
 

 

 University of Groningen

Paediatric pulmonary hypertension
Loon, Rosa Laura Elisabeth van

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Loon, R. L. E. V. (2010). Paediatric pulmonary hypertension: epidemiology, characterisation and treatment.
s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/cd5eec07-b637-4dfd-b2cd-d28072ba02c8


PAEDIATRIC PULMONARY 
HYPERTENSION: EPIDEMIOLOGY, 

CHARACTERISATION AND TREATMENT

Rosa Laura Elisabeth van Loon

LVL.indd   1LVL.indd   1 18-03-10   13:5418-03-10   13:54



The printi ng of this thesis was fi nancially supported by: Actelion Pharmaceuti cals 
Nederland BV, Abbott  BV, GlaxoSmithKline BV, Eli Lilly Nederland BV, Pfi zer BV, 
Therabel Pharma Nederland BV, Jurriaanse Sti chti ng, Groningen University Insti tute 
for Drug Explorati on, Rijksuniversiteit Groningen, Universitair Medisch Centrum 
Groningen.

Paediatric pulmonary hypertension: epidemiology, characterisati on and treatment. 
© Copyright 2010, R.L.E. van Loon, The Netherlands

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval 
system, or transmitt ed in any form or by any means, without the writt en permission 
of the author or, when appropriate, from the publishers of the publicati ons.

ISBN: 978-90-367-4305-1
ISBN electronic version: 978-90-367-4306-8

Cover design: Janyte Holwerda, Groningen
Layout: Egied Simons, Rott erdam
Printi ng: Opti ma Grafi sche Communicati e, Rott erdam

LVL.indd   2LVL.indd   2 18-03-10   13:5418-03-10   13:54



RIJKSUNIVERSITEIT GRONINGEN 

PAEDIATRIC PULMONARY HYPERTENSION: 
EPIDEMIOLOGY, CHARACTERISATION

AND TREATMENT

Proefschrift 

ter verkrijging van het doctoraat in de
Medische Wetenschappen

aan de Rijksuniversiteit Groningen
op gezag van de

Rector Magnifi cus, dr. F. Zwarts,
in het openbaar te verdedigen op

woensdag 12 mei 2010
om 14.45 uur

door

Rosa Laura Elisabeth van Loon
geboren op 11 oktober 1978

te Rott erdam
 

LVL.indd   3LVL.indd   3 18-03-10   13:5418-03-10   13:54



Promotores:   Prof. dr. R.M.F. Berger
   Prof. dr. J.L. Hillege
   Prof. dr. B.J.M. Mulder

Beoordelingscommissie: Prof. dr. M. Beghetti   
   Prof. dr. W.H. van Gilst
   Prof. dr. P.J.J. Sauer

LVL.indd   4LVL.indd   4 18-03-10   13:5418-03-10   13:54



Ter nagedachtenis aan mijn vader
Voor mijn moeder

LVL.indd   5LVL.indd   5 18-03-10   13:5418-03-10   13:54



Paranimfen:  Nadia Sutedja
   Eryn Liem

LVL.indd   6LVL.indd   6 18-03-10   13:5418-03-10   13:54



CONTENTS

Chapter 1 General introducti on and outline of the thesis 8

Chapter 2 Pulmonary arterial hypertension in chidren with congenital 
heart disease
PVRI review 2009; 1(4):203-7

30

Chapter 3 Paediatric pulmonary hypertension in the Netherlands: epide-
miology and characterisati on during the period 1991-2005
Submitt ed

42

Chapter 4 Clinical characterizati on of pediatric pulmonary hypertension: 
complex presentati on and diagnosis
J Pediatrics 2009; 155(2):176-82

64

Chapter 5 Outcome of pediatric pati ents with pulmonary arterial hyper-
tension in the era of new medical therapies 
Am J Cardiol 2010; In Press

82

Chapter 6 Prevalence and prognosti c value of acute pulmonary vasodila-
tor response in adults versus children with pulmonary arterial 
hypertension: which criteria to use?
Submitt ed

100

Chapter 7 Long-term eff ect of bosentan in adults versus children with 
pulmonary arterial hypertension associated with systemic-to-
pulmonary shunt: does the benefi cial eff ect persist?
Am Heart J 2007; 154(4):776-82

