minnesota living with 
PAH questionnaire measures patients’ perceptions on physical, socioeconomic, and psycho-
logical aspects of daily life in relation with their CHD.23 Scores for the total Minnesota question-
naire ranged from 0 to 105, with higher scores reflecting worse perceived QoL. Duffels et al 
reported no changes in mean questionnaire scores comparing patients with and without Down 
syndrome (33, range 6 to 67; and 38, range 0 to 67; p = .7). 
The Borg dyspnea index was only used in a few trials.27,28,40 This scoring system is a visual 
analogue score which attempts to quantify effort during the 6MWD.13 A fall in score means 
less exertional breathlessness. D’Alto et al described a reduction in the Borg index (5.3 vs 
6.5  p<0.001) after 12 months follow-up.28 Apostolopoulou et al reported a decline of Borg 
dyspnoea index by 0.8 points, reaching baseline values at 2 years follow-up.30 

6. COMBINATION OF THERAPIES
With multiple advanced therapies for PAH acting on three different pathways a logical step  
forward in treatment of PAH was to look at the combination agents.13 Most evidence was gained 
for the efficacy of bosentan as monotherapy and the combination of the endothelin-1 receptor 
antagonist with another oral advanced therapy is becoming increasingly commonplace.41 For 
the combination of therapies is a goal-oriented approach a recommended strategy.42 This 
goal-oriented approach in patients with severe PAH focuses on combinations of endothelin-1 
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receptor antagonists, sildenafil and inhaled iloprost to achieve acceptable long-term results. 
Moreover the goal oriented therapy reduces the need for intravenous prostaglandin treat-
ment and lung transplantation.42 Safety investigation of combination therapy was performed 
in healthy subjects by Burgess et al.43 This study reported interaction for co-administration of 
bosentan 125mg twice daily with sildenafil 80 mg 3 times daily; this resulted in a 50% rise in 
bosentan levels and fall in sildenafil by nearly two thirds. Moreover one report (not placebo-
controlled) looking at the combination of bosentan and sildenafil showed no greater number of 
liver enzyme elevations compared to endothelin-1 receptor antagonist monotherapy.42

7. CONCLUSIONS
The rationale for treatment is clear, given the progressive character of the disease.  
Clinical recommendations are found in several guidelines described by the European  
Society of Cardiology and the American College of Cardiology.44,45 Regarding effective-
ness in the presented studies, bosentan treatment has shown to improve short term exer-
cise tolerance in patients with CHD-PAH in functional class II, III and IV.27 The data for long 
term follow up remains conflicting because two long term trials showed beneficial effect and 
two trials reported initial efficacy followed by gradual return to baseline. Only limited data is 
available for specific diseases or subgroups in CHD-PAH. The BREATHE-5 study showed 
patients with functional class III Eisenmenger syndrome to deteriorate when they were pla-
cebo treated in contrast to bosentan treated patients who improved significantly.25  Conclu-
sion for Eisenmenger syndrome patients is that bosentan treatment could be considered  
irrespective of the nature of the septal defect.10 Finally, larger studies are needed to determine 
optimum treatment strategy for adults with CHD-PAH due to systemic to pulmonary shunt. The  
application of endothelin-1 receptor antagonist like bosentan (and other advanced therapies) 
in Eisenmenger syndrome seems to be beneficial and treatment with bosentan is a proper 
consideration. Systematic cohort studies and ultimately new placebo-controlled trials are  
desired to assess the effects on survival to examine the effect of bosentan on long-term  
survival. In conclusion, bosentan seems to offer benefit to those patients with CHD-PAH 
in moderate to severe cases (Eisenmenger patients), but the incidence of adverse events  
require close monitoring by clinicians.
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1. INTRODUCTION
Pulmonary arterial hypertension (PAH) is a severe, progressive disease, which can present id-
iopathically or secondary to conditions such as systemic sclerosis or congenital heart disease 
(CHD).1 In the setting of CHD-PAH a systemic-to-pulmonary shunt and increased volume 
overload ultimately lead to adaptations of pulmonary vasculature and endothelial dysfunc-
tion. The classification of CHD-PAH has recently been updated to include four categories: 
(1) Eisenmenger syndrome, (2) PAH associated with systemic-to-pulmonary shunts, (3) PAH 
with small septal defects and (4) PAH after corrective cardiac surgery or intervention.  Three 
classes of advanced therapy for PAH are currently in use: prostanoids such as epoprostenol, 
endothelin-1 receptor antagonists such as bosentan and phosphodiesterase-5 inhibitors such 
as sildenafil. 

2. RECENT PROGRESS 
2.1 Eisenmenger Syndrome
Nowadays, all patients with class III Eisenmenger syndrome should be treated according to 
current guidelines, based on a class IC recommendation.2 In our nationwide study with stand-
ardized treatment protocol we observed a prolonged beneficial effect of bosentan treatment 
on exercise capacity, echocardiographic stroke volume and quality of life in CHD-PAH patients 
(79% Eisenmenger syndrome).3 In Eisenmenger patients with Down syndrome a stabilization 
of clinical parameters was seen. 

2.2 Expanding Indications
Indications for advanced therapy are expanding.  In NYHA functional class II PAH patients, 
short term efficacy of bosentan has been demonstrated.4 Moreover, prevention of clinical de-
terioration should be considered an important treatment goal.
Some patients with complex CHD have peripheral pulmonary artery stenosis resulting in lo-
cal variation of pulmonary artery arterial pressure. Consequently, some segments of pulmo-
nary tissue have higher pressures than others, therefore the term segmental PAH has been 
suggested to describe this situation.5 Our group has reported a case series with segmental 
PAH demonstrating improvement of NYHA functional class and exercise capacity after twelve 
months of bosentan treatment.

2.3 Surgical Patients
Patients with septal defects and severe or irreversible PAH are by convention ineligible for 
cardiac surgery. However, a number of these patients can benefit from advanced therapy as a 
bridge to surgical intervention. In the literature a few cases have been reported on CHD-PAH 
patients who became eligible for cardiac surgery after bosentan treatment.6,7

CHD patients who undergo cardiac surgery tend to have a decline in right ventricular function 8,  
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and advanced therapy might be useful to prevent this decline. Cardiopulmonary bypass ini-
tiates an endothelin-1 release, which induces vasoconstriction of the pulmonary arterioles 
resulting in elevation of the pulmonary vascular resistance (PVR). In a small study, peri-opera-
tive treatment with a selective endothelin-1 receptor antagonist led to a significant decrease in 
PVR compared to the control group.9 A study on sildenafil treatment one week upon institution 
of cardiopulmonary bypass in twenty-three children with PAH found shortening of cardiopul-
monary bypass time, mechanical ventilation time, length of intensive care unit and hospital 
stays.10 Large prospective randomized trials are needed to confirm this hypothesis and to 
show clinical benefit in CHD patients. 

2.4 Fontan Patients
Another patient category that might benefit from advanced therapy are patients with a Fontan 
circulation. Low PVR is crucial for Fontan patients. Advanced therapy, which act on PVR, 
might lead to increase in transpulmonary flow and ventricular preload and thereby improving 
cardiac output and exercise performance in Fontan patients.  In a first randomized double 
blind placebo controlled trial Goldberg et al. found an improvement in ventilatory efficiency 
and submaximal exercise capacity after six weeks of sildenafil treatment.11 However, no sig-
nificant improvement in six minute walking distance was seen in a small group (n = 10) of fail-
ing Fontan patients treated with bosentan for 12 weeks. In the Netherlands, we are currently 
performing a prospective randomized trial on bosentan in Fontan patients; the results are 
expected in spring 2012. 

3. FUTURE PERSPECTIVES
Recent research in non-CHD patients has provided new insights into pathophysiology, diag-
nosis and management of PAH.
The pathophysiological changes of the pulmonary arteries in pulmonary hypertension include 
endothelial damage and proliferation and hypercontractility of vascular smooth muscle cells. 
However, inflammation may also be involved in the pathogenesis of PAH. Some patients with 
idiopathic PAH have immunological disturbances (eg, circulating auto-antibodies, such as an-
tinuclear antibodies) and elevated circulating levels of pro-inflammatory cytokines (eg, inter-
leukin-1 and -6).12 It has been demonstrated that Rho-kinase is upregulated by inflammatory 
stimuli, and the Rho-kinase pathway may play an important role in the development of PAH. 
Efficacy of Fasudil, a Rho-kinase inhibitor, is currently under investigation. 
Platelet-derived growth factor (PDGF) and its receptor (PDGFR) have also been implicated 
in the pathobiology of PAH. PDGF induces proliferation and migration of human pulmonary 
artery smooth muscle cells. Imatinib, a tyrosine kinase inhibitor of PDGFR has been shown 
safe in PAH patients and a Phase III efficacy trial is in progress.13

Results of these ongoing studies on Fasudil and Imatinib should be awaited, and similar stud-
ies should be started in CHD-PAH patients. 
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4. CONCLUSION
Following current guidelines, all patients with Eisenmenger syndrome in class III should be 
treated with advanced therapy. Surgical CHD patients could benefit from advanced treat-
ment peri-operatively. PAH patients initially ineligible for cardiac surgery could benefit from 
advanced therapy as a bridge to intervention.  First results of studies on advanced therapy in 
CHD-PAH class II patients, segmental PAH patients and Fontan patients point towards benefit.  
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1. INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive disease with poor survival. PAH is 
classified by the 2009 updated clinical classification of pulmonary hypertension and a major 
subgroup is PAH due to congenital heart disease (CHD) with systemic-to-pulmonary shunt.1 
This shunting may lead to extensive histological changes in the distal pulmonary arteries  
resulting in an irreversible increase in pulmonary vascular resistance (PVR). The classifica-
tion of CHD-PAH includes four categories: (1) Eisenmenger syndrome, (2) PAH associated 
with systemic-to-pulmonary shunts, (3) PAH with small septal defects, (4) PAH after corrective 
cardiac surgery.2 In these patients advanced pharmacological therapy should be considered. 
Three classes of advanced therapy for PAH are currently in use: prostanoids such as  
epoprostenol, endothelin-1 receptor antagonists such as bosentan, and phosphodiesterase 
5 inhibitors such as sildenafil.3 Bosentan has been shown to improve six minute walking  
distance (6MWD) and to decrease PVR in patients with Eisenmenger syndrome.4 Anecdotal 
experience with the phosphodiesterase type-5 inhibitors sildenafil and tadalafil show favorable 
functional and hemodynamic results in patients with CHD-PAH.5,6 We present three patients 
treated with advanced pharmacological therapy for CHD-PAH: a patient with Eisenmenger 
syndrome receiving standard care, a patient with atrial septal defect receiving advanced therapy 
as a bridge to surgery, and a patient with segmental PAH who was started on advanced 
therapy empirically. 

2. CASES
2.1 CASE ONE: AN EISENMENGER PATIENT
The first case describes a 38 year old male patient with double inlet left ventricle, hypoplastic 
aortic arch and patent ductus arteriosus. He was deemed ineligible for a Fontan circulation 
and developed PAH in childhood. He was severely symptomatic (NYHA functional class III-IV) 
and could only live a sedentary lifestyle. For two years, he was on the waiting list for com-
bined heart and lung transplantation. He was cyanotic with a peripheral saturation of 80%. His  
hemoglobin level was 13.4 mmol/L. On auscultation, normal heart sounds were heard, as well 
as a systolic murmur grade II/VI. Trans-thoracic echocardiography (TTE) showed a moderate 
systolic ventricular function, mild mitral regurgitation, and moderate tricuspid regurgitation. 
See Figure 1. His 6MWD was 475 meter, and during exercise his saturation dropped from 
80% to 62%
It was decided to initiate bosentan 125 mg b.i.d. monotherapy. He improved to NYHA func-
tional class II and his six minute walking distance (6MWD) increased from 475 to 500, 517 and 
557 meters at 1, 2 and 3 years, respectively. His saturation remained unchanged. Clinically he 
has improved over the past four years on bosentan monotherapy and is now able to work 12 
hours a week. He could be removed from the transplantation list. 
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2.2 CASE TWO: ADVANCED THERAPY AS A BRIDGE TO ATRIAL SEPTAL 
DEFECT CLOSURE
A 25 year old female patient was referred to our hospital because of progressive dyspnea 
since five months. Her medical history was unremarkable, and auscultation revealed fixed 
splitting of the second heart sound. The ECG showed sinus tachycardia of 120 beats per 
minute, right heart axis, and tall R waves in V1 and V2.  The chest x-ray showed a dilated 
right pulmonary artery and pulmonary trunk. A CT scan was performed to rule out pulmo-
nary embolism. Pulmonary embolism was not observed, but the right ventricle and pulmonary 
trunk were severely dilated. In addition, an anomalous connection of the right upper pulmo-
nary vein to the superior caval vein was found. TTE revealed a small left ventricle with good  
systolic function. The right ventricle was dilated with poor systolic function. The interventricular  
septum was flattened during both diastole and systole, suggesting right-sided pressure over-
load. Agitated saline contrast injection revealed shunting from right to left atrium, suggestive 
of an atrial septal defect. Transesophageal echocardiogram (TEE) showed a sinus venosus 
defect with right to left shunt, see Figure 2. Right heart catheterization demonstrated a pulmo-
nary arterial pressure (PAP) of 89/46 mmHg (mean 55 mmHg) with a systemic blood pressure 
of 118/65 mmHg (mean 82 mmHg). PVR was markedly elevated at 680 dynes/sec/cm-5 (8.5 
Wood Units). Epoprostenol infusion to achieve maximal pulmonary vascular dilation did not 
result in a reduction of PVR. Her baseline 6MWD was 514 meter and saturation dropped from 
97% at rest to 78% during exercise. The working diagnosis at that time was PAH associated 

Figure 1. Eisenmenger patient in case 1
Trans- thoracic echocardiogram demonstrating double inlet left ventricle
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Figure 2. Sinus venosus atrial septal defect in case 2 
A. Cardiac computed tomography scan 
B. Transesophageal echocardiogram  
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with systemic-to-pulmonary shunt (Group 2). However, given the unusually severe PAH for 
a patient with sinus venosus defect at this age, we could not rule out that the clinical picture 
was explained by a combination of idiopathic pulmonary arterial hypertension (IPAH, formerly 
called primary pulmonary hypertension) and a sinus venosus defect. 
This patient was treated with combination therapy of bosentan 125 mg b.i.d. and sildenafil 20 
mg t.i.d. After several weeks of therapy, subjective improvement was observed. After three 
months of treatment, repetition of the right heart catheterization showed that PAP had dropped 
to 62/32 mmHg (mean 42 mmHg) with a systemic blood pressure of 104/54 mmHg (mean 73 
mmHg). In addition, her 6MWD increased from 514 to 640 meters, NT-pro-BNP decreased 
from 1092 to 497 ng/L, and saturation during exercise increased from 78% to 90%. Because 
of the beneficial response to medical therapy, this patient was planned for closure of the sinus 
venosus defect and rerouting of the pulmonary vein flow to the left atrium. The interatrial septum 
will be reconstructed with a fenestrated patch to facilitate complete closure via percutaneous 
intervention at a later stage. This “staged” procedure was chosen to minimize the risk of acute 
right-sided heart failure, which is a life-threatening complication.

2.3 CASE THREE: ADVANCED THERAPY IN A PATIENT WITH SEGMENTAL 
PAH STARTED EMPIRICALLY 
The third case describes a 39 year old female patient who presented with shortness of breath. 
She had a history of pulmonary atresia, ventricular septal defect and stenosis of a major 
aortopulmonary collateral artery (MAPCA) to the right inferior pulmonary lobe, see Figure 3. 
In childhood she had initially been palliated with a left-sided Blalock-Taussig shunt to supply 
pulmonary blood flow, and later with a central Goretex shunt. New cardiac evaluation followed 
in adolescence. At that time further surgical repair was not indicated, because of her stable 
cardiac situation and the risk of complications associated with a reoperation. The pulmonary 
lobes supplied by the aorta-pulmonary shunt or the non-stenosed MAPCAs experienced a 
systemic blood pressure and developed PAH, whereas the right inferior lobe supplied by the 
stenosed MAPCA experienced a relatively normal PAP and as a consequence did not develop 
PAH. The term segmental PAH has been suggested to describe this situation. She was 
cyanotic with a peripheral saturation of 81%. No pathologic murmurs were heard at auscul-
tation. Her NT-pro-BNP was 419 ng/L. Echocardiographically, her right and left ventricular 
systolic function were good. Her 6MWD was 462 meter and saturation dropped from 81% to 
65% at exercise. 
Because of her shortness of breath, it was decided to treat this patient with bosentan 125 mg 
b.i.d monotherapy empirically. After initiation, clinical improvement was observed. Her 6MWD 
increased from 462 to 478, 502 and 513 meter at 1, 2 and 3 years respectively. After three 
years of treatment saturation at rest increased to 85%, and NT-pro-BNP decreased to 334 
ng/L. Clinically she improved to mild shortness of breath. She  experiences fatigue occasionally. 
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3. DISCUSSION
We described three adults where advanced pharmacological therapy for CHD-PAH was 
prescribed in different clinical settings. The first patient, diagnosed with Eisenmenger 
syndrome, was treated according to current guidelines.7 In the second patient, therapy was 
started more aggressively as a bridge to atrial septal defect closure. The third patient with 
segmental PAH was started on advanced therapy empirically.
Presentation with Eisenmenger syndrome, as in the first patient, has a negative impact on 
survival. Eisenmenger syndrome patients are highly symptomatic, and require major lifestyle 
adjustments due to limited functional capacity. Quality of life is diminished and pregnancy is 
strictly contraindicated.8 In our extended experience with a nationwide standardized protocol 
on advanced treatment in CHD-PAH, a prolonged beneficial effect of bosentan treatment on 
six-minute walking distance, echocardiographic stroke volume and quality of life in patients 
with Eisenmenger syndrome has been shown.9 In patients with additional Down syndrome 
stabilization was seen.9 The six-minute walking distance is associated with clinical outcome 

Figure 3. Segmental pulmonary arterial hypertension in case 3
A: Magnetic resonance angiography demonstrating left inferior MAPCA stenosis 
B: Schematic drawing
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and prognosis.10 In the second patient optimization with advanced therapy led to eligibility for 
surgical closure. The decision to proceed with surgery was made, regardless the persistent 
high mean PAP, on the basis of reversibility in PVR after three months of advanced medical 
treatment. Patients with septal defects initially ineligible for cardiac surgery due to severe 
PAH could benefit from advanced therapy as a bridge to surgical intervention. Patients with 
segmental PAH, like our patient in case three, are rare. Segmental PAH is often due to post-
surgical pulmonary artery stenosis, resulting in local differences in pulmonary artery pressure 
and severity of the pathophysiologic changes in the pulmonary circulation. Our group 
has reported on several cases with segmental PAH demonstrating improvement of NYHA 
functional class and exercise capacity after 12 months of bosentan treatment.11 
Also in other patient categories, evidence on beneficial effect of advanced therapy is increasing. 
In NYHA functional class II PAH patients, short term efficacy of bosentan has been demon-
strated.12 However, this study included only 16 patients with CHD-PAH. 
Another group of patients that might benefit from advanced therapy are those with a Fontan 
circulation. In Fontan patients’ plasma endothelin-1 level has been shown to be elevated.13 
Endothelin-1 induces pulmonary vasoconstriction, and increases PVR. Low PVR is crucial for 
a well-functioning Fontan circulation, and endothelin-1 receptor antagonists might therefore 
contribute to improvement of clinical status in these patients. We are currently performing 
a prospective randomized trial on bosentan in Fontan patients; the results are expected in 
spring 2012.14 
Finally, advanced therapy might be useful in CHD patients who undergo cardiac surgery, who 
tend to have a decline in right ventricular function.15 Treatment with an endothelin-1 receptor 
antagonist might reduce peri-operative pulmonary vasoconstriction induced by the endothelin-1 
release initiated by the cardiopulmonary bypass.16 In a small study, peri-operative treatment 
with a selective endothelin-1 receptor antagonist led to a significant decrease in PVR 
compared to the control group.17 However, trials are needed to confirm this hypothesis and to 
show clinical benefit in CHD patients. In our center we are currently evaluating the effect of 
bosentan on peri-operative right ventricular function prospectively. 

