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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
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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.
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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. 

Schuuring proefschrift.indd   22 05-03-14   14:20



23

2

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.
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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.

Schuuring proefschrift.indd   27 05-03-14   14:20



28

2

REFERENCES
  1.  Simonneau G, Robbins IM, Beghetti M, Channick RN, Delcroix M, Denton CP, Elliott CG, Gaine SP, 

Gladwin MT, Jing Z-C, Krowka MJ, Langleben D, Nakanishi N, Souza R. Updated clinical classifica-

tion of pulmonary hypertension. J Am Coll Cardiol. 2009;54:S43–54. 

  2.  Daliento L, Somerville J, Presbitero P, Menti L, Brach-Prever S, Rizzoli G, Stone S. Eisenmenger 

syndrome. Factors relating to deterioration and death. Eur Heart J. 1998;19:1845–1855. 

  3.  Engelfriet PM, Duffels MGJ, Möller T, Boersma E, Tijssen JGP, Thaulow E, Gatzoulis MA, Mulder 

BJM. Pulmonary arterial hypertension in adults born with a heart septal defect: the Euro Heart Sur-

vey on adult congenital heart disease. Heart. 2007;93:682–687. 

  4.  Engelfriet P, Meijboom F, Boersma E, Tijssen J, Mulder B. Repaired and open atrial septal defects 

type II in adulthood: an epidemiological study of a large European cohort. Int J Cardiol. 2008;126:379–385. 

  5.  Farber HW, Loscalzo J. Pulmonary arterial hypertension. N Engl J Med. 2004;351:1655–1665. 

  6.  Trojnarska O, Plaskota K. Therapeutic methods used in patients with Eisenmenger syndrome.  

Cardiol J. 2009;16:500–506. 

  7.  Duffels MGJ, Vis JC, van Loon RLE, Berger RMF, Hoendermis ES, van Dijk APJ, Bouma BJ, Mulder 

BJM. Down patients with Eisenmenger syndrome: is bosentan treatment an option? Int J Cardiol. 

2009;134:378–383. 

  8.  Dimopoulos K, Inuzuka R, Goletto S, Giannakoulas G, Swan L, Wort SJ, Gatzoulis MA. Improved 

survival among patients with Eisenmenger syndrome receiving advanced therapy for pulmonary 

arterial hypertension. Circulation. 2010;121:20–25. 

  9.  Presbitero P, Somerville J, Stone S, Aruta E, Spiegelhalter D, Rabajoli F. Pregnancy in cyanotic con-

genital heart disease. Outcome of mother and fetus. Circulation. 1994;89:2673–2676. 

10.  Berger RMF, Beghetti M, Galiè N, Gatzoulis MA, Granton J, Lauer A, Chiossi E, Landzberg M. Atrial 

septal defects versus ventricular septal defects in BREATHE-5, a placebo-controlled study of pulmo-

nary arterial hypertension related to Eisenmenger’s syndrome: A subgroup analysis. Int J Cardiol. 2009;

11.  Hopkins. Treatment of pulmonary hypertension. www.uptodate.com. 2009

12.  Kenyon KW, Nappi JM. Bosentan for the treatment of pulmonary arterial hypertension. Ann Pharma-

cother. 2003;37:1055–1062. 

13.  Valerio JGC. Bosentan in the treatment of pulmonary arterial hypertension with the focus on the 

mildly symptomatic patient. Vascular Health and Risk Management. 2009;5:607–619. 

14.  Motte S, McEntee K, Naeije R. Endothelin receptor antagonists. Pharmacol Ther. 2006;110:386–414. 

15.  Yoshibayashi M, Nishioka K, Nakao K, Saito Y, Matsumura M, Ueda T, Temma S, Shirakami G, Imura 

H, Mikawa H. Plasma endothelin concentrations in patients with pulmonary hypertension associated 

with congenital heart defects. Evidence for increased production of endothelin in pulmonary circula-

tion. Circulation. 1991;84:2280–2285. 

16.  Pietra GG, Capron F, Stewart S, Leone O, Humbert M, Robbins IM, Reid LM, Tuder RM. Pathologic 

assessment of vasculopathies in pulmonary hypertension. J Am Coll Cardiol. 2004;43:25S–32S. 

17.  Opitz CF, Ewert R, Kirch W, Pittrow D. Inhibition of endothelin receptors in the treatment of pulmo-

nary arterial hypertension: does selectivity matter? Eur Heart J. 2008;29:1936–1948. 

Schuuring proefschrift.indd   28 05-03-14   14:20



29

2

18.  Dingemanse J, van Giersbergen PLM. Clinical pharmacology of bosentan, a dual endothelin receptor 

antagonist. Clin Pharmacokinet. 2004;43:1089–1115. 