118

Chapter 8 Eff ect of bosentan on exercise capacity and quality of life in 
adults with pulmonary arterial hypertension associated with 
congenital heart disease with and without Down’s syndrome
Am J Cardiol 2009; 103(9):1309-15

134

Chapter 9 Role of heme oxygenase-1 and endothelial progenitor cells 
in the benefi cial eff ects of erythropoieti n on experimental 
pulmonary arterial hypertension
Submitt ed

148

Chapter 10 General discussion 166

Chapter 11 Summary 
Nederlandse samenvatti  ng
Sinopsis en español

180
187
191

Dankwoord 197

About the author 201 

Bibliography 203

Abbreviati ons 207

LVL.indd   7LVL.indd   7 18-03-10   13:5418-03-10   13:54



CHAPTER1
LVL.indd   8LVL.indd   8 18-03-10   13:5418-03-10   13:54



General introduction and 
outline of the thesis

LVL.indd   9LVL.indd   9 18-03-10   13:5418-03-10   13:54



LVL.indd   10LVL.indd   10 18-03-10   13:5418-03-10   13:54



11

C
h

ap
ter 1  

PULMONARY HYPERTENSION

Pulmonary hypertension (PH) is a pathophysiologic hemodynamic conditi on defi ned by 
an increased mean pulmonary arterial pressure (mPAP) of ≥25 mmHg at rest, measured 
invasively during right heart catheterizati on.1 PH can occur as a symptom of several 
clinical conditi ons, one of which is pulmonary arterial hypertension (PAH). The conditi ons 
leading to PH are classifi ed into 5 groups, based on shared similariti es in pathophysio-
logic mechanisms, clinical course and therapeuti c opti ons. The Clinical Classifi cati on of 
PH, endorsed by the World Health Organizati on, has undergone a number of adapta-
ti ons during the successive World Symposia on pulmonary hypertension in Evian (1998),2 
Venice (2003)3 and Dana Point (2008; Table 1).4 Within the current classifi cati on, Group 
1 comprises PAH. Groups 2 to 5 represent PH associated with the following associated 
conditi ons: left  heart disease (Group 2), lung diseases and/or hypoxaemia (Group 3), 
chronic thromboembolic disease (Group 4) and a variety of conditi ons with unclear and/
or multi factorial mechanisms for developing PH (Group 5).4

PULMONARY ARTERIAL HYPERTENSION

PAH (Group 1) is a progressive and life-threatening pulmonary vascular disease, charac-
terized by a specifi c patt ern of advanced remodelling of all layers of the pulmonary 
arterial wall. In parti cular, the small “resistance” pulmonary arteries are aff ected. The 
remodelling involves proliferati on of endothelial and smooth muscle cells, adventi ti al 
thickening, fi brosis, thrombosis, infl ammati on and ulti mately the development of com-
plex plexiform lesions.5-7 The consequent obstructi on and obliterati on of the small arte-
ries leads to increased pulmonary vascular resistance (PVR> 3 Wood units), increased 
pulmonary arterial pressure (PAP) and fi nally right ventricular failure. In contrast, in 
other conditi ons causing PH (Groups 2-5) this specifi c patt ern of pulmonary vascular 
remodelling is not present.5,7 Furthermore, in these latt er cases, successful relief of the 
underlying conditi ons generally results in regression of the PH. Taken together, PAH 
disti nguishes itself from the other 4 classes of PH by the presence of advanced pathologic 
changes in the pulmonary (micro)circulati on and its progressive clinical course. 

PAH can occur idiopathically or associated with underlying conditi ons. The Clinical 
Classifi cati on of PH categorizes PAH into idiopathic PAH (iPAH), heritable PAH and PAH 
associated with various underlying conditi ons, including congenital heart defects with 
systemic-to-pulmonary shunt, connecti ve ti ssue disease, HIV infecti on, portal hyperten-
sion and certain drug and toxin use (Table 1).3,4
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Table 1. Updated clinical classifi cati on of pulmonary hypertension (Dana Point, 2008)

1 Pulmonary arterial hypertension

1.1 Idiopathic

1.2 Heritable

1.2.1 Bone Morphogeneti c Protein Receptor 2 (BMPR2)

1.2.2
Acti vin receptor-like kinase type 1 (ALK1), endoglin (with or without hereditary haemorrhagic 

telangiectasia) 