4. CONCLUSION
CHD-PAH remains a severe disease, leading to reduced quality of life and cardiac complica-
tions including right ventricular failure, arrhythmias and premature death. Our cases demon-
strate the variety of indications in which advanced therapy is justified. Research is warranted 
in CHD patients with elevated endothelin-1 levels, who are at risk of increase in pulmonary 
artery pressure, to determine whether these patients benefit of advanced therapy.
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ABSTRACT
Introduction 
Pulmonary arterial hypertension (PAH) in patients with congenital heart disease (CHD) usually 
has a homogeneous pressure distribution. More rarely, complex CHD patients have segmental 
PAH. This is often post-surgically. The characteristics of these patients and their responsive-
ness to specific pulmonary vasodilator therapy have not been described.

Methods
Seven adults with segmental PAH complicating CHD were treated at 3 specialized adult CHD 
centers between January 2006 and December 2010. Clinical characteristics, six minute walking 
distances (6MWD), laboratory tests and images were obtained from medical records and the 
responses to Bosentan, an endothelin-1 receptor antagonist, were assessed. 

Results
All patients (mean age 32 (23 - 42) years, five females) had a primary diagnosis pulmonary 
atresia (PA), four with major aortopulmonary collateral arteries (MAPCAs). Four segmental 
PAH patients had a right pulmonary artery stenosis, two a left pulmonary artery stenosis and 
one a unilateral MAPCA stenosis. All patients were symptomatic (functional class II or III) 
and bosentan was started empirically. Bosentan treatment led to a significant improvement 
in functional class compared to baseline (1.7 ± 0.5 versus 2.4 ± 0.5; p < 0.01). Mean 6MWD 
(available in 6 patients) increased by 62m (22 - 150 m) from 386 ± 135 to 448 ± 133m (P = 0.03) 
after 12 months treatment. Most improvement was seen in patients with low baseline 6MWD. 
Higher baseline exercise heart rate was significantly associated with lesser improvement in 
6MWD (r = -0.91 P = 0.01). Laboratory results did not change after initiation of bosentan treatment. 

Conclusion
This small retrospective case series suggested a significant improvement of functional class 
and exercise capacity after bosentan treatment in patients with segmental PAH. These findings 
warrant a prospective study of the potential benefit of selective pulmonary vasodilator therapy 
in these complex patients.  Therefore, we call on treating physicians to share similar cases.
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1. INTRODUCTION
Congenital heart disease (CHD) in adults is associated with pulmonary arterial hypertension 
(PAH) in 5-10% of cases.1,2 The characteristic pulmonary pressure distribution in CHD-PAH 
patients is homogeneous.3 However, some cases of complex CHD are complicated by segmental 
PAH. This is often post-surgical with branch pulmonary artery stenosis resulting in local 
differences in pulmonary artery pressure and pathophysiologic severity.4 Consequently, some 
areas of pulmonary tissue have higher pressures than others. The clinical presentation of 
CHD patients with segmental PAH varies from asymptomatic incidental findings on trans-
thoracic echocardiography (TTE) to progressive dyspnoea on exertion or even haemoptysis.5, 6 
Initial treatment for these patients with segmental PAH may involve percutaneous intervention 
or surgical repair.7 Medical treatment is considered when such interventions are not possible. 
Three main classes of medical therapies for PAH have been investigated: endothelin-1 receptor 
antagonists such as bosentan, prostanoids such as epoprostenol and phosphodiesterase 5 
inhibitors such as sildenafil.8,9 Bosentan has been shown to improve six minute walking 
distance (MWD) in homogenous CHD-PAH.10 Whether bosentan is effective in CHD patients 
with segmental PAH is unknown.11,12 Therefore, we collected case observations from three 
specialist adult CHD centers to evaluate the characteristics of such patients and the potential 
benefit of bosentan in this clinical condition. 

2. METHODS
2.1 Data collection
Large adult congenital heart units in Amsterdam, Sydney and London reviewed their data-
bases for symptomatic patients with segmental PAH. Clinical characteristics, 6MWD, labora-
tory tests and imaging data were obtained where available from medical records. New York 
Heart Association functional class data was obtained from baseline (pre-treatment) and last 
visit. For each patient the proportion of segmental PAH was estimated by the anatomy and the 
location of pulmonary artery stenosis found on advanced imaging. 

2.2 Statistics
For statistical analysis SPSS 18.0 (SPSS Inc, Chicago, Illinois) was used. The difference 
between baseline and treatment was calculated with paired t-test. Correlation between 
change in 6MWD and baseline 6MWD, functional class, rest saturation, exercise saturation, 
rest heart rate, exercise heart rate and NT-pro-BNP was evaluated using Pearson correlation 
analysis (r). Univariate linear regression analysis was performed for each clinical outcome 
parameter to determine whether it was associated with the estimated proportion of segmental 
PAH. P- values below 0.05 were considered to be significant. 
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3. RESULTS
3.1 Baseline characteristics 
Seven patients (mean age 32 (23 - 42) years, five females) had segmental PAH. Table 1 
summarizes patients’ baseline characteristics. This includes a detailed description of the 
distribution of pulmonary pressures. All seven patients had the underlying diagnosis of  
pulmonary atresia (PA), four of whom had major aortopulmonary collateral arteries (MAPCAs). 
Interventions in the history were central Goretex shunt (n=1), Waterston shunt (n=1), Blalock 
Taussig shunt (n=3) and Potts shunt (n=1), see Figure 1. Four segmental PAH patients had 

Table 1A. Baseline characteristics

Abbreviations PA; pulmonary atresia, PS; pulmonary artery stenosis, VSD; ventricular septal defect, 
TAPVC; total anomalous pumonary venous connection, APD; right pulmonary artery, APS; left pulmo-
nary artery, TOF; Tetralogy of Fallot, DILV; double inlet left ventricle RVOT; right ventricular outflow tract, 
MAPCA; major aortopulmonary collateral arteries

Table 1B. Baseline characteristics

Abbreviations APD; right pulmonary artery, APS; left pulmonary artery, n/a; not available, PAH; pulmonary 
arterial hypertension
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a right pulmonary artery stenosis, two a left pulmonary artery stenosis and one a unilateral 
MAPCA stenosis. Pulmonary pressures pre-stenosis were higher (90/5; 95/12; 129/53; 65/50; 
65/50; 80/40; 105/15 mmHg) than pressures post stenosis (16/2; 40/28; 50/40; 30/20; 0/0; 
40/20; 56/18 mmHg) respectively.  Time between onset and diagnosis of PAH was unknown. 

3.2 Effects of bosentan treatment
All patients were symptomatic and bosentan was started empirically. Patients remained on 
monotherapy with bosentan and other medical therapies included diuretics for five patients, 
antiarrhythmic agents for four patients and oral anticoagulation for four patients. Bosentan 
treatment showed a significant improvement of functional class compared to baseline (1.7 ± 
0.5 versus 2.4 ± 0.5; p<0.01), see Table 2. 
Six patients had 6MWD available. Mean 6MWD increased with + 62 m (22 – 150 m) from 
386 ± 135 to 448 ± 133 (P=0.03) at 12 months of treatment. Most improvement was seen 
in patients with low baseline 6MWD (Figure 2A). Higher baseline exercise heart rate was 
significantly associated with fewer increase in 6MWD (r = -0.91 P = 0.01), see Figure 2B. 
Change in 6MWD was not associated with baseline 6MWD, functional class, rest saturation, 
exercise saturation and rest heart rate. Mean resting heart rate at baseline (88 ± 11 beats per 
minute) was unchanged during follow-up (81 ± 17 beats per minute), as was mean maximum 
heart rate during the 6MWD (110 ± 22 beats per minute versus 114 ± 26 beats per minute). 
Mean resting oxygen saturation at baseline was 81% and did not change significantly during 
12 months follow-up. Mean minimum oxygen saturation during the 6MWD at baseline was 
67±16% and did not change significantly at last follow-up to 61 ± 17%. 
NT-pro-BNP levels were available for three patients and were unchanged compared to base-
line (mean 778 ± 586 versus 768 ± 611 ng/L). 
The estimated proportion of segmental PAH was investigated by univariate linear regression 
analysis to verify whether it could predict clinical outcome. The analysis did not find a clinical 
outcome parameter to be significantly associated with patients’ estimated proportion of segmental 
PAH. Change in functional class tended to associate with segmental PAH severity without 
reaching significance (β = -0.027; P = 0.051). 
Therapy with bosentan was safe and well tolerated for these patients. Mild adverse events 
were reported by two patients. One patient developed headache and one patient reported 
nausea and later a syncopal episode. No disturbed liver function tests were found.

4. DISCUSSION
Our observations are the first to show significant improvement of clinical status and exer-
cise tolerance after bosentan therapy in complex CHD patients with segmental PAH. Most  
improvement in exercise capacity was seen in patients with low baseline 6MWD. Higher base-
line exercise heart rate was significantly associated with lesser improvement in 6MWD. 

Schuuring proefschrift.indd   57 05-03-14   14:20



58

5

Figure 1. Anatomy of segmental PAH patients (available in 6 of the 7 cases)
 A: Left Magnetic resonance imaging APD Stenosis, Right Schematic drawing
 B: Left Magnetic resonance angiography inferior MAPCA stenosis, Right Schematic drawing
 C: Computer tomography stenosis APS 
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Figure 1. Anatomy of segmental PAH patients (available in 6 of the 7 cases)
  D: Left Cardiac catheterisation distal APD stenosis, Right hypertensive APS 
 E:  Magnetic Resonance Imaging APD stenosis 
 F: Magnetic Resonance Imaging APD stenosis 
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4.1 Treatment effect of bosentan 
For patients with “homogeneous” CHD due to simple underlying lesions, the BREATHE-5 
study described a beneficial effect of bosentan therapy in patients with Eisenmenger syndrome. 
At baseline all patients were in functional class III. The 6MWD resulted in a significant treat-
ment effect of 53 meters. Functional class, albeit seeming subjective, was a common indicator 
of treatment effect. Changes in exercise heart rate during 6MWD tests was usually not an 
indicator of treatment effect in patients with homogeneous PAH. Van Loon et al described 
the long-term effect of bosentan treatment in 20 adults and 10 children with pulmonary arte-
rial hypertension and their heart rate did not change from baseline through last follow-up.13  
In addition, mean maximum heart rate during the 6MWD did not change significantly during 
follow–up compared to baseline in 64 adult patients with PAH associated with CHD.14 Our find-
ings of unchanged oxygen saturation were in agreement with the results of the BREATHE-5 
study. Bosentan therapy in patients with Eisenmenger syndrome did not compromise the 
peripheral oxygen saturation.
Quality of life should be assessed in the future as an outcome parameter of treatment effect 
in patients with segmental PAH. Patient focused assessments in clinical PAH studies are 
important due to possible discrepancies between clinical performance and objective exercise 
capacity of patients. PAH patients are likely to adapt to decreased needs. In patients with 
CHD, PAH has been shown a major contributor to reduced functional capacity15 even among 
patients with previous defect closure and patients who had not developed Eisenmenger’s 
physiology.16

Table 2. Effects of bosentan in complex CHD patients with segmental PAH

Abbreviations FU; follow up, 6MWD; six minute walking distance, BL; baseline Mo; months, m; meters, 
n/a; not available
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Figure 2A. Exercise capacity in complex CHD patients with segmental PAH on bosentan treatment
Figure 2B. Heart rate and improvement of exercise capacity
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4.2 Mechanisms
The mechanism of bosentan is a competitive dual inhibition of the endothelin-1 receptor.  
Endothelin-1 is a potent vasoconstrictor, which also mediates cell proliferation, fibrosis and 
inflammation. The plasma level of endothelin-1 in patients with PAH appeared to be elevated, 
inducing histopathological changes in the pulmonary vascular bed.17 This endothelin-1 elevation 
has been shown for patients with PAH having a broad spectrum of underlying diagnoses.18 
Endothelin-1 levels in patients with segmental PAH have never been studied. It is assumable 
that patients with segmental PAH have, despite parts with low pulmonary pressures, elevated 
endothelin-1 levels accounting for the treatment effect of bosentan.  

4.3 Clinical impact
Determining the etiology of PAH is essential to appropriate management.19 The retrospec-
tive case observations here suggest efficacy of bosentan treatment in adults with segmental 
PAH. Left untreated, patients with homogeneous PAH typically have a progressive decline in 
function with high morbidity ultimately leading to death.20 Whether patients with segmental 
PAH have a similar prognosis is unknown. Early evaluation and treatment of segmental PAH 
patients may improve clinical outcome. Early recognition of disease could lead to prompt 
initiation of diagnostic evaluation and start of therapy. Starting appropriate treatment regimens 
early in the disease process is expected to improve quality of life. 

4.4 Limitations
The major limitations of the study were the small subject numbers and the heterogeneity 
of underlying post-operative anatomy; however we note the rarity of this condition and the 
lack of previously published reports describing this patient population. Though these patients 
benefited from treatment, the retrospective observations should be interpreted with caution. 

5. CONCLUSION
This retrospective case series suggested a significant improvement of functional class and 
exercise capacity after bosentan treatment in patients with segmental PAH. These findings 
warrant a prospective study of the potential benefit of selective pulmonary vasodilator therapy 
in these complex patients. Therefore, we call on treating physicians to share similar cases.
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ABSTRACT
Background 
Pulmonary arterial hypertension due to congenital heart disease (CHD-PAH) has a poor 
prognosis. We sought to determine whether the biomarker high-sensitivity troponin T (hsTnT) 
measured on routine visit at the outpatient clinic is associated with prognosis.

Methods
Consecutive adult CHD-PAH (86% Eisenmenger syndrome) patients referred for advanced 
medical therapy between January 2005 and March 2007 in the Academic Medical Center in 
Amsterdam. Patients with severe renal impairment were excluded.  The primary outcome was 
mortality.

Results
Of all 31 patients (mean age 45 ± 12 years) with CHD-PAH, eight patients died during a 
median follow-up of 5.6 (range 1.6 to 6.8) years. A hsTnT level > 0.014 μg/L was the 99th 
percentile cut off of the normal distribution and therefore defined as elevated. At baseline, 
elevated levels of hsTnT were found in eight patients (26%). In univariate Cox regression, 
hsTnT elevated at baseline, NT-pro-BNP and right ventricular function were determinants of 
death (p < 0.05 for all). Patients with elevated levels of hsTnT showed a significantly higher 
mortality rate as compared to patients with normal hsTnT levels (62% versus 13%, p = 0.005).

Conclusion
Levels of hsTnT were abnormal in a substantial proportion of CHD-PAH patients. A signifi-
cant inverse relationship was found between hsTnT and survival. 
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1. INTRODUCTION
Pulmonary arterial hypertension due to congenital heart disease (CHD-PAH) has a poor 
prognosis.1,2 In patients with CHD-PAH a systemic-to-pulmonary shunt and increased volume 
overload ultimately lead to adaptations of pulmonary vasculature and endothelial dysfunc-
tion.2,3 Ventricular failure is a substantial cause of death in patients with CHD-PAH.1,4

Detection of circulating cardiac troponins reflects myocardial damage, and it is diagnos-
tic of acute myocardial infarction in the presence of ischemic signs and symptoms. However, 
elevated cardiac troponins may also be found in other pathological conditions includ-
ing right ventricular overload in primary pulmonary hypertension, chronic thromboembolic  
pulmonary hypertension and pulmonary hypertension due to collagen vascular disease.5,6 The 
exact underlying mechanism of this early ‘troponin leak’ is unknown, even though detectable  
cardiac troponin suggests ongoing myocardial damage which is generally associated with 
worse prognosis.
Recently, modifications of high-sensitivity troponin T (hsTnT) assays have been introduced 
that result in higher analytical sensitivity. So-far, hsTnT has not been studied in patients with 
CHD-PAH. We sought to determine whether high-sensitivity hsTnT is associated with prog-
nosis and disease severity in CHD-PAH patients. We hypothesized that in an early stage the 
marker hsTnT might identify patients who are most at risk of early mortality. 

2. METHODS
2.1 Data collection
Consecutive adult patients with CHD-PAH referred to the Academic Medical Center, Amsterdam, 
a tertiary referral center for CHD, were included. Patients with Eisenmenger syndrome and 
the following congenital heart defects were studied: septal defects, patent arterial duct and 
created aortopulmonary shunts in cyanotic congenital heart disease (Waterston/Potts shunt). 
Patients with persistent PAH after previous closure of their CHD defect were also enrolled. 
To establish PAH diagnosis, minimal systolic pulmonary arterial pressure had to be 37 mm 
Hg at rest with a tricuspid regurgitation velocity of more than 2.8 m/s, according to the guide-
lines of the European Society of Cardiology.3 Eisenmenger syndrome was defined as right-
to-left shunt over the congenital heart defect due to an increased pulmonary vascular resist-
ance. Patients with PAH were divided into mild (37–49 mmHg), moderate (50–70 mmHg) and  
severe (>70 mmHg) PAH groups.7 Clinical parameters including laboratory and echocardiog-
raphy results were evaluated. Six minute walk distances were obtained from patients with and 
without Down syndrome. Blood was obtained from peripheral venous sampling and stored 
in a -80°C frozen state until biomarker measurements were performed. Duration of follow up 
was the time interval between the day of blood sampling and last visit or date of death. All  
patients were started on bosentan monotherapy. The primary outcome was all-cause mortality. 
Patients with severe renal impairment (eGFR < 30 mL/min) were excluded.  
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2.2 Laboratory measurements
High-sensitivity troponin T levels were determined with an enzyme-linked immunosorbent  
assay method on an Elecsys 300 analyzer (Roche Diagnostics, Almere, the Netherlands) 
using a fifth generation assay. The coefficient of variation was 1.3% within one run and 1.7% 
within twenty patients during reproducibility tests. Freezing and long-term storage has a small 
impact on stability of hsTnT.8 Up to 12 months of frozen storage the hsTnT assay is a reli-
able method of measuring the cTnT level in human serum. After 24 months, the hsTnT levels  
becomes lower than baseline. A hsTnT level > 0.014 μg/L was determined as the 99th percen-
tile of the normal distribution, and thus defined as elevated by the manufacturer as specified 
in the package insert.9 Analysis of NT-pro-BNP was performed by a sandwich technique using 
two antibodies and a chemiluminescence signal for determination of the concentration of the 
analyte. Lithium heparin plasma was used for sample material.
Doppler echocardiography (VIVID 7 General Electric, USA) was performed to evaluate left 
and right ventricular function. Right ventricular function was measured by tricuspid annular 
plane systolic excursion (TAPSE). One patient had transposition of the great arteries, and 
MAPSE was measured in the subpulmonary ventricle. 

2.3 Statistics
Continuous variables were expressed as mean ± standard deviation when normally distrib-
uted, and median (range) if otherwise, and differences were assessed using the Student  
t test and Mann-Whitney U test, respectively. Categorical variables were expressed as  
number (percentage) and differences were analyzed using a Chi-square test. Cutoff  
value for NT-pro-BNP level was based on the optimal point of the individual determinant level in  
receiver operating characteristics curve analysis. Cox proportional hazards models were used 
to calculate hazard ratios (HR) and corresponding 95% confidence intervals (CI) for mortality 
with respect to their associations with hsTnT. Association between hsTnT and risk or mortality 
was assessed using logrank tests, with Kaplan-Meier estimation used to describe likelihood 
of the outcomes during the follow-up period. Because of their skewed distribution, hsTnT and 
neurohormone N-terminal pro brain natriuretic peptide (NT-pro-BNP) levels were log-trans-
formed before being used in regression models. Values below 0.05 were considered to be 
significant. Analyses were performed using SPSS version 19.0 (SPSS Inc, Chicago, Illinois).