19.  Duffels MGJ, Engelfriet PM, Berger RMF, van Loon RLE, Hoendermis E, Vriend JWJ, van der Velde 

ET, Bresser P, Mulder BJM. Pulmonary arterial hypertension in congenital heart disease: an epide-

miologic perspective from a Dutch registry. Int J Cardiol. 2007;120:198–204. 

20.  Guyatt GH, Sullivan MJ, Thompson PJ, Fallen EL, Pugsley SO, Taylor DW, Berman LB. The 6-minute 

walk: a new measure of exercise capacity in patients with chronic heart failure. Can Med Assoc J. 

1985;132:919–923. 

21.  Barst RJ, McGoon M, Torbicki A, Sitbon O, Krowka MJ, Olschewski H, Gaine S. Diagnosis and dif-

ferential assessment of pulmonary arterial hypertension. J Am Coll Cardiol. 2004;43:40S–47S. 

22.  Miyamoto S, Nagaya N, Satoh T, Kyotani S, Sakamaki F, Fujita M, Nakanishi N, Miyatake K. Clini-

cal correlates and prognostic significance of six-minute walk test in patients with primary pulmo-

nary hypertension. Comparison with cardiopulmonary exercise testing. Am J Respir Crit Care Med. 

2000;161:487–492. 

23.  Vis JC, Thoonsen H, Duffels MG, de Bruin-Bon RA, Huisman SA, van Dijk AP, Hoendermis ES, 

Berger RM, Bouma BJ, Mulder BJ. Six-minute walk test in patients with Down syndrome: validity and 

reproducibility. Arch Phys Med Rehabil. 2009;90:1423–1427. 

24.  Channick RN, Simonneau G, Sitbon O, Robbins IM, Frost A, Tapson VF, Badesch DB, Roux S, Rai-

nisio M, Bodin F, Rubin LJ. Effects of the dual endothelin-receptor antagonist bosentan in patients 

with pulmonary hypertension: a randomised placebo-controlled study. Lancet. 2001;358:1119–1123. 

25.  Galiè N, Beghetti M, Gatzoulis M, Granton J, Berger R, Lauer A, Chiossi E, Landzberg M. Bosentan 

Randomized Trial of Endothelin Antagonist Therapy-5 (BREATHE-5) Investigator. Bosentan therapy 

in patients with Eisenmenger Syndrome: a multicenter, double-blind, randomized, placebo-controlled 

study. Circulation. 2006;114:48–54. 

26.  Gatzoulis MA, Beghetti M, Galiè N, Granton J, Berger RMF, Lauer A, Chiossi E, Landzberg M.  

Longer-term bosentan therapy improves functional capacity in Eisenmenger syndrome: results of the 

BREATHE-5 open-label extension study. Int J Cardiol. 2008;127:27–32. 

27.  Galiè N, Rubin L, Hoeper M, Jansa P, Al Hiti H, Meyer G, Chiossi E, Kusic-Pajic A, Simonneau 

G. Treatment of patients with mildly symptomatic pulmonary arterial hypertension with bosentan 

(EARLY Study). Lancet. 2008;371:2093–100. 

28.  D’Alto M, Vizza CD, Romeo E, Badagliacca R, Santoro G, Poscia R, Sarubbi B, Mancone M, Ar-

giento P, Ferrante F, Russo MG, Fedele F, Calabrò R. Long term effects of bosentan treatment in 

adult patients with pulmonary arterial hypertension related to congenital heart disease (Eisenmenger 

physiology): safety, tolerability, clinical, and haemodynamic effect. Heart. 2007;93:621–625. 

29.  Diller GP, Dimopoulos K, Kaya MG, Harries C, Uebing A, Li W, Koltsida E, Gibbs JSR, Gatzoulis MA. 

Long-term safety, tolerability and efficacy of bosentan in adults with pulmonary arterial hypertension 

associated with congenital heart disease. Heart. 2007;93:974–976. 

30.  Apostolopoulou SC, Manginas A, Cokkinos DV, Rammos S. Long-term oral bosentan treatment in 

patients with pulmonary arterial hypertension related to congenital heart disease: a 2-year study. 

Heart. 2007;93:350–354. 

Schuuring proefschrift.indd   29 05-03-14   14:20



30

2

31.  Northridge DB, Grant S, Ford I, Christie J, McLenachan J, Connelly D, McMurray J, Ray S, Hender-

son E, Dargie HJ. Novel exercise protocol suitable for use on a treadmill or a bicycle ergometer. Br 

Heart J. 1990;64:313–316. 

32.  Galiè N, Manes A, Negro L, Palazzini M, Bacchi-Reggiani ML, Branzi A. A meta-analysis of rand-

omized controlled trials in pulmonary arterial hypertension. Eur Heart J. 2009;30:394–403. 