1.2.3 Unknown 

1.3 Drugs and toxins induced

1.4 Associated with

1.4.1 Connecti ve ti ssue diseases

1.4.2 HIV infecti on

1.4.3 Portal hypertension

1.4.4 Congenital heart disease

1.4.5 Schistosomiasis

1.4.6 Chronic haemolyti c anaemia

1.5 Persistent pulmonary hypertension of the newborn

1’ Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis

2 Pulmonary hypertension owing to left  heart disease

2.1 Systolic dysfuncti on

2.2 Diastolic dysfuncti on

2.3 Valvular disease

3 Pulmonary hypertension owing to lung diseases and/or hypoxaemia

3.1 Chronic obstructi ve pulmonary disease

3.2 Intersti ti al lung disease

3.3 Other pulmonary diseases with mixed restricti ve and obstructi ve patt ern

3.4 Sleep-disordered breathing

3.5 Alveolar hypoventi lati on disorders

3.6 Chronic exposure to high alti tude

3.7 Developmental abnormaliti es

4 Chronic thromboembolic pulmonary hypertension

5 Pulmonary hypertension with unclear multi factorial mechanisms

5.1 Haematological disorders: myeloproliferati ve disorders, splenectomy.

5.2
Systemic disorders: sarcoidosis, pulmonary Langerhans cell histi ocytosis, 

lymphangioleiomyomatosis, neurofi bromatosis, vasculiti s

5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders

5.4 Others: tumoural obstructi on, fi brosing mediasti niti s, chronic renal failure on dialysis
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Idiopathic and heritable pulmonary arterial hypertension
Idiopathic PAH (iPAH) is diagnosed aft er exclusion of all possible underlying conditi ons 
for the PH. Heritable PAH groups pati ents with iPAH who have a family history of PAH and 
pati ents with iPAH who have germline gene mutati ons. Germline mutati ons associated 
with PAH currently include those detected in the bone morphogeneti c protein receptor 2 
(BMPR2) gene, in the acti vin receptor-like kinase type-1 (ALK-1) gene and in the endoglin 
gene. These genes encode diff erent receptors for bone morphogeneti c proteins, which 
belong to the transforming growth factor-β superfamily and which are involved in the 
control of vascular cell proliferati on.8-10 

Pulmonary arterial hypertension associated with congenital heart defects 
with systemic-to-pulmonary shunt
In PAH associated with congenital heart defects with systemic-to-pulmonary shunt 
(PAH-CHD), longstanding augmented pulmonary blood fl ow with or without increased 
pulmonary blood pressure triggers the development of PAH. Examples of systemic-to-
pulmonary (or left -to-right) shunt defects are presented in Figure 1.

 Figure 1. Congenital heart defects with systemic-to-pulmonary shunt

RA, right atrium; RV, right ventricle; LA, left  atrium; LV, left  ventricle; Ao, aorta; PA, pulmonary artery

These shunt defects can be categorized into pre and post-tricuspid shunt defects, based 
on their diff erent circulatory physiology. In pre-tricuspid shunts, the pulmonary vascular 
bed is subjected to increased pulmonary blood fl ow, whereas in post-tricuspid shunts 

1 Pre-tricuspid shunts

   atrial septal defect

   anomalous pulmonary venous return

2 Post-tricuspid shunts

   ventricular septal defect

   patent ductus arteriosus

   complete atrioventricular septal defect

   single ventricle

   surgically created systemic-to-pulmonary shunts: 

   Waterston, Pott s and Blalock-Taussig shunts
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it is subjected to both increased pulmonary blood fl ow and pressure. If the CHD is left  
untreated, the longstanding augmented pulmonary blood fl ow will induce molecular 
and cellular changes in the pulmonary vasculature leading to the development of the 
proliferati ve and obstructi ve pulmonary vascular remodelling which characterizes PAH. 
Once the pulmonary vascular resistance exceeds the systemic vascular resistance, the 
original left -to-right shunt will reverse into a right-to-left  shunt, resulti ng in hypoxemia 
and central cyanosis. This conditi on is called the Eisenmenger syndrome.11 The locati on 
of the shunt, pre or post tricuspid, is associated with the pace of development of PAH. 
The majority of pati ents with unrestricti ve shunts at post-tricuspid level will develop ad-
vanced, irreversible PAH during the fi rst years of life. In contrast, of the pati ents with an 
equally large shunt at pre-tricuspid level only 10-20% of the cases will develop advanced 
PAH at adult age 30-40 years.12,13