3. RESULTS
3.1 Population
Baseline characteristics of all 31 adult patients (mean age 45 ± 12 years, 39% male) with 
CHD-PAH are shown in Table 1. Of all patients, 61% had Down syndrome and 86% Eisen-
menger syndrome. Four patients had an atrial septal defect, twelve patients had an atrioven-
tricular septal defect, thirteen patients had a ventricular septal defect and one patient a closed 

Schuuring proefschrift.indd   70 05-03-14   14:20



71

6

Table 1. Baseline characteristics

Abbreviations: NYHA: New York Heart Association; TAPSE: tricuspid annular 
planse systolic excursion; μg/L; microgram / liter; mmhg; millimeter mercury; ng/L: 
nanogram/liter; eGFR: estimated glomerular filtration rate, n/a; not applicable
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Table 2. Level of high sensitive troponin T and known determinants of outcome

Abbreviations: NYHA: New York Heart Association; TAPSE: tricuspid annular planse systolic excursion; 
μg/L; microgram / liter; mmhg; millimeter mercury; ng/L: nanogram/liter; eGFR: estimated glomerular 
filtration rate, n/a; not applicable
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patent ductus arteriosus. One patient had a transposition of the great arteries with a Mustard 
correction. Irreversible PAH was present at first presentation in our outpatient clinic, and no 
clear cause of PAH has been found.  Two patients had mild PAH, three patients had moderate 
PAH and 26 patients had severe PAH. None of the patients included had a history of coronary 
artery disease, and none reported complaints of chest pain or fever at the moment blood samples 
were obtained. No tachyarrhythmias were present on the patients’ electrocardiograms. 

3.2 High-sensitivity troponin T and pulmonary arterial hypertension
All patients had a level of hsTnT above the lower detection limit of 0.003 μg/L. Eight  
patients (26%) had a level of hsTnT > 0.014 μg/L, indicating myocardial damage. Patients with  
elevated levels of hsTnT showed a significantly higher number of deaths, were more often in 
NYHA III or IV and had higher level of NT-pro-BNP as compared to patients with normal hsTnT 
level, see Table 2. No NYHA II patient had elevated hsTnT (Table 2). Six minute walking  
distance and estimated glomerular filtration rate were significantly lower in patients with  
elevated hsTnT as compared to patients with normal hsTnT level, see Figure 1. 

Figure 1.  Inverse relationship between six minute walking distance and high-sen-
sitive troponin T in patients with pulmonary arterial hypertension due to congenital 
heart disease
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Table 3. Deceased patients

Abbreviations: CI: Confidence Interval; HR: hazard ratio; * not estimable; ** p = 0,55 calculated by Fisher 
exact test

Abbreviations: VSD: ventricular septal defect; TGA: transposition of the great. arteries; AVSD: atrio-ven-
tricular septal defect; ASD: atrial septal defect; hsTnT: high-sensitive troponin T; * Elevated level of high-
sensitive troponin T

Table 4. Determinants of mortality  in patients with pulmonary arterial hypertension due to congenital 
heart disease
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Median follow-up duration was 5.6 (range 1.6 to 6.8) years. Eight patients died during follow 
up. A detailed list of the deceased patients is shown in Table 3. In univariate Cox regression, 
elevated hsTnT (HR 7.48, 95%CI 1.4 – 38.9, p = 0.02), log NT-pro-BNP (HR 2.74, 95%CI 
1.2 – 6.5, p = 0.02), and tricuspid annular plane systolic excursion (HR 0.85, 95%CI 0.7 – 0.9,  
p = 0.02) were determinants of mortality, see Table 4. 
The receiver operating characteristic analysis showed that an NT-pro-BNP level of 425 ng/L 
was the best cut-off value for predicting mortality with a sensitivity of 88% and a specificity of 
64% (area under the curve=0.761). Use of an elevated hsTnT level and NT-pro-BNP level 
above 425 ng/L in conjunction was slightly more statically significant (HR 9.98; 95% CI 1.9 
– 52.2; p < 0.01) than an elevated hsTnT alone (HR 7.48; 95% CI 1.4 – 38.9; p = 0.02).  
Eisenmenger syndrome was not a significant determinant of mortality. During follow-up, four 
patients started combination therapy with sildenafil and one patient started combination 
therapy with iloprost. 
Patients with elevated levels of hsTnT showed a significantly higher mortality rate (62% 
versus 13%, p = 0.005) as compared to patients with normal hsTnT levels (Figure 2). 

4. DISCUSSION
In this study, we are the first to report an inverse relation between hsTnT and worse survival in 
adult CHD-PAH patients. Eight patients (26%) had an elevated level of hsTnT at their routine 
visit at the outpatient clinic. This suggests ongoing myocardial damage subclinically. 

Figure 2.  Survival and high-sensitive troponin T status 
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4.1 Pulmonary arterial hypertension and ventricular failure 
Right ventricular failure resulting in decreased cardiac output is a leading cause of death in 
patients with PAH.10,11 It has been suggested that right ventricular ischemic injury may be an 
important element of the end-stage vicious circle leading to hemodynamic deterioration.12 
Increased right ventricular intramural pressure may disturb the physiological pattern of right 
ventricular myocardial perfusion, which at increased right ventricular pressure can no longer 
be preserved throughout the cardiac cycle. In chronic heart failure patients hsTnT correlates 
with severity of symptoms, left ventricular dysfunction and prognosis.13

4.2 High-sensitivity troponin T and pulmonary arterial hypertension 
Principal causes of elevated levels of circulating cardiac troponins are myocardial injury due to 
coronary artery disease, myocarditis and tachyarrhythmias.14 None of the patients in our relatively 
young cohort had these conditions at the moment blood samples were obtained. Therefore, 
we hypothesize that right ventricular pressure overload is conducive to right ventricular myo-
cardial ischemia, which accounts for the troponin release observed. The initial phase of PAH 
is clinically silent and detectable hemodynamic changes in the pulmonary circulation and the 
heart usually appear when the pathological lesions are already at an advanced stage. The 
duration of the preclinical phase is currently unknown. It is likely that in our CHD-PAH patients 
the detectable hsTnT was derived from right ventricular myocytes, although this cannot be 
directly proven. This hypothesis has also been put forward in patients with primary pulmonary 
hypertension, chronic thromboembolic pulmonary hypertension and pulmonary hypertension 
due to collagen vascular disease, where elevated levels of hsTnT levels are an ominous 
prognostic sign as well.5,6  Five deceased patients had an elevated level of hsTnT at baseline, 
of all patients that died. This strengthens our hypotheses that patients at risk of mortality are 
adequately identified by hsTnT detection. 

4.3 Clinical impact
Our finding that hsTnT is indeed associated with increased mortality, supports the role of 
progressive right ventricular myocyte injury in the vicious circle leading to hemodynamic 
deterioration. Elevated hsTnT was associated with more severe CHD-PAH, as suggested 
by higher NT-pro-BNP level and significantly shorter six minute walking distance. Larger 
studies are warranted to reveal whether hsTnT may improve risk stratification and provide 
novel pathophysiological insights. Three classes of drugs, targeted to the modification of 
endothelial dysfunction, have been approved for the treatment of PAH: prostanoids, 
endothelin receptor antagonist and phosphodiesterase type-5 inhibitors. In our study at the 
moment study subjects were started on advanced therapy the BREATHE-5 study was the only 
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randomised controlled trial which studied the effect of bosentan, endothelin receptor antagonist, 
in patients with CHD-PAH.15 Patients were initially treated with bosentan monotherapy.16 If 
patients deteriorated, combination therapy with other agents was started during follow up. Po-
tentially, the detection of elevated hsTnT levels could help clinicians to determine optimal tim-
ing of the start of advanced combination therapy. The measurements of biomarker levels in a 
single blood sample for functional and prognostic evaluation of PAH patients complies with the 
guideline-recommended monitoring during visits in a specialized outpatient clinic.3 Based on 
this data is recommended to screen NYHA III and IV patients on hsTnT levels. As mortality in 
patients with NYHA I/II is very low and hsTnT elevations are rare, screening is not very useful

4.4 Limitations
The major limitation of this study was the small number of patients, and small number of 
events (n = 8). However we note that despite this low number of deaths, hsTnT was already 
statistically significant associated with mortality, suggesting that in absolute terms it must be a 
strong risk factor. While biological plausibility certainly exists for the determination of troponins 
in CHD-PAH, and the available evidence suggests a potentially role, further studies with larger 
numbers of patients are warranted to confirm their benefit in routine clinical practice. Multi-
variate regression analysis could not be performed in this small study. Data analyses per 
quartiles were not performed because of small sample size. Unfortunately, we have not stored 
blood at follow-up visits of these patients. Therefore, we were unable to determine longitudinal 
changes of hsTnT and their association with mortality. 

5. CONCLUSION
Levels of hsTnT were abnormal in a substantial proportion of CHD-PAH patients. A signifi-
cant inverse relationship was found between hsTnT and survival. Further studies are needed 
to reveal whether combination therapy is indicated in patients with elevated hsTnT levels. 
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ABSTRACT
Background 
Patients with CHD-PAH have a limited prognosis. In daily practice, combination therapy is 
often initiated after a clinical event. Although clinical events have been associated with a poor 
prognosis in idiopathic PAH, data on this association are limited in CHD-PAH. The aim of this 
study was to determine whether baseline characteristics and clinical events associate with 
mortality in patients with pulmonary hypertension (PAH) due to congenital heart disease (CHD).

Methods 
In total 91 consecutive adults (42 ± 14 year) with CHD-PAH were referred for therapy between 
January 2005 and June 2013. Cox proportional hazard analysis was performed to identify 
determinants of mortality, including clinical events as time dependent covariates. 

Results
Twenty-four patients (nine with Down) died during the study period of 4.7 (range 0.1 – 7.9) 
years. The one and eight year mortality rates were 7.3% and 37.3%, respectively. Clinical 
events included admission for heart failure (n = 9), arrhythmias (n = 9), haemoptysis (n = 
5), change to a worse NYHA class (n = 16), vascular events (n = 1), syncope (n = 1) and 
need for red blood cell depletion (n = 4). In univariate analysis, both baseline characteristics 
and clinical events were associated with mortality. In multivariate analysis, only baseline NT-
pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm at echocardiography were significant 
determinants of mortality. None of the clinical events remained significant. Patients with both 
a NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm at echocardiography have a nine 
fold higher mortality rate than patients without both risk factors. 

Conclusion
Prognosis is still poor in contemporary patients with CHD-PAH. Both baseline NT-pro-BNP 
serum level and right ventricular function are superior to clinical events in prognostication. 
These two baseline characteristics should have a major impact on therapeutic management 
in patients with CHD-PAH, such as initiation of combination therapy.
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1. INTRODUCTION
Pulmonary arterial hypertension (PAH) is a common complication in adults with congeni-
tal heart disease (CHD).1, 2 Life expectancy and quality of life are markedly reduced in  
patients with CHD-PAH.3–5 The guidelines of the ESC and ACC / AHA on PAH recommend 
that monotherapy should be considered in symptomatic patients with PAH and that combi-
nation therapy may be considered in these patients.6–8 Benefit of combination therapy may 
outweigh the risk of side effects in patients with a poor prognosis. In daily practice, patients 
with CHD-PAH often are initiated on monotherapy and they are treated with combination 
therapy after the occurrence of a clinical event, as a clinical event is believed to herald a 
poor prognosis in patients with CHD-PAH. However, this expectation is mainly based on data  
obtained in patients with idiopathic PAH.9, 10

In patients with CHD-PAH, studies on prognosis are limited. A few studies on prognostic value 
of baseline characteristics reported several determinants associated with poor outcome in 
CHD-PAH, including increased baseline NT-pro-BNP serum level,11 right ventricular (RV) dys-
function,12 six minute walking distance13 and severely impaired renal function.14 No associa-
tion was found between clinical events and a poor prognosis in three studies on adults with 
CHD-PAH. However, these three studies were hampered by a retrospective design.15–17

In patients with CHD-PAH, there is an urgent need for reliable determinants of a poor prog-
nosis to guide therapeutic management. Using prospectively collected data, we aimed to 
determine whether baseline characteristics and clinical events are associated with mortality 
in patients with CHD-PAH. These findings may be of help to select patients at highest risk of 
mortality who might benefit of therapeutic adaptations.

2. METHODS
2.1 Study population and design
Consecutive adults with CHD-PAH referred between January 2005 and May 2013 were studied 
prospectively using a standardized protocol. To establish PAH diagnosis, minimal systolic 
pulmonary arterial pressure had to be 40 mm Hg at rest on a transthoracic echocardiogram 
with a tricuspid regurgitation velocity of more than 2.9 m/s, according to the guidelines.6, 18 Pa-
tients with and without Down syndrome were included.19, 20 Patients with moderate to severe 
liver disease, simultaneous use of cyclosporine A or pregnancy were not included.21 Bosentan 
monotherapy 62.5 mg twice daily was started in all patients, increasing the dose to 125 mg 
twice a day after four weeks, as tolerated. Decisions on type of drug and timing to start 
combination or triple therapy were at the discretion of the treating physician, considering  
patient preferences and existing contraindications. Sildenafil was commonly started on a dose 
of 20 mg three times daily. Iloprost inhalation as a third therapy was started three times daily. If 
three times daily was well tolerated, iloprost was extended to six or nine times a day. Approval 
of the research protocol by the local ethics committee was obtained. Informed consent was 
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not required, as all investigations were performed for routine clinical care.

2.2 Data collection
Exercise capacity was assessed using the six minute walking test, according to the guide-
lines of the American Thoracic Society with continuous pulse oximetry monitoring.22 During  
exercise the oxygen saturation and heart rate were recorded.
Baseline echocardiography was performed with a Vivid 7 ultrasound system (General Electric). 
Pulmonary stenosis was ruled out in all patients.23 Tricuspide annulus plane systolic excur-
sion (TAPSE) was measured in the lateral tricuspid valve annulus with M-mode imaging in the 
lateral tricuspid valve annulus in the apical 4-chamber view. Cardiac output was calculated 
with the formula: heart rate × ((left ventricular outflow tract diameter / 2)2 × π) × velocity time 
integral. All echocardiographic images were acquired and recorded digitally. 
NT-proBNP serum levels were determined by electrochemiluminescence immunoassay on an 
Elecsys 2010 analyzer (Roche Diagnostics, Almere, The Netherlands). 

2.3 Definition of clinical events 
The decision on type of events that were collected was based on the determinants of mor-
tality in patients with idiopathic PAH.6, 10 Admission for heart failure was defined as an over-
night hospital stay for heart failure. Arrhythmias were defined as any episode of documented 
atrial- or ventricular brady- or tachyarrhythmia that required electrocardioversion, pacemaker 
implantation or permanent change of medication. Vascular events were determined as a  
myocardial infarction or ischemic stroke. An episode of syncope was defined as a transient 
loss of consciousness, with a short onset and spontaneous recovery. Haemoptysis was 
defined as expectoration of blood ranging from blood-streaking of sputum to the presence 
of gross blood in the absence of any accompanying sputum. Red blood cell depletion was 
achieved with phlebotomy, and decisions on phlebotomy were at the discretion of the treating 
physician based on complaints of dizziness and elevated hematocrit. 

2.4 Statistical analysis
Statistical analysis was performed with SPSS 20.0 (IBM). Continuous variables were  
expressed as mean ± standard deviation when normally distributed, and median (range) if 
otherwise. Categorical variables were expressed as number (percentage) and differences 
were analyzed using a Chi-square test. Log rank test was performed to determine signifi-
cant differences in mortality rate between two groups. Relevant cut-offs for age, heart rate 
and NT-pro-BNP serum level were obtained using receiver operating characteristic (ROC) 
curves. Relevant cut-off for TAPSE was reported before.12 Missing data were handled by 
multiple imputations using SPSS. The relation between determinants and clinical events was 
assessed using univariate and multivariate Cox proportional
hazards analysis.Events during follow up were modelled as time dependent covariates.  
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Table 1. Baseline characteristics
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Date of bosentan initiation was used as start date. In patients who had a clinical event during  
follow up, each individual’s person-years from the date of inclusion was calculated to the date 
of the event or the end of follow-up, to use clinical events as a time dependent covariate. In 
case combination therapy was initiated after an event, the initial event was reported with the  
comment of start of combination therapy. The significant  univariate determinants were  
entered in a multivariate model using five imputed datasets. Determinants were missing in a 
range of 0 - 15%. The multivariate Cox model was analyzed with a forward conditional algo-
rithm, again including time dependent covariates for clinical events. In case of multiple events, 
the first event was used. A value of p < 0.05 was considered to be significant.

3. RESULTS
3.1 Baseline characteristics
Ninety-one adults (42 ± 14 year) with CHD-PAH were referred for therapy. None of the  
patients were excluded from the analysis. Every single patient referred was included in the 
study. Table 1 summarizes patients’ baseline characteristics. 

Figure 1. Kaplan Meier curves for mortality and events combined with mortality
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3.2 Follow up 
One patient refused treatment initiation and reimbursement of bosentan by the health insur-
ance was rejected in 5 patients. In total 85 patients were initiated on bosentan therapy. Ten 
patients (11%) were classified as lost to follow up after a median follow up of 3.8 (range 0,3 
– 5,3) years, because of a change of treating physician. One of these patients died. Twenty-
four patients (nine with Down) died, see Figure 1. Table 2 shows detailed baseline informa-
tion about the deceased patients. The one and eight year mortality rates were 7.3% and 
37.3% respectively. Clinical events were common during a median follow-up of 4.7 (range  
0.1 – 7.9) years (Table 3 and Figure 1). The composite event rates were high at one (20.9%), 
two (32.5%) and eight (79.6%) year follow up. 

3.3 Determinants of mortality 
Baseline characteristics univariately associated with mortality are shown in Table 4. Figure 2 
illustrates Kaplan Meier graphs on NT-pro-BNP serum level and TAPSE in relation to mortality.
During follow up arrhythmias and a composite of all clinical events were associated with  
mortality, see Table 4. 
In multivariate regression, baseline NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm 

Figure 2.  Kaplan Meier graphs on NT-pro-BNP serum level and TAPSE in relation to mortality

Table 3. Clinical events during follow up
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only remained significant determinants of mortality. None of the clinical events during follow 
up were significant in multivariate analysis (see Table 4). Some variables were interdependent 
in uni- and multivariate analysis. However, the interaction terms were not significant in the 
multivariate analysis. Results of multivariate analysis were not affected by adjustment for type 
of congenital heart disease and age. Baseline NT-pro-BNP serum level ≥ 500 ng/L and TAPSE 
< 15 mm remained the strongest determinants of mortality. 

3.4 Impact of baseline NT-pro-BNP serum level and TAPSE on mortality

Table 4. Cox proportional hazard analysis on determinants of mortality
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Figure 3. Scatterplot on baseline NT-pro-BNP serum level and TAPSE 
 Caption mm: milimeter; ng/L: nanogram per liter

Figure 4. Predicted survival model based on NT-pro-BNP serum level and TAPSE 
 Caption mm: milimeter; ng/L: nanogram per liter; HR: hazard ratio
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A scatterplot on baseline NT-pro-BNP serum level and TAPSE is shown in Figure 3. Patients 
with both a baseline NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm had a mortal-
ity rate of 83% versus 20% in patients without both risk factors (log rank 12.9; p < 0.001).  
A predicted survival model on baseline NT-pro-BNP serum level and TAPSE is shown in  
Figure 4. A ROC curve for mortality demonstrated superiority of baseline NT-pro-BNP serum 
level and TAPSE (AUC of 0.77) to clinical events (AUC of 0.56), see Figure 5. 

3.5 Combination therapy
In eleven patients who changed to a worse NYHA class and in one patient with haemo-
ptysis combination therapy was started. Sildenafil was prescribed eleven times. One patient 
preferred iloprost over sildenafil. In that patient iloprost was added to bosentan. None of the 
treating physicians initiated combination therapy aside of an event. In six patients initiation 
of combination therapy was performed more than six months prior to the final study date. 
Therefore, follow up data on combination therapy only was available in these patients. No sig-
nificant change in NT-pro-BNP serum level and TAPSE was found after initiation of combina-
tion therapy in these six patients. In our population combination therapy was not started more 
often in patients with a NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15mm as compared 
to patients without both risk factors (p  = 0.45). 

4. DISCUSSION

Figure 5. Receiver operating characteristic curves on baseline NT-pro-BNP serum level and TAPSE  
versus clinical events
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We are the first to show that RV baseline characteristics are superior to clinical events in 
prognostication, in a prospectively followed cohort with long-term follow up of contemporary  
CHD-PAH patients. Patients with both a NT-pro-BNP serum level ≥ 500 ng/L and TAPSE  
< 15 mm at echocardiography have a nine fold higher mortality rate than patients without both 
risk factors.  