33.  Van Loon RLE, Hoendermis ES, Duffels MGJ, Vonk-Noordegraaf A, Mulder BJM, Hillege HL, Berg-

er RMF. Long-term effect of bosentan in adults versus children with pulmonary arterial hyperten-

sion associated with systemic-to-pulmonary shunt: does the beneficial effect persist? Am Heart J. 

2007;154:776–782. 

34.  Jing Z-C, Strange G, Zhu X-Y, Zhou D-X, Shen J-Y, Gu H, Yang Z-K, Pan X, Xiang M-X, Yao H, 

Zhao D-B, Dalton BS, Zhang Z-L, Wang Y, Cheng X-S, Yang Y-J. Efficacy, safety and tolerabil-

ity of bosentan in Chinese patients with pulmonary arterial hypertension. J Heart Lung Transplant. 

2010;29:150–156. 

35.  Duffels MGJ, Hardziyenka M, Surie S, de Bruin-Bon RHACM, Hoendermis ES, van Dijk APJ, Bouma 

BJ, Tan HL, Berger RMF, Bresser P, Mulder BJM. Duration of right ventricular contraction predicts 

the efficacy of bosentan treatment in patients with pulmonary hypertension. Eur J Echocardiogr. 

2009;10:433–438. 

36.  Humbert M, Segal ES, Kiely DG, Carlsen J, Schwierin B, Hoeper MM. Results of European post-

marketing surveillance of bosentan in pulmonary hypertension. Eur Respir J. 2007;30:338–344. 

37.  Channick RN, Simonneau G, Sitbon O, Robbins IM, Frost A, Tapson VF, Badesch DB, Roux S, 

Rainisio M, Bodin F, Rubin LJ. study 351 Effects of the dual endothelin-receptor antagonist bosen-

tan in patients with pulmonary hypertension: a randomised placebo-controlled study. Lancet. 

2001;358:1119–1123. 

38.  Humbert M, Barst RJ, Robbins IM, Channick RN, Galiè N, Boonstra A, Rubin LJ, Horn EM, Manes 

A, Simonneau G. BREATHE-2 Combination of bosentan with epoprostenol in pulmonary arterial 

hypertension: Eur Respir J. 2004;24:353–359. 

39.  Keogh AM, McNeil KD, Wlodarczyk J, Gabbay E, Williams TJ. Quality of life in pulmonary arterial  

hypertension: improvement and maintenance with bosentan. J Heart Lung Transplant. 2007;26:181–187. 

40.  Apostolopoulou SC, Manginas A, Cokkinos DV, Rammos S. Effect of the oral endothelin antagonist 

bosentan on the clinical, exercise, and haemodynamic status of patients with pulmonary arterial 

hypertension related to congenital heart disease. Heart. 2005;91:1447–1452. 

41.  Beghetti M, Galiè N. Eisenmenger syndrome a clinical perspective in a new therapeutic era of  

pulmonary arterial hypertension. J Am Coll Cardiol. 2009;53:733–740. 

42.  Hoeper MM, Markevych I, Spiekerkoetter E, Welte T, Niedermeyer J. Goal-oriented treatment and 

combination therapy for pulmonary arterial hypertension. Eur Respir J. 2005;26:858–863. 

43.  Burgess G, Hoogkamer H, Collings L, Dingemanse J. Mutual pharmacokinetic interactions between 

steady-state bosentan and sildenafil. Eur J Clin Pharmacol. 2008;64:43–50. 

Schuuring proefschrift.indd   30 05-03-14   14:20



31

2

44.  Galiè N, Hoeper MM, Humbert M, Torbicki A, Vachiery J-L, Barbera JA, Beghetti M, Corris P, Gaine S, 

Gibbs JS, Gomez-Sanchez MA, Jondeau G, Klepetko W, Opitz C, Peacock A, Rubin L, Zellweger M, 

Simonneau G. Guidelines for the diagnosis and treatment of pulmonary hypertension: the Task Force 

for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology 

(ESC) and the European Respiratory Society (ERS), endorsed by the International Society of Heart 

and Lung Transplantation (ISHLT). Eur Heart J. 2009;30:2493–2537. 

45.  McLaughlin VV, Archer SL, Badesch DB, Barst RJ, Farber HW, Lindner JR, Mathier MA, McGoon 

MD, Park MH, Rosenson RS, Rubin LJ, Tapson VF, Varga J. ACCF/AHA 2009 expert consensus 

document on pulmonary hypertension a report of the American College of Cardiology Foundation 

Task Force on Expert Consensus Documents and the American Heart Association developed in  

collaboration with the American College of Chest Physicians; American Thoracic Society, Inc.; and 

the Pulmonary Hypertension Association. J Am Coll Cardiol. 2009;53:1573–1619. 

Schuuring proefschrift.indd   31 05-03-14   14:20