The Eisenmenger syndrome represents the severe end spectrum of PAH associated 
with systemic-to-pulmonary shunts. PAH associated with systemic-to-pulmonary shunts 
is the only form of PAH in which an early and reversible stage of the disease can be 
clinically recognized. So, the other end of the spectrum is formed by young pati ents 
with systemic-to-pulmonary shunts in whom the early stage of PAH can be reversed and 
cured by closure of the shunt defect. However, when correcti on of the defect is delayed 
and the increased pulmonary blood fl ow (and increased pulmonary arterial pressure) do 
persist, the early, reversible stage of PAH will progress to a point of no return, aft er which 
the PAH has turned into irreversible and progressive disease. At this point, closure of the 
shunt is contra-indicated. Exact clinical determinati on of this point of no return is diffi  cult 
and the progression from reversible into irreversible disease is characterized by a grey 
area in which reversibility of the PAH is uncertain.14 In clinical practi ce, acute pulmonary 
vasoreacti vity testi ng during heart catheterizati on is used to select those pati ents in 
whom PAH can be assumed to be sti ll reversible and in whom closure of the shunt defect 
can be achieved with as few as possible complicati ons (such as postoperati ve pulmonary 
hypertensive crises or progression of PAH during follow-up). 

Pulmonary arterial hypertension associated with other underlying 
conditions
Other possible underlying conditi ons for PAH include connecti ve ti ssue disease, HIV 
infecti on, certain drug and toxin use as listed in Table 1.

PAH may develop during the disease course of various connecti ve ti ssue diseases (PAH-
CTD), such as systemic sclerosis, systemic lupus erythematosus and mixed connecti ve 
ti ssue disease. In these pati ents, PAH may occur in associati on with intersti ti al fi brosis 
or directly as a result of pulmonary vascular remodelling. Histopathological changes in 
PAH-CTD are almost identi cal to those found in iPAH.4,15

In HIV-infected pati ents, PAH has become one of the long-term complicati ons. The 
pathogenesis of HIV-related PAH remains unclear. An indirect acti on of viral infecti on 

on infl ammati on and growth factors may act as a trigger for the development of PAH in 
these pati ents.16
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Drugs and toxins identi fi ed as risk factors for the development of PAH mainly include 
various anorexigens such as aminorex and fenfl uramine derivati ves.4

Epidemiology
PAH is a rare disease. Historically, incidence rates for iPAH were esti mated to be 1-2 cases 
per million adults, dati ng from the USA Nati onal Insti tutes of Health Registry in 1987.17 
During the last three years, there has been an increase in the amount of epidemiological 
data on PAH and its underlying conditi ons.18-21 The latest incidence and prevalence rates 
for iPAH in adults are esti mated to be, respecti vely, 1 - 3.3 and 5.9 - 25 cases per million, 
according to registry-based French and Scotti  sh data.18,20 The same registries reported 
the incidence and prevalence of PAH-CHD to range between 0.4 - 2.2 and 1.7 - 12 cases 
per million adults, respecti vely.18,20 

Regarding the distributi on of underlying conditi ons in PAH in adults, these registries 
indicated that iPAH occurred most frequently, followed by PAH-CTD, PAH-CHD, PAH as-
sociated with portal hypertension, anorexigens and HIV.18,20,21

Notably, data on the prevalence and incidence of paediatric PAH are sti ll lacking. 
Furthermore, epidemiological data for the enti re fi eld of PH, both in children and adults, 
are also unavailable.

Prognosis and outcome
The prognosis of untreated PAH is poor. However, the rate of disease progression dif-
fers depending on the underlying disease.22 In untreated pati ents with iPAH, the median 
survival aft er diagnosis is reported to be 2.8 years in adults (and 0.8 years in children).1 
In contrast, untreated adults with PAH-CHD and Eisenmenger syndrome generally have a 
stable clinical course with slow disease progression. Their median survival may be 30-50 
years of age.23,24 Nevertheless, the functi onal capacity of pati ents with Eisenmenger syn-
drome is characterized by extremely low exercise tolerance, the worst of all in pati ents 
with CHD.25 Litt le data is available on the survival of children with PAH-CHD. In adults 
with PAH-CTD, survival rates are similar or even worse to those in iPAH. This poor survival 
is strongly associated with the underlying connecti ve ti ssue disease.15 