4.1 Interpretation
Current therapeutic management is hampered by the lack of reliable determinants of prog-
nosis in patients with CHD-PAH. Especially the prognostic value of baseline character-
istics and clinical events remains unclear. Patients with CHD-PAH often are subject to an 
increased pulmonary vascular resistance for a long time. As a consequence, RV overload 
causes RV hypertrophy and dilatation.24 This leads to RV dysfunction and congestion.14, 25, 26  
Ultimately, the vast majority of patients with CHD-PAH die because of right-sided heart failure 27, 28 

In adults with CHD-PAH, for the first time, RV baseline characteristics are shown to dominate 
prognosis. Both baseline NT-pro-BNP serum level and TAPSE at echocardiography are early 
markers of RV dysfunction and fatal right-sided heart failure.29, 30 In our study one patient with 
baseline TAPSE < 15 mm died suddenly and one patient with baseline TAPSE < 15 mm died 
due to abdominal sepsis. Interestingly, three patients with baseline TAPSE > 15 mm died 
because of right-sided heart failure. Two of these patients developed heart failure over time, 
reflected by TAPSE < 15 mm on their last echocardiogram. One patient with Down syndrome 
and a preserved RV function died because of heart failure secondary to pneumonia. However, 
in general our finding that baseline NT-pro-BNP serum level and RV function outperformed 
other baseline characteristics and clinical events in prognostication is new and important.
Before our results were available, a clinical event was believed to herald a poor prognosis 
in patients with CHD-PAH. This expectation was based on studies in idiopathic PAH.9 
Our data, however, restrict the prognostic value of clinical events in CHD-PAH patients.  
Between patients with CHD-PAH and idiopathic PAH large differences exist in cause and rate of  
progression of the disease.31, 32 Mechanistic differences (for instance in blood viscosity and 
associated shear stress) between both patient groups might have different effects on early 
NT-pro-BNP serum levels and RV function.33 Moreover, patients with CHD-PAH often are able 
to maintain or increase their systemic cardiac output during acute conditions, such as heart 
failure and haemoptysis, by shunting over the defect.34 
In patients with idiopathic PAH, however, pulmonary hypertension per se limits pulmonary as 
well as systemic blood flow during acute conditions.35 So, applicability of clinical events found 
in studies on patients with idiopathic PAH to determine prognosis seems to be limited in adults 
with CHD-PAH. 

4.2 Clinical impact 
Our data suggest that initiation of combination therapy should be considered as soon as 
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signs of RV failure (NT pro-BNP > 500 U/L and TAPSE < 15 mm) are found. Up till now, 
combination therapy often is started after a clinical event in patients with CHD-PAH. This strate-
gy is mainly based on a study in patients with predominantly idiopathic PAH.9 Patients with  
idiopathic PAH on combination therapy after an event had a significantly better survival than 
patients in a historical control group (83.9% versus 60.2%; p = 0.01).9 Other data on combina-
tion therapy are scarce. In our study, no significant changes in NT-pro-BNP serum level and 
TAPSE were found during follow up after initiation of combination therapy in six patients. In 79  
patients with CHD-PAH one retrospective analysis demonstrated an afresh improvement in six 
minute walking distance after initiation of combination therapy at symptomatic deterioration.36  
However, in 21 clinically stable patients with CHD-PAH one randomized controlled cross-over 
trial evaluated addition of sildenafil or placebo to ongoing bosentan monotherapy. This small  
randomized controlled cross-over trial did not demonstrate an improvement in six minute 
walking distance or pulmonary vascular resistance.37 The study, however, might have been 
limited by the short follow up period of three months.
Value of clinical events in therapeutic management seems to be limited in adults with  
CHD-PAH. Therefore, we propose to initiate combination therapy in patients with CHD-
PAH with NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm at echocardiography.  
A prospective trial is warranted to evaluate this strategy.

4.3 Study limitations
A potential limitation was the relatively small study size, as in most studies in patients with 
CHD. However, in patients with CHD-PAH this study is one of the largest cohort studies with 
a median follow up of six years to date. Many of the deaths occurred in adults with Down  
syndrome, a condition with a reduced life expectancy.38 Furthermore, data on time from 
PAH diagnosis to study inclusion was lacking. It should be noted that Holter recordings and  
invasive hemodynamic data were unavailable. A small proportion of missing data were imputed. 
Analyzing datasets with imputed data seems more efficient than analyzing only complete 
cases.39, 40  A recent study focusing on the development and validation of a prediction model 
where missing predictor values had been multiply imputed, showed a good performance of 
that prediction model when validated externally, even with the inclusion of predictors with a 
high proportion of missing values.41 Invasive hemodynamics are recommend in the guidelines 
for the diagnoses of patients with PAH. However, echocardiography is an adequate non-inva-
sive modality in patients with an evident diagnoses of PAH42 in patients with CHD. The vast 
majority of patients (76%) had Eisenmenger syndrome, a cyanotic condition with a systolic 
pulmonary artery pressure up to 100mmHg. Due to the higher complication risk in patients 
with CHD-PAH cardiac catheterization was not performed routinely in these patients. Patients 
with CHD-PAH often have abnormal haemostasis, including thrombocytopenia, making them at 
risk for both bleeding and thrombosis.6 In particular, parietal thrombosis of enlarged proximal 
pulmonary arteries can be found in up to 20% of patients, it may cause peripheral emboliza-
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tion and pulmonary infarctions, and is associated with biventricular dysfunction and reduced 
pulmonary flow velocity.43 Right heart catheterization only was performed at baseline in case 
diagnosis of PAH was not clearly evident at echocardiography.

5. CONCLUSION
Prognosis is still poor in contemporary patients with CHD-PAH. Both baseline NT-pro-BNP 
serum level and right ventricular function are superior to clinical events in prognostication. 
Patients with both a NT-pro-BNP serum level ≥ 500 ng/L and TAPSE < 15 mm at echocardiog-
raphy have a nine fold higher mortality rate than patients without both risk factors. These two 
baseline parameters should have a major impact on therapeutic management in patients with 
CHD-PAH, such as initiation of combination therapy.
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ABSTRACT
Background 
The Fontan circulation is a palliative procedure performed in patients with complex congenital 
heart disease (CHD), making transpulmonary blood flow dependent on the systemic venous 
pressure. In a Fontan circulation a low pulmonary vascular resistance (PVR) is crucial, as is 
epitomized by the observation that a high PVR is a strong predictor of mortality. Long-term 
follow-up has shown that PVR may rise many years after the Fontan procedure has been 
performed, possibly due to micro-emboli from a dilated right atrium or from the venous system. 
Other mechanisms of increased PVR might be aging, obstructed airways caused by 
lymphatic dysfunction, lack of pulsatile pulmonary flow causing a release of endothelium-de-
rived vasoactive molecules, and prolonged overexpression of vasoconstrictors such as endo- 
thelin-1. Mean plasma level of endothelin-1 has been shown to be significantly higher in Fontan  
patients compared to healthy controls. In patients with pulmonary arterial hypertension (PAH), 
therapy with bosentan, an endothelin-1 receptor antagonist, has demonstrated to improve  
exercise capacity and to reduce the elevated PVR. In addition, reduction of PVR is shown 
early and late after the Fontan procedure on treatment with exogenous NO, another advanced 
PAH therapy. However, the long term effect of reducing the PVR by bosentan treatment on 
exercise capacity in Fontan patients is still unknown. 

Methods
We designed a prospective, multicenter, randomized open label trial to study the effect of 
bosentan in Fontan patients. The primary endpoint will be the change in maximum exercise 
capacity (peak V’O2).

Conclusion 
We hypothesize that treatment with bosentan, an endothelin-1 receptor antagonist, improves 
maximum exercise capacity and functional capacity in adult Fontan patients.
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1. BACKGROUND
The Fontan circulation is a palliative procedure performed in patients with complex congenital 
heart disease (CHD), which is usually achieved in early childhood in case biventricular repair 
is not possible. After the Fontan procedure, blood flows passively through the lungs bypassing 
the right ventricle. As the systemic venous pressure is the driving force, pulmonary vascular 
resistance (PVR) must be low enough to generate acceptable antegrade transpulmonary flow 
in order to maintain adequate left ventricular (LV) filling.1,2 The importance of PVR is illustrated 
by the observation that  high PVR is a strong predictor of mortality.3 Long-term follow-up 
showed that PVR may rise years after the procedure. Possibly, micro-emboli from a dilated 
right atrium or from the venous system may gradually reduce pulmonary perfusion, which 
will lead to an increase of the PVR. Other mechanisms of increasing PVR might be aging,4 
obstructed airways caused by lymphatic dysfunction,5 lack of pulsatile pulmonary flow causing 
a release of endothelium-derived vasoactive molecules6 and prolonged overexpression of  
vasoconstrictors such as endothelin-17. Endogenously generated endothelin-1 appears to 
play a modest role in the healthy organism, but it likely plays a major role in many pathophysi-
ological states.8 Inai et al showed that mean plasma levels of endothelin-1 are significantly 
higher in Fontan patients compared to healthy controls.9 At first systemic venous pressure 
will rise, but ultimately cannot compensate for a further increase of PVR, at which moment 
lung flow and cardiac output will start to decrease. Therefore, Fontan patients are at risk for 
backward failure and premature mortality. In patients with pulmonary arterial hypertension, 
advanced therapy with bosentan, an endothelin-1 receptor antagonist, has demonstrated to 
reduce the elevated PVR.10–12 Moreover exercise capacity improved in these patients. Studies 
on advanced therapies targeting the PVR in Fontan patients are scarce, however. Mean PVR 
has been shown to decrease in pre-operative Fontan patients with mild pulmonary arte-
rial hypertension treated with beraprost, a prostacyclin.13 Exogenous NO, a vasorelaxant, 
has been shown to reduce PVR late after the Fontan procedure.14 In addition, early after the 
Fontan procedure a combination of milrinone and exogenous NO showed reduction of the 
transpulmonary pressure gradient in patients with high PVR.15  No significant improvement 
in six minute walking distance was seen in a small group (n = 10) of failing Fontan patients 
treated with bosentan for 12 weeks.16 However, the long term effect of bosentan treatment 
on exercise capacity in non-failing Fontan patients is still unknown. Therefore we hypoth-
esize that bosentan will improve maximum exercise capacity as measured by peak oxygen  
consumption (peak V’O2) in Fontan patients by supporting the systemic-to pulmonary circulation.

2. STUDY OVERVIEW AND DESIGN
We designed a prospective, multicenter randomized open label blinded endpoints   trial to 
evaluate the effect of bosentan on exercise capacity (peak V’O2). The design of the study 
is shown in Figure 1. Primary hypothesis of this study is that bosentan improves maximum 
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exercise capacity and functional capacity. Secondary hypotheses are that bosentan improves 
quality of life, cardiac output, arterial oxygen saturation, and decreases the prevalence of 
arrhythmias, congestive heart failure, protein losing enteropathy and lowers serum neurohor-
mone levels. The study is being conducted in five tertiary referral centers in the Netherlands. 
The protocol has been approved by the institutional ethics committees of each participating 
center. The authors are solely responsible for the design and conduct of this study, all study 

Figure 1. Study Flow chart
Abbreviations: ECG: electrocardiography; QoL: Quality of Life; CPX: Cardiovascular exercise testing; 
SaO2: Arterial oxygen saturation; LFT: Liver function test
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analyses, the drafting and editing of the paper and its final contents. The trial is registered at 
http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=1557.

3. PATIENT SELECTION
Fontan patients above 18 years of age from five participating centers in The Netherlands 
(Academic Medical Center, Amsterdam, Radboud University Nijmegen Medical Centre,  
University Medical Center Utrecht, Leiden University Medical Center and University Medical 
Center Groningen) are eligible for this study. All different types of Fontan procedures may be 
included in this study, that is 1) twelve patients with atriopulmonary-connection 2) two patients 
with intracardiac total cavopulmonary connection (lateral tunnel) and 3) fifteen patients with 
extracardiac total cavopulmonary connection. None of the patients met the exclusion criteria. 
Inclusion and exclusion criteria are listed in Table 1. Eligible candidates are identified via 
the CONCOR database, the Dutch national database and DNA bank of adult patients with 
congenital heart disease.17,18 If a patient meets all inclusion criteria, and violating none of the 
exclusion criteria, the patient is invited to the outpatient clinic for a detailed explanation of the 
study and asked for informed consent.

Table 1. Inclusion and exclusion criteria
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4. RANDOMIZATION AND MASKING
Patients are randomly assigned in 1:1 ratio using blocks of 10, stratified by site. Patients either 
directly start bosentan treatment or start bosentan treatment three months after baseline, see 
Figure 1.  Randomization is performed by the investigator using a computerized randomisa-
tion tool. Consequently, study personnel, but not patients, are blinded to the treatment. 

5. STUDY MEDICATION
Patients in the bosentan group start on 62.5 mg twice daily. After four weeks, the dose is 
increased to 125 mg twice daily if liver function tests remain in safe range (below 5 times of 
upper limits of normal). There is no data on the appropriate dose of bosentan in the treat-
ment of the patients with Fontan circulation. Pragmatically, the regular dosing scheme for the 
treatment of patients with pulmonary arterial hypertension and Eisenmenger syndrome was 
chosen, which proved both efficacious and safe.10

6. OUTCOME MEASURES
Study measures (i.e. extensive history-taking, physical examination, 24-hours ambulatory 
electrocardiography, 12-lead electrocardiogram, Doppler echocardiography, laboratory testing, 
cardiopulmonary exercise testing and quality of life questionnaires) are obtained in all partici-
pating patients at baseline. These will be repeated at three and six months follow-up (Figure 1).

7. CLINICAL DATA AND DEFINITIONS
7.1 Arterial Oxygen saturation
Arterial oxygen saturation is measured non-invasively by pulse oximetry after five minutes of rest.

7.2 Twentyfour-hour ambulatory electrocardiography
24-hour ambulatory ECG is performed at baseline and will be repeated at follow-up visits. 
A 24-hour ambulatory ECG is acquired with a three channel Holter-monitor during normal 
out-of-hospital activities. The ECG-registration is analyzed for the presence of (supra-)  
ventricular arrhythmias. Any complaints during the ambulatory ECG are noted and compared 
to the registration.

7.3 Echocardiography 
Echocardiography will be performed on commercially available platforms. Echocardiographic 
data included the measurements of cardiac dimensions (if possible, from standard views) 
resulting in an assessment of wall thickness, ventricular function, atrial dimensions and  
diameters of the extracardiac conduit or tunnel. LV diastolic filling patterns were assessed 
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by the dominant atrio-ventricular valve pulsed-wave Doppler velocity. Pulsed wave TDI was 
performed with the sample volume positioned at the basal lateral wall to obtain early and late 
diatolic velocities. Quantification of valve regurgitation and stenosis was according to recent 
recommendations.19,19 All echocardiographic studies were stored digitally.

7.4 Cardiopulmonary exercise testing
Cardiopulmonary exercise tests (CPX) are performed to assess maximal exercise capacity, 
according to guidelines of the American Thoracic Society.20 Patients are placed on a cycle  
ergometer and continuous measurements with K4B 2 (Cosmed, Rome, Italy) are made of 
minute ventilation, oxygen consumption (peak V’O2), heart rate, blood pressure, and elec-
trocardiogram. Workload is increased by 5 to 15 W per minute, depending on the predicted 
maximum exercise capacity and in such a way that maximal effort is attained within approxi-
mately 10 to 15 minutes. Calibration of the system is performed before every test according 
to manufacturer specifications.

7.5 Laboratory testing
The following parameters are assessed: hematocrit, erythrocytes, leukocytes, trombocytes, 
hemoglobin, creatinin, ureum, total protein, albumin and the neurohormone N-terminal pro 
brain natriuretic peptide level (NT-proBNP). Repeated measurements of liver transaminases 
are performed for safety monitoring. 

7.6 Quality of life questionnaires 
Patients are requested to fill out the the SF-36 quality-of-life questionnaire and the SQUASH 
(the short questionnaire to assess health enhancing physical activity at baseline and at the  
follow-up visits. The SF-36 is a well-documented, widely used and validated, self-administered 
quality-of-life scoring system incorporating 36 questions. It includes 8 independent scales 
(scored as a number between 0 and 100) that assess the following general health concepts: 
physical functioning, limitations because of physical health problems (role physical), bodily 
pain, general health perceptions, vitality, social functioning, limitations because of emotional 
problems (role emotional), and mental health.5 

8. STATISTICAL CONSIDERATIONS
Sample size calculation is based on the primary endpoint change in exercise capacity 
(percentage of predicted peak V’O2); the primary outcome variable. Giardini et al found a 
mean improvement in peak V’O2 of 1.9 ml/kg/min (change 9 % ± 5.2%) after treatment with 
sildenafil in 18 patients with a Fontan circulation.21  Based on a standard deviation of 1.89 we 
calculated that 32 patients are required to obtain 80% power to detect a difference in mean 
percentage of peak V’O2 2.0 ml/kg/min between the two groups after 12 weeks with a 2 sided 
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α of 0.05. Considering a possible drop-out of 20%, at least 38 patients need to be included. 
For statistical analyses, SPSS 16.0 (SPSS Inc., Chicago, Illinois) 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 numbers with percentage, as mean with standard deviation, or as 
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 bosentan group and the not treated group at 
baseline. If there are significant differences between groups on parameters that could influ-
ence study outcome, we will perform covariate-adjusted comparisons as a secondary analysis. 
Differences between baseline and follow-up within groups will be assessed using a paired  
t-test. To detect differences in the endpoints between the bosentan and not treated group, 
again chi-square and independent t-test will be applied.

Figure 2. Flow diagram of ongoing patient enrollment

Table 2. Baseline comparison between eligible patients that 
consented and eligible patients that refused participation
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Table 3. Baseline characteristics of study population

Abbreviations: NYHA; New York heart association functional class; n; numbher, y; year
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9. TIME LINE AND TRIAL ENROLMENT
Patients are being enrolled in the study from July 2009. In September 2010, 32 patients were 
included (Figure 2). Initial diagnosis and types of Fontan procedures are shown in Table 2. 
Of 77 eligible patients, 32 (42%) gave informed consent and 16 (21%) refused participa-
tion. So far no significant differences between eligible patients that consented and eligible  
patients that refused participation could be identified (Table 2). Three of the consenting patients  
discontinued their involvement. Reasons for discontinuation were non medical: one patient 
was lost in follow up, one patient moved to another country and, one patient was not motivated 
to continue. One patient developed an adverse effect, an itching sensation over his entire 
body, which resolved after two weeks of treatment. None of the patients developed elevated 
liver transaminases. Table 3 summarizes the baseline characteristics of the study population. 