In the determinati on of the prognosis and appropriate treatment course of pati ents 
with PAH, acute pulmonary vascular response to vasodilator challenge, measured during 
right heart catheterizati on, plays a central role. This response is tested by administering 
vasodilators, such as inhaled nitric oxide, 100% oxygen, and intravenous prostacyclin 
during right heart catheterisati on. Next, pulmonary arterial pressures and resistance and 
systemic hemodynamics are measured and compared to their values before vasodilator 
challenge. Pati ents in whom pulmonary hemodynamics improve to certain preset levels 
are assigned the diagnosis of “responder”. Three criteria for identi fying responders to 
acute pulmonary vasodilator challenge have been in use: the criteria according to Barst,26 
Rich27 and Sitbon.28

The presence and magnitude of the acute pulmonary vasodilator response are indica-
tors of disease progression and reversibility. Treatment with calcium channel blockers is 
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only eff ecti ve in responders, and the presence of an acute response is associated with 
bett er survival.27-29 Furthermore, acute pulmonary vasodilator response is the key para-
meter in the evaluati on of operability of congenital heart disease.

Most research concerning acute vasodilator response has been conducted in pati ents 
with iPAH.26-29 Therefore, it is unknown whether the response criteria are suitable for 
other subgroups of PAH. The applicability of these response criteria is questi onable 
parti cularly in pati ents with PAH-CHD and post-tricuspid shunts, since their circulatory 
physiology diff ers from that in pati ents with iPAH.

“NON-PULMONARY ARTERIAL HYPERTENSION” PULMONARY 
HYPERTENSION

Non-PAH PH encompasses Groups 2-5 of the Clinical Classifi cati on of PH.30 PH associ-
ated with left  heart disease (Group 2; Table 1) categorizes left  ventricular systolic and/or 
diastolic dysfuncti on and left -sided valvular (mitral and/or aorti c) cardiac diseases pro-
ducing increased left  atrial pressures and “pulmonary venous hypertension”. The passive 
backward conducti on of the increased pulmonary venous pressures leads to increased 
pulmonary arterial pressures. Generally, the transpulmonary pressure gradient (mean 
PAP minus pulmonary wedge pressure) and pulmonary vascular resistance are normal or 
near normal (<12 mmHg and <3 Woods Units, respecti vely).3,4,30

PH associated with lung diseases and/or hypoxaemia (Group 3; Table 1) groups PH 
caused by alveolar hypoxia resulti ng from lung disease (e.g. chronic obstructi ve pulmo-
nary disease), impaired control of breathing (e.g. sleep disordered breathing), or resi-
dence at high alti tude. The alveolar hypoxia causes vasoconstricti on and consequently 
modestly increased pulmonary arterial pressures (mean PAP 25 to 30 mmHg). 3,4,30,31

PH associated with chronic thromboembolic disease (Group 4; Table 1), consti tutes 
chronic thromboembolic PH (CTEPH). This disease is characterized by organized, fi brous 
clots in the major and/or more peripheral pulmonary arteries. The resultant obstructi on 
of the pulmonary arteries causes increased pulmonary arterial pressures. CTEPH is life-
threatening, yet potenti ally curable in pati ents with surgically accessible disease. In these 
pati ents, pulmonary endartectomy represents the treatment of choice. This procedure 
involves the surgical removal of the organized, fi brous clots from the pulmonary arte-
ries.3,4,30

PH associated with unclear and/or multi factorial mechanisms (Group 5; Table 1), 
represents a large variety of diseases including haematological, systemic and metabolic 
disorders, as listed in Table 1.

In certain pati ents with PH associated with left  heart disease (Group 2) and PH associ-
ated with lung disease and/or hypoxemia (Group 3), pulmonary arterial pressures are 
elevated to levels which are out of proporti on to what would be expected from the un-
derlying disease. Which factors lead to “out-of-proporti on” PH are poorly understood.30 
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TREATMENT OF PULMONARY ARTERIAL HYPERTENSION

Pathophysiologic and molecular abnormalities in pulmonary arterial 
hypertension: basis for pharmacologic treatment
The pathogenesis of PAH is complex, multi factorial and not completely understood. 
Pathophysiologic mechanisms which are considered to contribute to the increased pul-
monary vascular resistance in PAH include: vasoconstricti on, proliferati ve and oblitera-
ti ve pulmonary vascular remodelling, thrombosis and infl ammati on. At a molecular level, 
several vasoacti ve mediators, such as endothelin-1, nitric oxide and prostacyclin have 
been observed to determine pulmonary vascular tone and remodelling in PAH. These 
mediators represent three important pathways associated in the pathogenesis of PAH: 
the endothelin-1, nitric oxide and prostacyclin pathway.10,32

Pharmacologic treatment of PAH consists of background and specifi c drug therapy. The 
therapies are aimed at dealing with abovementi oned pathophysiologic mechanisms and 
abnormal levels of vasoacti ve mediators. Examples of background therapy are supple-
mental oxygen therapy and anti coagulants (coumarin derivati ves or acetylsalicylic acid) 
which target vasocontricti ve and thromboti c processes, respecti vely.14

Specifi c PAH drug therapy includes calcium channel blockers (“fi rst generati on drugs”) 
and prostanoids, endothelin receptor antagonists and 5-phosphodiesterase inhibitors 
(“second generati on drugs”). Calcium channel blockers (nifedipine, amlodipine) are ef-
fecti ve in pati ents with iPAH diagnosed to be “responders” to acute pulmonary vasodila-
tor testi ng. In these pati ents, treatment with calcium channel blockers improves their 
survival. Pati ents who were responders initi ally, may become non-responders during 
their disease course. Therefore, periodic repeat acute pulmonary vasodilator testi ng is 
recommended to maintain opti mum long-term treatment. Once these pati ents become 
non-responders, calcium channel blockers should be stopped and “second generati on 
drugs” should be started.27-29,33 Importantly, the use of calcium channel blockers in pa-
ti ents with PAH-CHD or Eisenmenger syndrome should be withheld. Calcium channel 
blockers are vasodilators which act on both systemic and pulmonary smooth muscle 
cells. Therefore, these pati ents may develop systemic hypotension due to their unrestric-
ti ve shunt defect and equal systemic and pulmonary pressures.14

During the past decade, “second generati on drugs” have been developed in increa-
sing numbers in order to target the three abovementi oned molecular pathways which 
contribute to the development of PAH: prostanoids (epoprostenol, iloprost, treposti nil, 
beraprost), endothelin receptor antagonists (bosentan, sitaxentan, ambristentan) and 
5-phosphodiesterase inhibitors (sildenafi l, tadalafi l). In the following paragraphs these 
pathways and corresponding drugs will be discussed.

Endothelin-1 (Figure 2) is a potent vasoconstrictor which also sti mulates pulmonary 
arterial smooth muscle cell proliferati on and acts as a proinfl ammatory mediator.32 
In PAH, plasma and lung ti ssue levels of endothelin-1 are increased.34,35 The eff ects of 
endothelin-1 are mediated by its binding to two transmembrane receptors located on 
pulmonary vascular smooth muscle cells: the endothelin-A and -B receptors. Endothelin-
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B receptors are also present in endothelial cells; their acti vati on leads to release of 
vasodilators and anti proliferati ve substances such as nitric oxide and prostacyclin 
which may counteract the detrimental eff ects of endothelin-1. Advanced PAH drugs 
aimed at this disrupted pathway include dual endothelin receptor-A and -B antagonists 
(bosentan) and selecti ve endothelin-A receptor antagonists (sitaxentan, ambrisentan).32

Figure 2. Targets for therapies in pulmonary arterial hypertension

Three major pathways involved in the pathogenesis of pulmonary arterial hypertension.
Illustrated is a transverse secti on of a small pulmonary artery (<500 μm in diameter) with inti mal 
proliferati on and marked medial hypertrophy. +, increase in the intracellular concentrati on; –, blockage of a 
receptor, inhibiti on of an enzyme, or a decrease in the intracellular concentrati on; cGMP, cyclic guanosine 
monophosphate. N Engl J Med 2004;351:1425-1436.