10. DISCUSSION
The current study is the first prospective, multicenter randomized open label blinded  
endpoints trial that evaluates the effect of bosentan on the maximum exercise capacity in non-
failing Fontan patients. In a single centre open label study in patients with a Fontan circulation, 
improvement of exercise capacity has been shown directly after taking a single oral dose of 
sildenafil, a therapy in pulmonary arterial hypertension.21 However, the long term effect on 
exercise capacity in these patients is still unknown. 
Late complications are common in patients with a Fontan circulation.22 Such complications 
include early and late mortality, decreased exercise tolerance, ventricular dysfunction, rhythm 
and conduction disturbances, hepatomegaly, lymphatic dysfunction, protein losing enteropathy, 
systemic venous thrombi, ascites, development of collaterals leading to cyanosis and periph-
eral edema.23  Many of these complications are considered to arise as a result of increased 
venous pressure and congestion, and chronic low cardiac output. Given the lack of ventricular 
force to drive blood through the pulmonary arteries, a low PVR is crucial for a well-functioning 
Fontan circulation, as is illustrated by the finding that a high PVR is a strong predictor of mor-
tality.3 The exact underlying mechanism behind increase in PVR in Fontan patients is as yet 
unclear, but is likely to be multi-factorial.24 Hypothesized mechanisms are an increase of PVR 
caused by venous micro-emboli, aging, obstructed airways or the release of endothelium-
derived vasoactive molecules such as endothelin-17 Endothelin-1, one of the endothelium 
derived vaso-active molecules, is one of the most potent vasoconstrictors in humans and 
has proliferative and hypertrophic effects on vascular smooth muscle cells. Although data are  
conflicting, it appears that endothelin-1 levels are increased in Fontan patients, both in the 
acute postoperative phase and long time after surgery.24  Endothelin-1 levels were also found 
to be elevated in late-phase Fontan patients compared with healthy controls.9

The role of bosentan in the treatment of patients with a Fontan circulation is still unclear. No 
significant improvement in six minute walking distance was seen in a small group (n = 10) of 

Schuuring proefschrift.indd   110 05-03-14   14:20



111

8

failing Fontan patients treated with bosentan for 12 weeks.16 However, bosentan treatment 
showed reduction of PVR in patients with chronic increased PVR due to pulmonary arterial  
hypertension (PAH).10,25 Although the patho-physiological mechanisms of the Fontan circula-
tion admittedly differ from those in patients with pulmonary arterial hypertension, it is essential 
to lower PVR in both diseases. An improvement in exercise capacity during bosentan treat-
ment is predictable in patients with pulmonary hypertension using the baseline right ventricular 
contraction duration,26 which is not possible in Fontan patients. We hypothesize that Fontan 
patients are likely to benefit from bosentan. Until today, no such studies have been performed.
 Major cardiac events, cardiac transplantation, and (cardiac) death could be considered  
superior endpoints, compared to exercise capacity (peak V’O2), as was used in the present 
study. However, these events are relatively rare.  Performing a randomized trial that assesses 
differences in hard clinical endpoints seems unrealistic in these patients, as it would involve 
very large patient numbers and very long follow-up period. Consequently, we chose endpoints 
representing daily life, which is frequently compromised in these patients. The peak V’O2 
for measurement of exercise capacity has shown to be a superior outcome compared to six 
minute walking distance in patients with mild pulmonary arterial hypertension treated with 
bosentan.27 The sample size calculation for this study indicates that 38 patients need to be 
included, and so far 32 patients consented. The sample size calculation that aimed at detecting 
a small difference of 2.0 ml/kg/min is based on an estimation of 1.89 for the standard deviation 
for the difference in peak V’O2 at baseline and at follow-up visits as measured by cardiopul-
monary exercise testing. 
Patients with a Fontan circulation display a wide range of symptoms, both in variety and 
severity. Many patients remain asymptomatic for a very long period, have no complications 
and do not use cardiac medication. These patients might be less inclined to participate in a 
study, as they feel that they have little to gain. Conversely, symptomatic patients might hope to 
improve as a result of the study-medication, and may be more likely to participate. This might 
create an inclusion bias, favoring symptomatic patients. However, a comparison between 
patients who were included and those that refused participation did not show significant differ-
ences, although in particular male subjects tended to be slightly older.

11. CONCLUSION 
We hypothesize that treatment with bosentan, an endothelin-1 receptor antagonist, improves 
maximum exercise capacity and functional capacity in adult Fontan patients
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ABSTRACT
Background
An endothelin-1 receptor blocker, shown effective in patients with pulmonary arterial hyper-
tension, might decrease pulmonary vascular resistance to increase cardiac filling and conse-
quently improve exercise capacity in Fontan patients.

Methods
This was a prospective, multicentre randomised open label trial in Fontan patients. One group 
received bosentan for six months. The other group did not receive study medication for the 
first three months, followed by bosentan for six months. Primary endpoint was exercise capacity 
and secondary endpoints were NT-pro-BNP level, cardiac output, and SF-36 quality of life and 
NYHA class.

Results
Forty-two adults (median age 29 (range 18 - 56) years, 52% male 88% NYHA I-II) partici-
pated from five tertiary referral centres. Ten patients were on diuretics. Ten patients were not 
motivated to finish the study. Analysis of all 32 patients who finished the study at six months 
of treatment showed that mean peak V’O2 (24 versus 25 ml/kg/min), median SQUASH score 
(6614 versus 6390), median NT-pro-BNP (314 versus 274 ng/L) and mental QoL (50 versus 
51) remained unchanged as compared to baseline (p = ns, for all). After treatment NYHA class 
had improved in six (19%), were unchanged in 24 (75%) and declined in two (6%) patients. 
Subgroup analysis on age, ventricular morphology, type of Fontan circulation or baseline 
NT-pro-BNP level did not reveal efficacy of bosentan. Six transient adverse effects were 
reported. 

Conclusion
An increased NT-pro-BNP level was present in the majority of Fontan patients. Six months of 
bosentan treatment was not beneficial. 
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1. INTRODUCTION
The Fontan circulation is a palliative procedure performed in patients with complex congenital 
heart disease (CHD), when biventricular repair is not possible. In these patients there is no 
subpulmonary ventricle to help deliver blood through the lungs and back to the heart. Their 
transpulmonary blood flow depends on the transpulmonary pressure difference and pulmo-
nary vascular resistance. These patients have diminished cardiac filling and diminished 
cardiac output.1 Another important factor is the inability of cardiac output to increase appropri-
ately in response to increased metabolic demand.2

A low pulmonary vascular resistance (PVR) is crucial in Fontan patients3, as it is required for 
a flow passively through the lungs to the heart. In addition, high PVR is a strong predictor of 
mortality.4 Long-term follow-up has shown that PVR may rise many years after the Fontan 
procedure, amongst other causes potentially due to overexpression of vasoconstrictors such 
as endothelin-1.5 Mean plasma level of endothelin-1 has been shown to be significantly higher 
in Fontan patients compared to healthy controls.5 It has been hypothesized that lack of pulsa-
tile pulmonary flow is a cause of endothelin-1 release.5

Therapy with bosentan, an endothelin-1 receptor blocker, has been demonstrated to reduce 
elevated PVR in patients with pulmonary arterial hypertension with systemic to pulmonary 
shunt due to congenital heart disease.6–8 Moreover, after bosentan treatment exercise capacity 
improved in these patients. 
Bosentan might decrease PVR in Fontan patients to increase cardiac filling and to improve 
exercise capacity. Data on bosentan in Fontan patients are limited. Therefore, we aimed to 
determine whether bosentan improved exercise capacity in adults with a Fontan circulation. 

2. METHODS
2.1 Study design
This was a prospective, multicentre randomised open label endpoints trial. The trial design 
has been previously described in detail.9 Adults with a Fontan circulation were recruited from 
five participating centres in the Netherlands (Academic Medical Centre, Amsterdam, Radboud 
University Nijmegen Medical Centre, University Medical Centre Utrecht, Leiden University 
Medical Centre and University Medical Center Groningen) between April 2009 and July 2011. 
The study complies with the Declaration of Helsinki. Locally appointed Ethics Committees 
have approved the research protocol. The authors were 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 trial was registered at http://trialregister.nl. Identifier: NTR1557.

2.2 Population
Eligible candidates were identified via the CONCOR database, the Dutch national database 
and DNA bank of adult patients with CHD.10,11 Inclusion criteria were Fontan procedures 
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regardless of type. Exclusion criteria were presence of a subpulmonary ventricle, moderate 
to severe liver disease, simultaneous use of cyclosporine A and pregnancy. If a patient met 
all inclusion criteria, and violated none of the exclusion criteria, the patient was invited to the 
outpatient clinic for a detailed explanation of the study and was asked for informed consent. 
Randomization was performed by the investigator using a computerized randomisation tool. 
Patients were randomly assigned in 1:1 ratio using blocks of 4, stratified by site. Patients were 
assigned to six months bosentan treatment or three months without treatment followed by six 
months of bosentan treatment, see Figure 1. 
Classification in ventricular morphology was done as described before.12 The dose of 125mg 
bid bosentan was chosen for its hemodynamic effects in patients with pulmonary arterial 
hypertension13, as no data exist on the appropriate dose in adult Fontan patients. 

2.3 Exercise capacity
Exercise tests were performed to assess peak exercise capacity, according to guidelines of 
the American Thoracic Society.14 Patients were placed on a cycle ergometer and continuous 
measurements were made of oxygen consumption and minute ventilation (Jaeger Oxycon 
pro, Wuerzburg, Germany). Workload was increased by 5 to 15 W per minute, depending 
on the predicted peak exercise capacity and in such a way that peak effort was attained 
within approximately 10 to 15 minutes. Outcomes measured included peak minute oxygen 
consumption, minute ventilation, as well as minute oxygen consumption and the minute 
ventilation measured at the ventilatory anaerobic threshold. Ventilatory anaerobic threshold 
was measured by the V-slope method.15 Abnormal exercise capacity was defined as a level 
below 90% of predicted peak V’O2.

9 
Patients’ habitual physical activity was assessed using the Short Questionnaire to Assess 
Health-Enhancing Physical Activity (SQUASH).16 The SQUASH was developed by the Dutch 
National Institute of Public Health and the Environment and contains questions on habitual 
activities with respect to occupation, leisure time, household, transportation means, and other 
daily activities. Based on a patient’s self-reported effort, an individual activity score is calcu-
lated by multiplying the intensity of the activity (Ainsworth compendium of physical activities) 
with the number of minutes the activity was performed per week.17

2.4 Laboratory testing
The following laboratory parameters were assessed: neurohormone N-terminal pro brain 
natriuretic peptide level (NT-proBNP), hemoglobin, creatinine and albumin. Liver transami-
nases, hematocrit, erythrocytes, leukocytes and trombocytes were also monitored for safety. 
A level above the 99th percentile of the normal distribution was determined elevated, as speci-
fied in the package insert of the manufacturer.
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2.5 Echocardiography
Trans-thoracic echocardiography (TTE) measurements included assessment of wall thick-
ness, ventricular function, atrial dimensions and diameters of the extracardiac conduit or tunnel. 
LV diastolic filling patterns were assessed by the dominant atrio-ventricular valve pulsed-wave 
Doppler velocity. Pulsed wave tissue Doppler imaging (TDI) was performed with the sample 
volume positioned at the basal lateral wall to obtain early and late diastolic velocities. Quanti-
fication of valve regurgitation and stenosis was evaluated according to recent recommenda-
tions.22, 23 Cardiac output was calculated by use of subaortic ventricular outflow tract dia- 
meter and the time-velocity integral on transthoracic echocardiography (TTE). 
All TTE studies were analyzed by a single observer with more than ten years experience in 
echocardiography in adult patients with Fontan physiology, who was blinded to clinical infor-
mation and allocation. 

2.6 Quality of life
Patients were requested to fill out the the SF-36 quality-of-life questionnaire on each visit. The 
SF-36 is a widely used and validated questionnaire including eight independent scales that 
assessed the following: physical functioning, physical health problems, bodily pain, general 
health perceptions, vitality, social functioning, emotional problems and mental health. 

Figure 1. Study flow chart
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Table 1. Baseline characteristics 

kg; kilograms; n: number; ng/L: nanagram per liter; umol/L: micromol / L; 
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2.7 Study analysis
A combination of data of the group treated from baseline for six months (N = 21) plus data of 
the group treated from three months for six months (N = 21) was used for the analysis of the 
bosentan treatment group (N= 42). Data of the first three months of the second group (N = 21) 
being untreated was used as a control group. 

2.8 Sample size calculation
Sample size calculation was based on the primary endpoint change in exercise capacity (peak 
V’O2). Giardini et al found in 18 Fontan patients a mean improvement in peak V’O2 of 1.9 ml/
kg/min after a single dose of sildenafil, a treatment for pulmonary arterial hypertension that 
reduces PVR.20 Based on a standard deviation of 1.89 we calculated that 32 patients were 
required to obtain 80% power to detect a difference in mean percentage of peak V’O2 2.0 ml/
kg/min between the two groups with a 2 sided α of 0.05. Considering a possible drop-out of 
20%, at least 38 patients needed to be included. 

2.9 Statistical analysis
For statistical analyses, SPSS 19.0 (SPSS Inc., Chicago, Illinois) for Windows was used. 
Descriptive data were presented as numbers with percentage, as mean with standard 
deviation, or as median with range, as appropriate. As NT-pro-BNP levels were not normally 
distributed, statistical analyses were performed on logarithmically transformed values. Differ-
ences between baseline and follow-up within groups were assessed using a paired t-test. 
Chi-square for qualitative data and independent t-tests for quantitative data were applied to 
detect differences between the groups. Data for the SF-36 were summarized by mean change 
from baseline to six months bosentan treatment for the patients observed. The Wilcoxon signed-
rank test was used to compare the change in NYHA class from baseline to end of study. 

3. RESULTS
3.1 Baseline characteristics
Of 77 eligible Fontan patients, 42 (55%) participated in the study between April 2009 and 
January 2012. There were no significant differences between eligible patients that consented 
and eligible patients that refused participation.9 Table 1 summarizes patients’ baseline char-
acteristics. Thirty-four patients (81%) had single left ventricular morphology, seven a single 
right and one a mixed ventricular morphology. Twenty (48%) patients had an atriopulmonary-
connection, four (9%) patients had an intracardiac total cavopulmonary connection (lateral 
tunnel) and eighteen (43%) patients had an extracardiac total cavopulmonary connection 
(TCPC). Ten (24%) patients were on diuretics and thirty-one (74%) patients had an increased 
NT-pro-BNP level.
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Figure 2. Peak oxygen consumption in Fontan patients NS: non significant

Figure 3. Cardiac output in Fontan patients NS: non significant
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Figure 4. NT-pro-BNP levels in Fontan patients NS: non significant

Table 3. Clinical parameters for Fontan patients treated with bosentan for six months stratified per symptoms

AT: anaerobic threshold

Schuuring proefschrift.indd   124 05-03-14   14:20



125

9

3.2 Exercise capacity
Ten patients were not motivated to finish the study (Figure 1). No patients died. Analysis of all 
patients who finished the study (n= 32) demonstrated that all patients had abnormal exercise 
capacity. No significant treatment effect of bosentan on peak V’O2 was found, see Table 2. Difference 
in peak V’O2 between bosentan treatment and no treatment was -0.6 ml/kg/min (95% CI -2.3 to 1.2; 
p = 0.51) and in peak minute ventilation -2.9 L/min (95% CI -15 to 9; p = 0.63), see Figure 2. 

No significant treatment effect of bosentan was found on oxygen consumption and minute 
ventilation at anaerobic threshold. Bosentan treatment resulted in an increase of V’O2 of 0.5 
ml/kg/min (95% CI -1.6 to 2.6; p = 0.63) and in minute ventilation -3.6 L/min (95% CI -2.2 to 
9.4; p = 0.21). 

Change in mean SQUASH score was equal in treated and untreated patients (Table 2).

3.3 N-terminal pro brain natriuretic peptide level 
No significant treatment effect of bosentan was found on NT-pro-BNP levels, see Table 3 
and Figure 4. Patients with an improvement in NT-pro-BNP were not different in peak V’O2, 
SQUASH score, cardiac output, NT-pro-BNP levels or SF-36 quality of life score as compared 
to patients with stable NT-pro-BNP (p = ns, for all).
The level of other biomarkers (creatinine, albumin, sodium and haemoglobin) were unchanged 
during the study period.
 
3.4 Cardiac output
A trend towards a significant increase in mean cardiac output on TTE was observed after 
bosentan treatment (3.9 versus 3.6 L/min; p = 0.06). However, treatment effect of bosentan 
on cardiac output was found non-significant with an improvement of 0.2 L/min (p = 0.46) as 
compared to untreated patients (Table 2 and Figure 3). 
Patients with an improvement in cardiac output on TTE were not different in peak V’O2, 
SQUASH score, NT-pro-BNP levels or SF-36 quality of life score as compared to patients with 
stable cardiac output on TTE (p = ns, for all).

3.5 Quality of life
No significant improvement was seen in physical and mental quality of life score after treat-
ment (Table 3).

3.6 New York Heart Association class
After treatment NYHA class had improved in six (19%), was unchanged in 24 (75%) and 
declined in two (6%) patients. NYHA class was unchanged in 15 (94%) patients and declined 
in one (6%) patient during the untreated period. Treatment effect of bosentan on NYHA class was 
not significant. 
Six treated patients could be considered responders to therapy, as defined by an improvement 
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in NYHA class. However, peak V’O2, SQUASH score, cardiac output, NT-pro-BNP levels and 
SF-36 quality of life were not different in these responders as compared to patients with stable 
and declined NYHA class (p = ns, for all). Baseline characteristics were equal for patients who 
improved in NYHA class as compared to patients with stable or declined NYHA class.

3.7 Subgroup analysis
In order to explore the data sixteen treated patients were considered responders to therapy, 
as defined by an improvement in peak oxygen consumption during treatment, and sixteen 
treated patients were non-responders. In responders mean peak V’O2 at the final visit (22.9 
± 7 ml/kg/min) was higher as compared to baseline (21.5 ± 8 ml/kg/min; P < 0.01). However, 
difference in peak V’O2 between responders and untreated patients was -0.2 ml/kg/min (95% 
CI -1.3 to 0.9; p =0.72) indicating absence of treatment effect of bosentan. Median SQUASH 
score (6570 versus 4445), median NT-pro-BNP (364 versus 298 ng/L), physical QoL (51 versus 
55) and mental QoL (50 versus 55) were unchanged in responders (p = ns, for all). These 
endpoints were also equal between baseline and end of the study in non responders (p = ns, 
for all). Baseline characteristics were equal for responders as compared to non responders, 
except for a higher number of patients on oral diuretics in the responder group than in the non 
responder group (6 versus 1; p = 0.03). 
No significant difference in oxygen consumption was found between patients with a pace-
maker as compared to patients without a pacemaker.
Analysis of patients at baseline in NYHA class III (n = 5) did not show significant treatment 
effect of bosentan. 
At anaerobic threshold significant improvement in oxygen consumption and minute ventilation 
was seen for 9 patients at baseline in NYHA class I, see Table 3. This improvement was not 
accompanied by significant improvements in other endpoints. No significant improvement in 
primary and secondary endpoints was seen in 23 symptomatic patients.
Analysis of patients with baseline peak V’O2 under median level versus patients with baseline 
peak V’O2 above median level did not reveal significant treatment effect of bosentan. Whereas 
change in peak V’O2 in treated patients was significantly correlated with change in cardiac 
output (r = 0.57; p < 0.01), this correlation was not found in untreated patients (p = 0.79). No 
correlation between change in peak V’O2 and change in NT-pro-BNP was found. 
Analysis of younger (< 30 years) versus older (> 30 years) patients, right or mixed versus 
left ventricular morphology, atriopulmonary versus total cavopulmonary connection, history of 
palpitations at baseline versus not and at baseline high NT-pro-BNP versus low NT-pro-BNP 
level did not reveal significant treatment effect of bosentan. 

3.8 Adverse events 
The distribution of adverse events during treatment thought to have a possible or probable 
relationship to study drug on the basis of published side effects (Investigational medicinal 
product dossier; Actelion, Allschwil, Switzerland) are listed in Table 4. Three patients experi-
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enced severe headache, one patient complained of dyspnea at exertion and a third patient 
had peripheral edema. All complaints stopped after dose reduction to twice daily 62.5 mg. 
One patient had a transient period of anemia and leucocytopenia in the first month, and was 
therefore treated the complete study period with bosentan 62.5 mg bid.  There were two hospital 
admissions for arrhythmia during the study. No patients discontinued the study because of 
adverse events. 

4. DISCUSSION
The current study is the first prospective, multicentre randomised open label trial that evalu-
ates the effect of bosentan on exercise capacity in mildly symptomatic adults with a Fontan 
circulation. All patients were limited in their exercise capacity and 74% had an increased 
NT-pro-BNP level. The majority of patients were classified in NYHA class I-II. However, eight 
NYHA class I-II patients were on diuretics, suggesting that these patients were sicker than self 
reported. Peak V’O2 is an objective indicator of clinical status. Bosentan was not beneficial on 
primary and secondary endpoints. 

4.1 Limited exercise capacity in Fontan patients
An abnormal exercise capacity in Fontan patients is consistent with prior reports.9,21–24 
Patients with a Fontan circulation are often from childhood on discouraged from physical 
exercise because of the fear of heart failure or sudden death.25 Patients may have limited their 
physical activity and might be unaware of their ‘real’ NYHA class. 
In a two-ventricle circulation, PVR decreases to 50% of the baseline value with exercise, and 
an increase in right ventricular pressure is key to reaching the increase in cardiac output of 
more than fourfold at peak exercise. In this setting, right ventricular systolic pressure might 
approach 50 mm Hg or greater.26

In Fontan patients there is no subpulmonary ventricle to help deliver blood through the lungs 
and back to the heart. As a result, the ability to increase cardiac output in the setting of 

Table 4. Reported side effects in Fontan patients during bosentan treatment
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increasing metabolic demand is highly dependent on both low PVR and low ventricular filling 
pressures, the two components of pulmonary afterload. Therefore, a very low PVR during 
exercise is essential to achieve any substantial increase in cardiac output. 
However, PVR increases over time. Potentially, release of endothelin-derived vasoactive 
molecules such as endothelin-1 contributes to PVR increase in Fontan patients.27 Other 
hypothesized mechanisms include venous micro-emboli or obstructed airways.9 PVR has 
been shown a predictor of mortality in patients with a Fontan circulation.28

4.2 N-terminal pro brain natriuretic peptide level in Fontan patients
NT-proBNP is secreted mainly by the ventricles in response to volume expansion and pres-
sure load. It is an established marker of heart failure.29 Elevated and increasing NT-proBNP 
levels are in Fontan patients associated with increased morbidity and late mortality.29 Koch et 
al reported a normal NT-proBNP plasma concentration in the majority of patients (all NYHA 
class I-II) up to 15 years after the procedure.29 In contrast, we found an increased NT-pro-BNP 
level in 74% of the patients. This might suggest a variation in clinical status between all NYHA 
class I-II Fontan patients. 

4.3 Pulmonary vasodilator therapy in Fontan patients
Data on bosentan in Fontan patients are limited to two small studies. In ten failing Fontan 
patients no significant improvement in six minute walking distance was seen after 12 weeks 
bosentan treatment.28 The authors suggested that only Fontan patients with a mild increase 
in PVR might benefit from pulmonary vasodilation. However, this study was small and short. 
A larger and longer study on bosentan therapy in Fontan patients with limited effort tolerance 
might demonstrate a beneficial effect. 
Sildenafil has been evaluated six weeks by Goldberg et al. in a randomised double blind 
placebo controlled trial with 28 children.2 Peak V’O2, the primary endpoint, was not significantly 
improved after treatment. Nonetheless, the authors reported a mean decline in minute 
ventilation of 2% (p = 0.04) at peak exercise as an important finding. Another major finding 
was an improvement in ventilatory efficacy at anaerobic threshold in 13 children with single 
left or mixed ventricular morphology, even as an improvement in ventilatory efficacy in 12 
children with baseline serum BNP levels above 100 pg/mL. The authors concluded that silde-
nafil may be an important agent for improving exercise performance in children with Fontan 
circulation. However, no definite conclusions were drawn. Unfortunately, NYHA class was not 
reported in this article.
The cohorts were not identical, as in our study a single left ventricular morphology was more 
frequent compared to Goldberg et al. We were unable to confirm the findings reported by 
Goldberg et al. Potentially, pulmonary vasodilator therapy might be more beneficial in children 
than in adult Fontan patients, or sildenafil might be more effective on surrogate endpoints than 
bosentan. Studies with sildenafil in left heart failure and PH are promising.30,31 Sildenafil has anti-
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adrenergic antihypertrophic and anti-apoptotic signalling effects on the ventricle. Sildenafil 
might therefore have a better profile than bosentan in Fontan patients who have a combina-
tion of abnormal LV (or systemic ventricle) function and elevated PVR. Effects on the ventricle 
might be more important than endothelin-1 inhibition in the pulmonary arterioles, theoretically 
making sildenafil more beneficial than bosentan in Fontan patients. Potentially, endothelin-1 
levels in Fontan patients are not as elevated as in patients with pulmonary arterial hyperten-
sion. Potentially, our patients were to good having a low PVR. To study the effects of bosentan 
therapy on PAP, PVR and wedge in Fontan circulation an invasive (pilot) study could be 
considered. Next, larger placebo controlled trials on sildenafil treatment are needed in chil-
dren and adults to draw definite conclusions.
One pilot study measured exercise capacity directly after taking a single oral dose of sildenafil 
in 27 Fontan patients, and found a greater positive change in peak V’O2 in the sildenafil group 
than in the control group.21 Another study investigated exogenous NO, a vasorelaxant, at a 
median of 9 years after the Fontan procedure and found a reduction in PVR.32 In addition, 
early after the Fontan procedure a combination of milrinone and exogenous NO showed re-
duction of the transpulmonary pressure gradient in patients with high PVR.33

The multiple sub-group analyses were an attempt to identify patients that had benefit of treat-
ment and patients that didn’t. No subgroup with benefit of bosentan therapy was identified. 
However, the subgroups were small. Larger subgroups studies are needed. Some patients 
stated a subjective improvement, which was not accompanied by objective improvement. 
Besides quantitative studies we encourage qualitative studies. 

4.4 Improvements at anaerobic threshold in NYHA class I patients
The anaerobic threshold demarcates the upper limit of a range of exercise intensities that can 
be accomplished almost entirely aerobically.14 Whereas exercise below anaerobic threshold 
can be sustained indefinitely, a progressive increase in exercise above anaerobic threshold is 
associated with a decrease in exercise capacity. Changes in anaerobic threshold are some-
what nonspecific.14

Nine patients who were in NYHA class I at baseline had a significant improvement in oxygen 
consumption and minute ventilation at anaerobic threshold. We can not give a clear explana-
tion for this observed effect. This improvement was, however, not accompanied by significant 
improvements in other endpoints. Correction for multiplicity testing indicates that this might be 
a statistical variation instead of a real improvement. 

4.5 Safety and tolerability
In our study induction of oral bosentan therapy was well tolerated in patients with a Fontan 
circulation. Three patients experienced severe headache, one patient complained of dyspnea 
at exertion, one patient had a transient period of anemia and leucocytopenia and another 
patient had peripheral edema. Risk of fluid retention, a well known side effect of bosentan, is 
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therefore small. This is an important finding. A small study with eight Fontan patients enrolled 
reported no clinically significant adverse events relating to bosentan therapy after six months 
bosentan treatment.34

4.6 Critical study analysis, limitations and future directions
The present study was limited by the small sample size and lack of placebo. From the 
77 eligible candidates identified via the Dutch national database of adult patients with CHD 
(CONCOR) forty-two (55%) patients were included and thirty-five patients refused to partici-
pate. Upcoming studies need to increase their sample size, by (inter)national collaborations. 
Unfortunately, ten patients were not motivated to finish the study. Patients’ motivation has to 
increase. In our study ten patients were not motivated to finish the study. Education and 
contact with trained nurses might decrease the drop out count. Pacemakers and anti-arrhythmic  
therapy might have affected maximal heart rate during exercise capacity testing. However, 
bosentan treatment efficacy was evaluated by individual changes between baseline and 
follow-up analyzed by paired t-testing. To eliminate this cofounder, upcoming studies with 
exercise testing as primary endpoint could exclude patients with pacemakers and anti-arrhyth-
mic therapy. However, this criterium will reduce the population pool considerably as many 
adult Fontan patients have pacemakers or require anti-arrhythmic therapy. Furthermore, 
major cardiac events such as cardiac transplantation or (cardiac) death could be considered  
superior endpoints, compared to exercise capacity. However, these events are relatively rare. 
Performing a randomised trial that assesses differences in hard clinical endpoints is difficult 
in these patients, as it would involve very large patient numbers and very long follow-up 
period. We chose peak V’O2 as a primary endpoint. Peak V’O2 is often used in clinical trials, 
and has been related to activities of daily life.9 However, some patients may have experi-
enced subjective improvement of bosentan therapy, which was not accompanied by objective  
improvement in exercise capacity. Ideally, upcoming studies use a clinically relevant endpoint 
capable of detecting subtle subjective changes. We have no cardiac catheterization data. 
However, there are no validated data to assess PVR in patients with Fontan circulation. Tech-
niques used in patients with biventricular circulation cannot be simply extrapolated to patients 
with univentricular circulation. An invasive pilot study may be considered first to study the  
effects of bosentan therapy on PAP, PVR and wedge in Fontan circulation.  We felt that it was  
undesirable to expose mildly symptomatic patients twice to this invasive procedure in one 
year. Moreover, performing invasive procedures would likely have affected participation rate 
and motivation to continue of patients. Consequently, we chose endpoints representing daily 
life, which is frequently compromised in these patients. Cardiac output assessed by transtho-
racic echocardiography is to our knowledge not validated in a univentricular circulation at 
peak exercise. However, this was the best non-invasive technique available. Moreover, we 
evaluated intra-individual changes comparing baseline and final tests. Potentially, in Fontan 
patients treatment effect of bosentan needs more than six months to emerge. However, a six 
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months trial was relatively long in comparison with the first trials performed in patients with 
pulmonary arterial hypertension. Longer trials are preferred in the future. The treatment period 
was twice as long as the control period. Chances of spontaneous decline were smaller in our 
3 months control period than in a 6 months control period. We recommend the same follow up 
period for both treatment arms in upcoming randomised controlled trials. 

5. CONCLUSION
Objective parameters of heart failure such as abnormal exercise capacity and increased  
NT-pro-BNP level in the majority of Fontan patients were present. Six months of bosentan 
treatment was not beneficial. Upcoming studies should be longer and need to increase their 
sample size by (inter)national collaborations. Education and contact with trained nurses might 
help increase patients motivation to finish the complete study period.
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ABSTRACT
Background
Right ventricular function (RVF) is often selectively declined after coronary artery bypass graft 
surgery. In adult patients with congenital heart disease (CHD) the incidence and persistence 
of declined RVF after cardiac surgery is unknown. The current study aimed to describe RVF 
after cardiac surgery in these patients.

Methods
Adult CHD patients operated between January 2008 and December 2009 in the Academic 
Medical Centre in Amsterdam were studied. Clinical characteristics, laboratory tests, surgical 
data and intensive care unit outcome were obtained from medical records. RVF was meas-
ured by trans-thoracic echocardiography (TTE) and expressed by tricuspid annular plane sys-
tolic excursion (TAPSE), tissue Doppler imaging (RV S’) and myocardial performance index 
(MPI) pre-operatively and direct, at intermediate and late follow up. Of a total of 185 operated, 
86 patients (mean age 39 ± 13 years, 54% male) had echo data available.

Results
There was a significant fall in RVF after cardiac surgery. TAPSE and RV S’ were significantly 
higher and MPI was significantly lower pre-operatively compared to direct post-operative val-
ues (TAPSE 22 ± 5 versus 13 ± 3 mm (P < 0.01), RV S’ 11 ± 4 versus 8 ± 2 cm/s (P < 0.01) and 
MPI 0.36 ± 0.14 versus 0.62 ± 0.25; P < 0.01). There were no significant differences in left 
ventricular function pre-operatively compared to post-operative values. Right-sided surgery was 
performed in 33, left-sided surgery in 37 and both sided surgery in 16 patients. Decline in RVF 
was equal for those groups. Patients with severe decline in RVF, were patients who under-
went tricuspid valve surgery. Decline in RVF was associated with post-operative myocardial 
creatine kinase level and maximal troponin T level. There was no association between decline 
in RVF and clinical outcome on the intensive care unit. Eighteen months post-operatively, 
most RVF parameters had recovered to pre-operative values, but TAPSE which remained still 
lower (p < 0.01). 

Conclusion
CHD patients have a decline in RVF directly after cardiac surgery, regardless the side of 
surgery. Although a gradual improvement was observed, complete recovery was not seen 18 
months post-operatively.
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1. INTRODUCTION
Cardiac surgery relieves symptoms and increases life expectancy in cardiac patients, with 
and without congenital heart disease (CHD). However, patients undergoing surgery are at 
risk of complications, including right ventricular (RV) failure. RV failure is often difficult to  
diagnose and to treat. A decrease in right ventricular function (RVF) directly after surgery has 
been demonstrated in patients who underwent coronary artery bypass grafting.1–3 In some 
patients, the decline in RVF persisted up to eighteen months.  Whether the RVF shows 
a similar decline after cardiac surgery in adult patients with congenital heart disease (CHD) 
is not known. Especially in these patients, contribution of the RV to cardiac pump function 
is essential.  RVF has been shown a determinant of clinical status and long-term patients 
with CHD.4,5 In addition, CHD patients undergo more often right-sided surgery. Whether CHD  
patients with right-sided heart lesions and, hence, increased right atrial pressure, have different 
RVF after cardiac surgery than would patients with left-sided heart lesions is unknown. Tran-
sthoracic echocardiography (TTE) is an accessible and robust tool for assessing both right 
(RVF) and left ventricular function (LVF) prior to and after cardiac surgery. The current study 
aimes to describe RVF measured by TTE after cardiac surgery in patients with right- and left-
sided CHD disease. We hypothesized that patients with right-sided CHD and consequently, 
an increased right ventricular load, would be at greater risk of postoperative decline in RVF 
than patients with left-sided disease.

2. METHODS
2.1 Data collection
Adult CHD patients operated between January 2008 and December 2009 in the Academic 
Medical Centre in Amsterdam were studied. Clinical characteristics, laboratory tests and  
surgical data were obtained from medical records. 

2.2 Echocardiography
Pre-operative TTE were collected as well as TTE performed directly (one to four months), 
intermediate (five to eight months) and late (ten to eighteen months) after surgery. Echo-
cardiography was performed with a Vivid 7 ultrasound system (General Electric, Milwaukee, 
United States of America). All echocardiographic images were acquired and recorded digi-
tally. All studies were analyzed by a single observer with more than ten years experience in 
echocardiography in adult patients with CHD, who was blinded to clinical information. Par-
asternal and apical views were obtained and valve regurgitation was quantified according to 
the guidelines.6 RVF was evaluated by means of tricuspid annular plane systolic excursion 
(TAPSE), tissue Doppler imaging (RV S’) and myocardial performance index (MPI).  Tricus-
pid annular plane systolic excursion (TAPSE) was obtained from the apical four-chamber view. 
The difference in the displacement of the right ventricular base from end-diastole to end-systole 
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at the junction of the tricuspid valvular plane was used to determine TAPSE. Tissue Doppler 
imaging S (RV S’) was measured using a pulsed wave Doppler sampling gate of 6–6 mm and 
a sweep of 100 mm/s. The myocardial performance index (MPI) was defined as the sum of the isovo-
lumic contraction time and isovolumic relaxation time divided by ejection time obtained from  
tissue Doppler imaging. The mean of three TAPSE, RV S’ and MPI measurements were used 
for analyses. The study population was divided into three groups representing good, moderate, 
impaired ventricular function. 

2.3 Statistics
For statistical analysis SPSS 18.0 (SPSS Inc, Chicago, Illinois) was used. Descriptive data 
are presented as mean ± standard deviation. The difference between pre-operative and post-
operative RVF was calculated with paired t-test. Statistical differences of categorical variables 
were analyzed using Chi square test. Univariate linear regression analysis was performed 
to determine whether changes in RVF were associated with pre-operative, peri-operative or 
post-operative factors. Values below 0.05 were considered to be significant. 

3. RESULTS
3.1 Pre-operative right ventriculair function
For a total of 185 operated CHD patients, 86 patients (mean age 39 ± 13 years, 54% male) 
echo data was available (Table 1). Diagnosis of patients with right-sided disease included 
Tetralogy of Fallot (n=13), atrial septal defect (n=11), pulmonary valve defect (n=5), tricuspid 
valve defect (n=5) or morbus Ebstein (n=6). Left-sided disease patients had Marfan syndrome 
(n=10), ventricular septal defect (n=9), aortic coarctation (n=8) or aortic valve disease (n=19). 
Pre-operative moderate or severe tricuspid valve regurgitation was present in 26 patients 
and 18 patients had moderate or severe pulmonary valve regurgitation. Moderate or severe 
aortic regurgitation was seen in 16 patients and 14 patients had moderate or severe mitral 
regurgitation.  
For TAPSE 86, for RV S’ 66 and for MPI 59 patients had pre-operative measurements.  
Pre-operative RVF was better in patients who underwent cardiac surgery for the first time 
(TAPSE 24 mm, RV S’ 13 cm/s and MPI 0.33) compared those who had a re-operation 
(TAPSE 18 mm, RV S’ 10 cm/s and MPI 0.38).

3.2 Surgery
Right-sided surgery was performed in 33 patients, involving pulmonary valve (n=18), tricuspid 
valve (n=10) and closure of an atrial septal defect (n=5). Left-sided surgery was performed 
in 37 patients involving aortic valve (n=30), mitral valve (n=5) and closure of a ventricular 
septal defect (n=2). Combination of right- and left sided surgery was performed in 16 patients 
(tricuspid valve + aortic valve n=1, tricuspid valve + mitral valve n=1, pulmonary valve + aortic 
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Table 1. Baseline characteristics

Abbreviations: NYHA: New York Heart Association; TAPSE: tricuspid annular planse 
systolic excursion; μg/L; microgram / liter; mmhg; millimeter mercury; ng/L: nanogram/
liter; eGFR: estimated glomerular; filtration rate, n/a; not applicable
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valve n=6, tricuspid valve + aortic valve + mitral valve n=1, tricuspid valve + atrial septal defect 
+ mitral valve n=2, atrial septal defect + mitral valve n=1, tricuspid valve + mitral valve n=2, 
pulmonary + tricuspid valve + aortic valve n=1). Mean extracorporal perfusion time was 157 
minutes and aortic cross clamp time was 112 minutes.

3.3 Directly after surgery  
There was a significant fall in RVF after cardiac surgery (Figure 1). For TAPSE 44, for RV S’ 44 
and for MPI 41 patients had measurements within the first two weeks post-operatively. TAPSE 
and RV S’ were higher and MPI was lower pre-operatively compared to direct post-operative 
values (TAPSE 22 ± 5 vs 13 ± 3 mm (P < 0.01), RV S’ 11 ± 4 vs 8 ± 2 cm/s (P < 0.01) and MPI 
0.36 ± 0.14 vs 0.62 ± 0.25; P < 0.01). There were no significant differences in left ventricular 
function (LVF) pre-operatively compared to post-operative values. 
Decline in RVF was equal in right-, left- and both sided surgeries (Table 2). The decline in RVF 
was larger in patients who underwent their first cardiac surgery (TAPSE -11 mm, RV S’ -5 cm/s 
and MPI 0.19) compared to patients who underwent re-operation (TAPSE -5, RV S’ -1 and 
MPI 0.25). Decline in RVF was significantly associated with tricuspid valve surgery, TAPSE (β 
= -0.33 p = 0.03) and RV S’ (β = -0.44 p < 0.01). No other types of surgery were individually 
associated with a decline in RVF. Extracorporal perfusion time and aortic cross clamp time 
were not associated with RVF decline. 
Maximal myocardial creatine kinase level was associated with decline in RVF (TAPSE β = 
-0,34 p = 0.03, RV S’ β = -0,45 p < 0.01, β = -0,26 p = 0.09) and maximal troponin T level 
(TAPSE β = -0,41 p = 0.03, RV S’ β = -0,51 p < 0.01, β = -0,36 p = 0.06). On the intensive care 
unit no association was seen between decline in RVF and stay in hours, use of inotropes and 
fluid balance in the first 24 hours. 

Abbreviations: NYHA: New York Heart Association; TAPSE: tricuspid annular planse systolic excursion; 
μg/L; microgram / liter; mmhg; millimeter mercury; ng/L: nanogram/liter; eGFR: estimated glomerular 
filtration rate, n/a; not applicable

Table 2. Level of high sensitive troponin T and known determinants of outcome
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Figure 1. Peri-operative right ventricular function in CHD patients
Abbreviations: TAPSE:  tricuspid annular plane systolic excursion; 
mm: milimeter;  RV S’: right ventricular tissue Doppler imaging; 
cm/s: centimeter per second; MPI: myocardial performance index
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3.4 Intermediate and late follow-up
For TAPSE 34, for RV S’ 28 and for MPI 24 patients had measurements 5-8 months post-
operatively. For TAPSE 34, for RV S’ 23 and for MPI 7 patients had measurements 5-8 months 
post-operatively. Compared to the first post-operative measurement, except for TAPSE which 
remained lower (p < 0.01), RVF increased at eighteen months post-operatively (TAPSE 15 ± 
3 mm; RV S’ 10 ± 3 cm/s and MPI 0.45 ± 0.14). Of the patients who had a TAPSE measure-
ment available late follow-up, six (26%) underwent tricuspid valve surgery. Recovery of RVF 
was not different for patients who underwent their first cardiac surgery compared to patients 
who underwent re-operation. 

4. DISCUSSION
In this study, we found a significant and selective decline in RVF after cardiac surgery in 
all adult CHD patients. No differences were observed between patients who underwent  
surgery on right, left or both sides of the heart. Although a gradual improvement was observed,  
complete recovery was not seen even 18 months after surgery. This suggests that the effects 
of cardiac surgery on the right ventricle may be long lasting. 

4.1 Trans-thoracic echocardiography and ventricular function
Non-invasive assessment of RVF is routinely performed with trans-thoracic echocardiography 
(TTE), before and after cardiac surgery.7–9 Unfortunately, no single measurement of anato-
my or function can adequately describe the form or performance of the right ventricle.10 It is  
concluded in the past that the measurement of TAPSE offers a simple echocardiographic 
parameter which reflects right ventricular ejection fraction.11  Furthermore, tissue Doppler is 
highly reproducible. 

4.2 Decline in right ventricular function after cardiac surgery
Decline in RVF after cardiac surgery has been reported over two decades ago. Qualita-
tive analyses demonstrated an impairment of RV filling, contraction and overall function  
during surgery itself, which persisted immediately after cardiac surgery. This decline was seen  
irrespective of the use of cardiopulmonary bypass. In patients with atrial septal defects, RVF 
after open-heart surgery has been compared with percutaneous closure.12 This study showed 
a decline in RVF after surgery which was not seen after percutaneous closure.  
Studies on the recovery of declined RVF are contradictory. The notion has been put forward 
that the decline of RVF is due to recovery of stunned myocardium implying RVF decline may 
be a relatively short-lived phenomenon.13 However, a retrospective study, in which the median 
follow-up after coronary artery bypass surgery was ten years, suggested that the effects of 
surgery on the RV may be long-lasting.3
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4.3 Potential mechanisms
Various hypotheses regarding the pathogenesis of the selective decline in RVF after cardiac 
surgery have been put forward. However, no clear cause is known. We based our hypotheses 
on best data available. We performed an observational study, so we were unable to determine 
the underlying mechanism. Prospective studies are needed to elucidate this phenomenon. 
Potentially, acute ischemia or air emboli cause the decline in RVF. In our study decline in RVF 
was significantly associated with post-operative maximal myocardial creatine kinase level and 
maximal troponin T level, indicating ischemia. It is possible that the thin-walled RV may be 
more susceptible to dysfunction secondary to inflammation or effusions post-operatively.3 These 
effusion may result from local tissue damage or from a systemic inflammatory response. 
Another theory evolves around cytokines. In a state of cardiopulmonary bypass the body  
releases cytokines which initiate inflammation and pulmonary vasoconstriction.14,15 One of 
these cytokines is endothelin-1.14,15 Endothelin-1 has a vasoconstrictive effect on the pulmo-
nary arterioles and might consequently influence RV afterload.16 Endothelin-1 appears to play 
a modest role in healthy organisms, but probably plays a major role in many pathophysi-
ological states.17 Bond et al demonstrated that patients with elevated post-operative endothe-
lin-1 levels stayed longer on the intensive care unit and had longer overall hospitalization.14  
In addition, elevated endothelin-1 levels were associated higher pulmonary artery pressures 
post-operatively in these patients.
Other hypothesis, such as peri-operative temperature variations and the deleterious effects 
of pericardial disruption on RV filling and function are plausible, but require further investiga-
tion. Another theory suggested pericardial adhesions that impair ventricular filling. However, 
the decline in RVF seen after cardiac surgery is very rapid18 and interventions to prevent 
adhesion formation fails to preserve RV function.19 Changes in RV geometrics in association 
with changes in inter-ventricular septal paradoxical motion might contribute to the effect of 
decline in RVF.20 The RV is poorly protected during cardiopulmonary bypass as perfusion with 
cardioplegic solution is not optimal.21 Nevertheless, decline in RVF exists even when off-pump 
coronary artery bypass grafting surgery is used and seems, therefore, not associated with 
cardioplegia techniques.22

4.4 Clinical impact
Acute RV failure after cardiac surgery leading to major complications with high in-hospital 
mortality rates has been demonstrated before.7 In our study, no relation was observed 
between the decline in RVF and frequency of right ventricular failure, stay in hours, inotropes 
dependence and fluid balance in the first 24 hours on the intensive care unit. However, this 
does not mean that this decline in RVF is harmless.  The relationship between poor RVF and 
adverse clinical outcomes has been shown before. Low tricuspid annulus acceleration and 
low RV systolic velocities are correlated with an increased risk of cardiac death or hospitalisa-
tion.23 Studies in non surgery CHD patients have reported negative effects of declined RVF 
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and consequently enlarged RV.4 Declined RVF and enlarged RV are associated with exercise 
limitation, arrhythmias and sudden death.4 The present study was not designed as an event 
study, but instead aimed to document the effects of cardiac surgery on RVF. Clinical impact of 
RVF decline may be difficult to demonstrate in patients who undergo cardiac surgery, as the 
beneficial effects of the procedure may mask any adverse effects. 
We should not assume that RVF decline is unavoidable.  Peri-operative myocardial protec-
tion and the reduction of RV afterload might minimize RVF decline. The RV is very sensitive 
to any increases in RV afterload.24 Pulmonary vascular resistance (PVR), representing RV 
afterload, can peri-operatively increase up to nearly four –fold.25 Reducing RV after-
load has been shown to improve RVF, in patients with chronic thrombo-embolic pulmonary 
hypertension before and after pulmonary thromboendarterectomy.26

In a small study, peri-operative intervention on the endothelin-1 pathway with a selective 
endothelin-1 receptor antagonist (ERA) led to a significant decrease in PVR compared to 
the control group.25 Another randomized study using peri-operative infusion of selective ERA 
showed significantly lower plasma levels of inflammatory cytokines (tumor necrosis factor and 
soluble tumor necrosis factor receptors) in the post-operative period compared to a control 
group.15

4.5 Limitations
Our study demonstrates a long lasting decline in RVF after cardiac surgery in adult pa-
tients with CHD. However, observational studies always carry risks. As there is a significant 
background variation with time, it can be difficult to be as certain that an intervention is the 
cause of any changes. However, the decline in RVF after cardiac surgery is so large and so  
consistent that it seems convincingly it is caused by the cardiac surgery. Furthermore, a similar 
effect was shown in patients who underwent coronary artery bypass grafting surgery. This 
suggests that the relationship with cardiac surgery is not an accidental one, but causative and 
long lasting. Another limitation is TAPSE as an indicator of RVF. In patients who underwent 
tricuspid valve surgery, TAPSE might be reduced when anuloplasties were performed due to 
the rigid ring. However, RV S’ decreased and MPI increased in these patients. Moreover, of 
all patients who had a TAPSE measurement available at late follow-up, a relative big group 
of six (26%) patients underwent tricuspid valve surgery. However, we note the concomitant 
RV S’ decrease and MPI increase observed.  In addition, MPI might have pseudonormalized 
in the presence of high RV pressure, which might have occurred in patients with a pulmonary 
valve stenosis. Finally, of a substantial group of patients echocardiography data was missing. 
This may have introduced bias. However, missing data is inevitable in a retrospective study 
and the observed decline of RVF in patients who had data available was large and consistent.
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5. CONCLUSION
CHD patients have a decline in RVF directly after cardiac surgery, regardless the side of 
surgery. Although a gradual improvement, complete recovery was not seen 18 months post-
operatively.
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ABSTRACT
Background
Right ventricular (RV) failure after cardiac surgery is a clinical entity with a high morbidity and 
mortality. Congenital heart disease (CHD) patients often undergo right-sided cardiac surgery. 
We aimed to identify determinants of RV failure after cardiac surgery to differentiate patients 
with increased risk. 

Methods
A retrospective chart review was performed on adults with CHD operated between January 
2001 and January 2011. Clinical characteristics, laboratory tests, surgical data and intensive 
care unit outcome were obtained from medical records. The diagnosis of clinical RV failure 
was made by careful review of the medical records by two independent physicians. Patients 
were only identified as cases with RV failure if patients had (1) elevated jugular venous pres-
sure, (2) impaired post-operative RV function on transthoracic echocardiography and (3) diag-
nosis of RV failure was clearly documented in the medical charts by treating physician. 

Results
Data of 412 consecutive patients (median age 36 (range 18 – 74) years, 56% male) were 
studied. Eighteen patients had clinical RV failure (4.4%) post-operatively, of which six patients 
died. Patients undergoing left- and both-sided surgery had an equal risk of developing clinical 
RV failure as compared to patients undergoing right-sided surgery. In multivariate logistic 
regression analysis, pre-operative impaired right ventricular function, supraventricular tachy-
cardia and cardiopulmonary bypass time over 150 minutes were the strongest determinants 
of clinical RV failure (p < 0.05, for all). 

Conclusions
RV failure after cardiac surgery is a serious complication, and occurs regardless the side of 
surgery. A tailored approach in CHD patients at highest risk of RV failure should be considered. 
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1. INTRODUCTION
Patients who undergo cardiac surgery are at risk of developing right ventricular (RV) failure. 
This clinical entity is characterized by edema, elevated jugular venous pressure, hypotension 
and in worse cases shock or multi organ failure. RV failure is often difficult to diagnose and 
to treat. 
Cardiac surgery relieves symptoms and increases life expectancy in cardiac patients. 
However, cardiac surgery has demonstrated to affect right ventricular function (RVF) in adults 
who undergo coronary artery bypass grafting 1 and with congenital heart disease (CHD).2 The 
decline in RVF persists up to eighteen months and is associated with impaired clinical status 
and reduced long-term prognosis in patients with CHD.3,4

Literature lacks data on risk factors of RV failure in CHD patients. We aimed to identify deter-
minants of RV failure after cardiac surgery to facilitate patients with increased risk. The results 
will be of help to identify patients at highest risk and to establish an early diagnosis in order 
to improve clinical outcome. Ultimately, early anticipation and early start of supportive therapy 
might lead to reduction of intensive care unit hospitalization time and risk of death.

2. METHODS
2.1 Data collection
Adult patients with CHD operated between January 2001 and January 2011 in the Academic 
Medical Center in Amsterdam were studied. Clinical characteristics, laboratory tests and 
surgical data were obtained from medical records. 

2.2 Echocardiography
Echocardiography was performed with a Vivid 7 ultrasound system (General Electric, Milwaukee, 
United States of America). All echocardiographic images were acquired and recorded digi-
tally. All studies were analyzed by a single observer with more than ten years experience 
in echocardiography in adult patients with CHD, who was blinded to clinical information.  
Parasternal and apical views were obtained and valve regurgitation was quantified according to 
the guidelines.5 RV function was evaluated by means of tricuspid annular plane systolic excur-
sion (TAPSE) and tissue Doppler imaging (RV S’). Tricuspid annular plane systolic excursion 
(TAPSE) was obtained from the apical four-chamber view. The difference in the displacement 
of the right ventricular base from end-diastole to end-systole at the junction of the tricuspid 
valvular plane was used to determine TAPSE. Tissue Doppler imaging S (RV S’) was meas-
ured using a pulsed wave Doppler sampling gate of 6–6 mm and a sweep of 100 mm/s. RV 
function was found normal for levels of tricuspid annular plane systolic excursion and tissue 
Doppler imaging S’ above 15mm and 11 cm/s respectively. The study population was divided 
into two groups representing preserved or impaired ventricular function. 
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2.3 Definitions
Main outcome measure for our study was clinical RV failure. The diagnosis of clinical RV 
failure was made by careful review of the medical records by two independent physicians.  
Patients were only identified as cases with RV failure if patients had (1) elevated jugular  
venous pressure, (2) impaired post-operative RV function on transthoracic echocardiography 
and (3) diagnosis of RV failure was clearly documented in the medical charts by treating  
physician. Moreover, two independent physicians discussed each case and selected appro-
priate cases if both physicians agreed on diagnosis of RV failure. When needed, cases were 
discussed with the treating clinician. Creatinine clearance was calculated using Cockcroft-
Gault formula. Pulmonary hypertension was defined as systolic pulmonary artery pressure 
above 37 mmHg measured on transthoracic echocardiography. 

Table 1. Baseline characteristics

Abbreviations: NYHA: New York Heart Association; ng/L: nanagram per liter; umol/L: micromol / L; RV: 
right ventricle
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2.4 Statistics
For statistical analysis SPSS 19.0 (SPSS Inc, Chicago, Illinois) was used. Normally distributed 
continuous variables were compared with the Student t test and skewed distributed with the 
Wilcoxon rank-sum test. Categorical variables were compared with the chi-square test. Cutoff 
values for age and cardiopulmonary bypass time were based on the optimal point of the  
individual determinant levels in receiver operating characteristics curves. Univariate statis-
tics applied to the pre and peri-operative characteristics identified significant determinants for  
inclusion in multivariate analysis. 

3. RESULTS
3.1 Baseline characteristics
Data of 412 consecutive CHD patients (median age 36 (range 18 – 74) years, 56% male) 
were studied. Table 1 summarizes patients’ baseline characteristics. None of the patients had 
clinical RV failure pre-operatively. Right-sided surgery was performed 121 times, involving 
pulmonary valve surgery (n=104) and tricuspid valve surgery (n=65). Left-sided surgery was 
performed 160 times, involving aortic valve surgery (n=106) and mitral valve surgery (n=58). 
Combination of right- and left sided surgery was performed 131 times.

3.2 Right ventricular failure
Of all patients studied, 18 patients were diagnosed with clinical RV failure (4.4%) after cardiac 
surgery. Table 2 shows detailed information of these patients. Patients diagnosed with clinical 
RV failure were significantly older, more often in NYHA class III/ IV, had higher NT-pro-BNP 
levels, higher logistic EuroSCORE, longer cardiopulmonary bypass time, lower creatinine 
clearance, had more frequently episodes of supraventricular tachycardia pre-operatively 
and underwent more often tricuspid- and mitral valve surgery as compared to non RV failing  
patients, see Table 1. 
In univariate analyses, clinical RV failure rates increased significantly in patients with NYHA 
class ≥ II, with supraventricular tachycardia, creatinine clearance below 85 mL/min, impaired 
right ventricular function, with cardiopulmonary bypass time > 150 minutes, having higher  
NT-pro-BNP and logistic EuroSCORE above 2.5% (Table 3). The details of determining the 
cutoff values of age and cardiopulmonary bypass time by ROC curve are shown in the Appendix. 
Patients undergoing left- and both-sided surgery had an equal risk of developing clinical RV 
failure as compared to patients undergoing right-sided surgery.
Multivariate analyses also are shown in Table 3. Logistic EuroSCORE was in multivariate 
analysis not associated with clinical RV failure and was excluded from the final model. NT-pro-
BNP only was available in 123 patients. For that reason NT-pro-BNP was excluded for multi-
variate analysis. In the final model, pre-operative impaired right ventricular function, supraven-
tricular tachycardia and cardiopulmonary bypass time over 150 minutes were the strongest 
determinants of clinical RV failure (p < 0.05, for all). 
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4. DISCUSSION
To our knowledge we are the first to report determinants of RV failure after congenital cardiac 
surgery. Patients undergoing left- and both-sided surgery had an equal risk of developing clinical 
RV failure as compared to patients undergoing right-sided surgery.

4.1 Right ventricular failure 
The clinical syndrome of RV failure was first described by Cohn et al.6, and was associated 
with a native transmural postero-inferior myocardial infarction. The latter process involves 
contiguous areas of the right ventricle, left ventricle and the interventricular septum. Besides 
the ischemic element, other factors such as a pre-existing or an acquired pulmonary hyperten-
sion, and an altered interventricular balance, may also contribute in the genesis of RV failure.7 
In this group of patients, both short- and long-term survival are determined by right ventricular 
performance. Especially in CHD patients, contribution of the RV to cardiac pump function is 
essential. Adults with CHD undergo more often right-sided surgery. However, literature lacks 
in data on RV failure after cardiac surgery in CHD patients.

4.2 Causes of right ventricular failure
Various hypotheses regarding change in RV performance after cardiac surgery have been put 
forward. However, no clear cause is known. Prospective studies are needed to reveal potential 

Table 3. Univariate and multivariate analysis on determinants of right ventricular failure

Abbreviations: OR: odds ratio; CI: confidence interval; * Available in 123 patients
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mechanisms and identify patients at risk. Acute ischemia or air emboli may relate to RV failure. It is 
possible that the thin-walled RV may be more susceptible to dysfunction secondary to inflam-
mation or effusions post-operatively.2 These effusions may result from local tissue damage or 
from a systemic inflammatory response. Another theory evolves around cytokines affecting 
RV performance. In a state of cardiopulmonary bypass the body releases cytokines which 
initiate inflammation and pulmonary vasoconstriction.8 One of these cytokines is endothelin-1. 
Endothelin-1 has a vasoconstrictive effect on the pulmonary arterioles and might consequently 
influence RV afterload.9 Other hypotheses, such as peri-operative temperature variations 
and the deleterious effects of pericardial disruption on RV filling and function are plausi-
ble, but require further investigation. Another theory suggested pericardial adhesions that  
impair ventricular filling.10 However, the decline in RV performance manifested very rapid  
after cardiac surgery. Change in RV performance also occurs when off-pump coronary artery  
bypass grafting surgery is used. This suggests that changes in RV failure might not be associ-
ated with techniques used for cardioplegia.11 

4.3 Clinical impact 
It is important to establish an early diagnosis in RV failure and to start supportive therapy. 
This minimizes the risk of end organ damage.7 However, a diagnosis of RV failure is often 
difficult. The earliest indication of this problem after cardiac surgery is an elevated jugular 
venous pressure. At an early stage, echocardiographic findings may help identifying patients 
who have RV failure.
When RV fails acutely, preservation of hemodynamic status depends on the contractile state 
of the left ventricle and the septum, and also on right atrial contractility and atrio-ventricular 
synchronization.7 In most cases, a robust or a well-supported left ventricle is capable of main-
taining a satisfactory hemodynamic status, provided there is no significant element of pulmo-
nary hypertension. In our study, six patients died peri-operatively. Three of these patients had 
RV failure, the others not. 

4.4 Limitations
Our study reports clinical RV failure after cardiac surgery in adult patients with CHD. Obser-
vational studies always have a variation with time. Therefore, it can be difficult to be as  
certain that cardiac surgery is the cause of changes in RV function. However, our cohort of 412  
consecutive patients who underwent cardiac surgery is large for studies performed in adults 
with CHD. Finally, identification of patients was performed by careful review of medical  
records. Potentially, more CHD patients had RV failure which was missed by their treating 
physician. RV failure is difficult to define and lacking a universal diagnosis. Lastly, we were 
unable to include NT-pro-BNP in the multivariate model because of high number of missing 
values and potential selection bias. 
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5. CONCLUSION
RV failure after cardiac surgery is a serious complication, and occurs regardless the side of 
surgery. A tailored approach in CHD patients at highest risk of RV failure should be considered. 
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SUMMARY
Life expectancy of children with congenital heart disease (CHD) has increased dramatically 
during the past years, due to the successes of cardiac surgery. At present, nearly all of these 
children with CHD can be operated at young age and more than 90% reach adulthood. At adult 
age, however, many patients with CHD are at risk of complications. This thesis focused on 
the right sided complications often seen in patients with CHD, the implications on survival, the  
various treatment options available, as well as the impact of surgery on right ventricular function.
Chapter 1 is the general introduction and outline of this thesis. The first part of this thesis 
studied patients with pulmonary arterial hypertension due to congenital heart disease (CHD-
PAH). In patients with CHD-PAH the right ventricle is exposed to increased right ventricular 
pressure and volume load. The second part of this thesis reported the design and results of a 
randomized clinical trial on exercise capacity in patients with a Fontan circulation. The Fontan 
circulation is a palliative procedure performed in patients with complex CHD. The third and 
last part of this thesis contained two studies on impact of cardiac surgery at the right ventricle. 

Part I Latest insights, treatment and prognosis in pulmonary arterial hypertension 
Bosentan, an endothelin-1 receptor antagonist, is one of the few medical therapies registered 
for treatment of patients with CHD-PAH. Chapter 2 gave an overview of studies performed 
with bosentan in adults with CHD-PAH. We discussed a diversity of prospective cohort and 
retrospective studies, all with limited data. Finally, further larger studies are recommended to 
determine optimal treatment for adults with CHD-PAH.
Chapter 3 described the current state of art in treatment of patients with CHD-PAH. All symp-
tomatic Eisenmenger syndrome patients should be treated in specialized centres. We also 
reported that indications for medical treatment are expanding to NYHA class II CHD-PAH  
patients. In patients with an atrial septal defect, who are at first sight ineligible for closure, 
medical treatment may be used as a bridge to cardiac surgery. The current state of art in treat-
ment of patients with CHD-PAH was also demonstrated with cases in Chapter 4. 
Chapter 5 elaborated further on the definition, patient characteristics and responsiveness to 
advanced therapy of patients with segmental PAH. In brief, segmental PAH means that some 
segments of pulmonary tissue have higher pressures than others. This is a result of local 
variation in peripheral pulmonary artery pressure because of a stenosis in some patients with 
complex CHD. Bosentan treatment led to a significant improvement in NYHA functional class 
and six minute walking distance in a small cohort of patients. We recommended a larger and 
prospective study in patients with segmental PAH.
The final two chapters of part one depicted determinants of mortality in patients with  
CHD-PAH. Chapter 6 reported a significant relationship between high-sensitivity troponin T and  
mortality. We hypothesized that right ventricular pressure overload is conducive to right ventricular  
myocardial ischemia, which accounts for the high-sensitivity troponin T release observed. 
Levels of high-sensitivity troponin T were abnormal in a substantial proportion of CHD-PAH 
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patients. Chapter 7 assessed whether baseline characteristics and clinical events associate 
with mortality in patients CHD-PAH. In daily practice, patients with CHD-PAH are often initi-
ated on monotherapy and treatment with combination therapy will only be considered after 
a clinical event. We were the first to show that right ventricular baseline characteristics are 
superior to clinical events in prognostication in CHD-PAH patients. 

Part II Patients with a Fontan circulation
Chapter 8 outlined the rationale and design of a trial on the role of bosentan treatment in 
Fontan patients. In a Fontan circulation a low pulmonary vascular resistance is crucial. Long-
term follow-up has shown that pulmonary vascular resistance may rise many years after the 
Fontan procedure has been performed. Mean plasma level of endothelin-1 has been shown 
to be significantly higher in Fontan patients as compared to healthy controls. In patients with 
PAH, therapy with bosentan has demonstrated to reduce the elevated pulmonary vascular 
resistance. We designed a prospective, multicenter, randomized open label trial to study the 
effect of bosentan in Fontan patients. 
The results of the study were summarized in Chapter 9. Forty-two adults participated in the 
study. Analysis of 32 patients who finished the study at six months of treatment showed that 
mean maximum exercise capacity, median NT-proBNP serum level, and mental quality of life 
remained unchanged as compared to baseline. We concluded that six months of bosentan 
treatment was not beneficial in patients with a Fontan circulation.
 
Part III Impact of cardiac surgery on the right ventricle
Chapter 10 aimed to reveal the effect of cardiac surgery on right ventricular function in  
patients with CHD. Right ventricular function was evaluated by trans-thoracic echocardiog-
raphy. We found that patients with CHD deteriorate in right ventricular function directly after 
cardiac surgery. Although a gradual improvement was observed, complete recovery was not 
seen 18 months post-operatively. No clear cause regarding the pathogenesis is known, and 
we summarized a number of potential mechanisms in the discussion. 
In rare cases, patients develop right ventricular failure post-operatively. Right ventricular failure is 
characterized by edema, elevated jugular venous pressure, hypotension and in worse cases 
shock or multi organ failure. Pre-operative determinants of right ventricular failure after surgery 
were reported in Chapter 11. Pre-operative impaired right ventricular function, supraventricular 
tachycardia, and cardiopulmonary bypass time over 150 minutes were the strongest determi-
nants of right ventricular failure.  In patients with CHD at highest risk of right ventricular failure 
a tailored peri-operative approach should be considered.
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NEDERLANDSE SAMENVATTING
De levensverwachting van kinderen met een aangeboren hartaandoening (AHA) is fors  
toegenomen in de afgelopen jaren als gevolg van de behaalde successen in de hartchirurgie. 
Momenteel worden bijna alle kinderen met een AHA op jonge leeftijd geopereerd en meer dan 
90% bereikt de volwassen leeftijd. Bij patiënten met een AHA is er echter een aanzienlijk risico 
op late complicaties, voornamelijk aan de rechter zijde van het hart. Dit proefschrift richtte zich 
op rechtszijdige complicaties die bij patiënten met een AHA voorkomen.
Hoofdstuk 1 is de algemene inleiding en zette de hoofdlijnen van dit proefschrift uit. In 
het eerste deel van dit proefschrift behandelden we studies naar patiënten die pulmonale  
arteriële hypertensie hebben ontwikkeld als gevolg van een AHA (AHA-PAH). AHA-PAH is een  
aandoening waarbij de rechter ventrikel wordt blootgesteld aan een verhoogde druk en 
aan een verhoogde volume belasting. Het tweede deel van dit proefschrift behelsde een  
gerandomiseerde studie naar de inspanningscapaciteit van patiënten met een Fontan circu-
latie. Deze Fontan circulatie is palliatief aangelegd bij een kleine groep patiënten met een  
complexe AHA, indien een biventriculaire reconstructie niet mogelijk was. Het laatste deel 
van dit proefschrift omvatte twee studies over de invloed van een hartoperatie op de rechter 
ventrikel in volwassenen met een AHA. 

Deel I Nieuwe inzichten, behandeling en prognose bij pulmonale arteriële 
hypertensie
Er zijn in Nederland een paar medicamenteuze therapieën geregistreerd voor de behandeling 
van patiënten met AHA-PAH. Bosentan, een endotheline-1 receptor antagonist, is een van die  
medicamenten. In hoofdstuk 2 gaven we een overzicht van studies die verricht zijn met  
bosentan bij volwassenen met AHA-PAH. We bespraken een aantal prospectieve en retros-
pectieve studies. Ten slotte hebben we grotere prospectieve studies aanbevolen om te bepalen 
wat de optimale medicamenteuze behandeling is voor volwassenen met AHA-PAH.
De huidige stand van zaken in de behandeling van patiënten met AHA-PAH is beschreven in 
hoofdstuk 3. We benadrukten dat tegenwoordig volgens de richtlijnen alle symptomatische 
patiënten met het Eisenmenger syndroom behandeld moeten worden. Daarnaast hebben 
we de uitbreiding van indicaties voor medicamenteuze therapie beschreven. Therapie met 
bosentan kan overwogen worden bij patiënten met AHA-PAH in NYHA klasse II. Daarnaast 
kan er gekeken worden of medicamenteuze therapie kan leiden tot geschiktheid voor een 
hartoperatie bij patiënten met een atrium septum defect die in eerste instantie inoperabel  
lijken. De huidige stand van zaken in de behandeling van patiënten met AHA-PAH werd  
verder toegelicht met voorbeelden in hoofdstuk 4.
De definitie, de kenmerken van de patiënten en de reactie op bosentan therapie van patiënten 
met segmentele PAH werd weergegeven in hoofdstuk 5. Segmentele PAH betekent dat  
sommige segmenten van het longweefsel hogere drukken ondervinden dan andere segmenten 
van het longweefsel. Dit is het gevolg van plaatselijke variaties in de perifere pulmonale 
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arteriële druk als gevolg van een of meerdere vernauwingen bij patiënten met een complexe 
AHA. Bosentan behandeling leidde in een kleine groep patiënten tot een significante verbetering 
in objectieve parameters. Wij concludeerden dat er behoefte is aan een grote prospectieve 
studie om het effect van bosentan bij patiënten met segmentele PAH te beoordelen.
Om hoog risico patiënten in de toekomst beter te kunnen behandelen hebben we getracht 
determinanten van overlijden te identificeren in patiënten met AHA-CHD. In hoofdstuk 6  
rapporteerden we een significante relatie tussen het nieuwe sensitieve troponine T en over-
lijden. In een aanzienlijk deel van de patiënten met AHA-PAH werd een abnormaal niveau 
van het nieuwe sensitieve troponine T gevonden. In hoofdstuk 7 vergeleken we ten aanzien 
van overlijden de voorspellende waarde van patiënten karakteristieken op het eerste bezoek 
met de voorspellende waarde van klinische voorvallen. In de dagelijkse praktijk wordt er bij 
patiënten met AHA-PAH vaak gestart met bosentan monotherapie behandeling. Als er een 
klinisch voorval optreedt, wordt de behandeling geregeld omgezet naar combinatietherapie. 
Wij concludeerden dat in patiënten met AHA-PAH patiënten karakteristieken van de rechter 
ventrikel ten tijde van het eerste bezoek betere voorspellers van overlijden zijn dan klinische 
voorvallen.

Deel II Patiënten met een Fontan circulatie
In hoofdstuk 8 schetsten we de opzet van onze studie naar de rol van bosentan in Fontan 
patiënten. In patiënten met een Fontan circulatie is een lage longvaatweerstand cruciaal. 
Studies uit het verleden hebben aangetoond dat de longvaatweerstand kan stijgen gedu-
rende het leven in patiënten met een Fontan circulatie. Er is ook aangetoond dat Fontan  
patiënten een abnormaal hoge endotheline-1 plasmaspiegel hebben. Er is in patiënten met PAH  
aangetoond dat de verhoogde longvaatweerstand verlaagd kan worden met bosentan behan-
deling. We ontwierpen een prospectieve, gerandomiseerde open label studie om het effect 
van bosentan te bestuderen in Fontan patiënten. 
De resultaten van de Fontan studie zijn uiteengezet in hoofdstuk 9. Tweeënveertig  
volwassenen namen deel aan de studie. Analyse van 32 patiënten die de studieperiode van 
zes maanden voltooiden, liet zien dat de inspanningscapaciteit, NT-pro-BNP waarde en  
mentale kwaliteit van leven ongewijzigd bleven ten opzichte van de uitgangspositie. We  
concludeerden dat zes maanden van bosentan behandeling niet effectief was in patiënten 
met een Fontan circulatie.

Deel III De invloed van een hartoperatie op de rechterventrikel
In hoofdstuk 10 bestudeerden we het effect van een hartoperatie op de rechter ventrikel-
functie bij patiënten met een AHA. De rechter ventrikelfunctie werd beoordeeld met trans-tho-
racale echocardiografie. Wij lieten zien dat de rechter ventrikelfunctie direct na een hartope-
ratie verslechterde in patiënten met een AHA. Na de operatie werd in de 18 opeenvolgende 
maanden een geleidelijke verbetering van de rechter ventrikelfunctie gezien, maar volledig 
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herstel tot de pre-operatieve functie bleef uit. Het pathofysiologische mechanisme van deze 
verslechtering is nog niet opgehelderd. 
In zeldzame gevallen ontwikkelen patiënten na een hartoperatie rechterventrikel falen.  
Pre-operatieve determinanten van post-operatief rechterventrikel falen werden beschreven 
in hoofdstuk 11. Een pre-operatieve verminderde rechterventrikel functie, supraventriculaire 
tachycardieën en een cardiopulmonale bypass tijd van meer dan 150 minuten waren de sterkste 
determinanten van rechterventrikel falen. Bij patiënten met een AHA die een hoog risico op 
post-operatief rechterventrikel falen hebben moet een aanpak op maat worden overwogen 
rondom een hartoperatie.

Schuuring proefschrift.indd   169 05-03-14   14:21



170

12

Schuuring proefschrift.indd   170 05-03-14   14:21



171

12

Dankwoord
Dit proefschrift is tot stand gekomen door de hulp van velen. Enkele personen wil ik daarbij in 
het bijzonder bedanken. Allereerst gaat mijn dank uit naar de patiënten die deelnamen aan de 
onderzoeken. Patiënten met, maar ook zonder klachten, waren bereid zich voor het weten-
schappelijk onderzoek in te zetten en daar ben ik ze zeer erkentelijk voor.

Mijn promotor prof. dr. B.J.M. Mulder ben ik zeer veel dank verschuldigd. Beste Barbara, het 
is bewonderenswaardig met welk enthousiasme je nieuwe projecten start en hoe lopende 
projecten worden uitgewerkt tot een succes. Dank voor het vertrouwen en de kansen die je 
me hebt gegeven. De samenwerking heb ik als zeer prettig ervaren. 

De inspanningen van dr. B.J. Bouma zijn van grote invloed geweest op dit proefschrift. Beste 
Berto, je ongekende hulpvaardigheid, kennis en humor resulteerden in een waardevolle 
samenwerking. Ondanks je drukke agenda was er altijd ruimte voor overleg en daar ben ik je 
zeer dankbaar voor. 

De leden van de promotiecommissie, prof. dr. R.J. de Winter, prof. dr. A.H. Zwinderman, prof. 
dr. N. A. Blom, prof. dr. M.G. Hazekamp, prof. dr. W. Budts en dr. H.W. Vliegen wil ik bedanken 
voor het beoordelen van mijn proefschrift en voor de bereidheid om zitting te nemen in mijn 
promotiecommissie.

De samenwerking met de congenitaal cardiologen, cardiothoracaal  chirurgen en intensivisten 
heb ik als zeer plezierig ervaren. In het bijzonder wil ik  dr. Dave Koolbergen, dr. Matthijs 
Boekholdt, dr. Ad Backx, dr. Wim Lagrand en dr. Maarten Groenink bedanken. Uit de andere 
academische ziekenhuizen in Nederland bedank ik graag dr. Arie van Dijk (UMC Nijmegen), 
dr. Joost van Melle (UMC Groningen), dr. Els Pieper (UMC Groningen), prof. dr. Rolf Berger 
(UMC Groningen), dr. Elke Hoendermis (UMC Groningen), dr. Gert Jan Sieswerda (UMC 
Utrecht), dr. Folkert Meijboom (UMC Utrecht) en dr. Thelma Konings (VU medisch centrum). 
De co-auteurs van de hoofdstukken in dit proefschrift wil ik bedanken voor hun expertise bij 
het beoordelen van de manuscripten. 

Ik ben blij dat ik onderdeel kon zijn van de gezellige groep arts onderzoekers congenitale 
cardiologie. Allereerst wil ik mijn voorganger Jeroen bedanken voor de goede samenwerking 
en leuke inwerkperiode in het eerste half jaar. Mariëlle, Michiel, Teodora, Klaartje, Dounya en 
Carla, jullie gingen mij voor met succes. Piet, jouw boxen op de kamer zorgden op vrijdag-
middag voor een goede start van het weekend. Teun, met nagenoeg een gelijke start van 
onze promotie hebben we als kamergenoten vele uren samen versleten op 2 m2. Er was al 
snel een goede balans tussen werk en ontspanning. Met het koppel Paul en Zeliha heb ik 
ontzettend veel lol gehad, wat een tijd. Alexander, Romy, Maayke en Jouke wil ik bedank-
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en voor de mooie en ontspannende momenten, in de koffiekamer en aan de bar. Ilja en  
Josephine wil ik veel succes wensen op de prachtige B2-217 kamer, de congenitale cardi-
ologie is een mooi vakgebied. Ali (UMC Groningen), Ymkje (UMC Groningen), Marlies (UMC 
Groningen) en Mieke (UMC Utrecht) als externe collega’s ook dank voor de goede samenwerking. 

De fijne collega’s op de afdeling cardiologie hebben in grote mate bijgedragen aan een mooie 
periode. In het bijzonder bedank ik Susan, Marcel, Maurice, Joost, Krischan, Carlijne, Niels, 
Pieter, Bimmer, Anja, Ronak, Annemarie, Margo, Wichert, Ze-Yie, Peter, Christian, Harald, 
Loes, Pier, Sebastien, Geert, Tim, Maik, Judith, Veronique, Kirsten, Wouter K, Wouter B, Lou-
ise, Dagmar, Madelon. Esther, Ling, Martijn, Ties, Fleur, Joeri, Mariëlla, Sangeetha, Robin, 
Michiel, Ralf, Soha en Yuka. Varen we van de zomer weer een keer door de grachten? Met 
licht.

De CONCOR verpleegkundigen wil ik bedanken voor de fijne samenwerking en hulp. Sylvia, 
Lia en Irene, jullie kamer is door de gezelligheid een fijne plek geweest om lopende zaken 
te bespreken. Daarbij ben ik Sylvia veel dank verschuldigd bij de hulp met het inplannen van 
patiënten afspraken en het verwerken van vragenlijsten. Wybo en Maurice wil ik bedanken 
voor de ICT ondersteuning. 

Anita, Regina, Lieve en Piety wil ik graag bedanken voor alle hulp en ondersteuning. 
De echolaboranten wil ik bedanken voor hun expertise en flexibiliteit. In het bijzonder wil ik 
Rianne bedanken voor alle uitleg en extra analyses, van ingewikkelde Fontan circulaties tot 
‘state of the art’ PAH metingen. De samenwerking was erg plezierig. 

De inzet van enthousiaste geneeskunde studenten heeft in belangrijke mate bijgedragen aan 
dit proefschrift. Pauline, Charlotte, Jeroen en Anna Geke bedankt voor jullie toewijding. 

Het I.C.I.N. heb ik als een prettige werkgever ervaren. Dank voor alle mogelijkheden en 
ondersteuning tijdens mijn promotietraject. In het bijzonder ben ik blij dat ik een bijdrage 
mocht leveren aan de organisatie van het lustrum in het Nieuwe DeLaMar.  Erg leerzaam!

Mijn vrienden wil ik bedanken voor alle mooie momenten. Na een drukke week was het fijn 
om ´s avonds en in het weekend te ontspannen. De humor en relativering van de MvM is 
ongekend, door een kleurrijke samenstelling van interessante individuen. Daarnaast wil ik 
graag de helden van zwaar ´05 noemen. Onze gezamenlijke sloep is een goede manier om 
verbonden te blijven. 

Beste  Jeroen, als goede vriend ben ik blij dat je mijn paranimf bent. Als oud huisgenoten leek 
wonen op de Rijnstraat vaak op een vakantie. Als HoBee Jo en Dj contest hebben we samen 
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in de hoogtijdagen mooie back-to-back gigs gegeven. Terwijl Klapsandwich met pensioen is 
gegaan, draaien wij onze hand niet om voor een gelegenheidsoptreden. 

Lieve Annelieke, als kamergenoten op B2-217 en als ‘partners in crime’ op hetzelfde  
promotieonderwerp hebben we dagelijks samengewerkt. Op den duur kon je uit mijn blik 
de grappen aflezen, en begon je al te lachen voor ik nog maar een woord had gezegd. Bij  
uitdiensttreding was het ook wel even afkicken. Ik ben blij met onze waardevolle vriendschap 
en ben je ontzettend dankbaar dat je mijn paranimf bent.

Beste Remy, je bent een geweldige broer die de wildste zeeën trotseert. Ik kijk uit naar het 
moment dat je ook in de Randstad woont, zodat we elkaar weer vaker zien. Lieve Marlot, ik 
ben enorm blij dat je mijn kleine zusje bent. Je staat altijd voor iedereen klaar en bent de initiator 
van leuke activiteiten. Jouw creativiteit maakt je tot een fijn mens. 

Het meest dankbaar ben ik mijn ouders. Lieve Wichert en Hanneke, dank voor jullie gren-
zeloze liefde en zorgzaamheid. Jullie staan altijd voor de kinderen klaar en schieten waar 
mogelijk onmiddellijk te hulp. Door jullie heb ik een prettige en onbezorgde jeugd gehad aan 
de Zeeuwse kust. Van jullie heb ik geleerd om te genieten van het leven. De voorliefde voor  
muziek is met de paplepel ingegoten, en de laatste jaren hebben we mooie (culinaire) uitstapjes. 
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