Nitric oxide (Figure 2) is a potent endothelium derived vasodilator (through relaxati on 
of vascular smooth muscle cells). It also inhibits platelet acti vati on and vascular smooth 
muscle cell proliferati on. The eff ects of nitric oxide are largely mediated by increased 
producti on of cyclic guanosine monophosphate (cGMP) in vascular smooth muscle cells. 
cGMP is rapidly inacti vated by 5-phosphodiesterase (PDE-5), consequently abolishing the 
benefi cial eff ects of nitric oxide. In PAH, decreased levels of endothelial nitric oxide syn-
thase have been observed. Therefore, advanced PAH drugs targeti ng this dysfuncti oning 
pathway include nitric oxide and 5-phosphodiesterase (PDE-5) inhibitors (sildenafi l).32
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Prostacyclin (prostaglandin I2; Figure 2) is a prostanoid and major arachidonic acid 
metabolite which is produced predominantly by vascular endothelial cells. It is a potent 
short-acti ng vasodilator (through relaxati on of vascular smooth muscle cells), inhibits 
platelet acti vati on and has anti proliferati ve properti es (on vascular smooth muscle cells). 
Prostacyclin acts by sti mulati ng the producti on of cyclic adenosine monophosphate 
(cAMP) in vascular smooth muscle cells. In PAH, the prostacyclin metabolic pathways 
are dysregulated with a shift  towards decreased prostacyclin levels. Advanced PAH drugs 
targeti ng this malfuncti oning pathway comprise syntheti c prostacyclin (epoprostenol) 
and prostacyclin analogues (treposti nil, iloprost, beraprost).32

Treatment algorithm for pulmonary arterial hypertension
The introducti on of second generati on PAH drugs has led to several randomized con-
trolled trials36 and a treatment algorithm (Figure 3).9 Importantly, these algorithms 
are based primarily on studies in adults with iPAH and PAH associated with connecti ve 
ti ssue disease. An additi onal treatment algorithm for pati ents with PAH-CHD has been 
proposed.37 The second generati on drugs have resulted in improvements in exercise 
capacity, measured by 6-minute walk distance, hemodynamics and survival.36,38,39 How-
ever, many of these trials have a relati vely short durati on (less than 6 months), leaving 
questi ons about long-term eff ects unanswered. 

Novel treatments for pulmonary arterial hypertension
Despite the improvements in the treatment of PAH, PAH remains a debilitati ng disease 
with a poor prognosis. Therefore, additi onal therapeuti c strategies targeted at diverse 
pathobiological changes are being explored. New drugs which are being studied include 
NO-dependent sti mulators and acti vators of cGMP, vasoacti ve intesti nal pepti de, non-
prostanoid prostacyclin agonists, growth factor inhibitors, and serotonin antagonists.10,40

Another novel therapeuti c strategy may involve the regenerati on of the pulmonary 
vasculature via the increased incorporati on of endothelial progenitor cells (EPCs). EPCs 
are bone marrow derived cells which can diff erenti ate into endothelial cells and home 
to injured vascular endothelium, resulti ng in reendothelializati on41 and neovasculariza-
ti on.42,43 Erythropoeiti n (EPO), best known for its erythropoieti c eff ects, promotes the 
increased mobilizati on of these EPCs.42 In experimental PAH, EPO has been shown 
to improve pulmonary vascular remodeling44 and this may be mediated by EPCs. The 
downstream molecular pathways through which EPO exerts its protecti ve eff ects are 
incompletely known. These pathways may involve the inducti on of the enzyme heme-
oxygenase (HO), which protects against oxidati ve stress and infl ammati on through the 
producti on of its reacti on products.44-46 HO catalyzes the rate-limiti ng step in the degra-
dati on of heme to ferrous iron, carbon monoxide and biliverdin.
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Figure 3. Evidence-based treatment algorithm for pati ents with pulmonary arterial hypertension 

*To maintain arterial blood O2 pressure ≥8 kPa (60 mmHg).  Under regulatory review in the European Union. 
§IIa-C for WHO-FC II. APAH, associated pulmonary arterial hypertension; BAS, balloon atrial septostomy; CCB, 
calcium channel blocker; ERA, endothelin receptor antagonist; IPAH, idiopathic pulmonary arterial hyper-
tension; PDE5 I, phosphodiesterase type-5 inhibitor; WHO-FC, World Health Organizati on functi onal class. 
Eur Heart J 2009;30:2493-2537.
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PAEDIATRIC PULMONARY (ARTERIAL) HYPERTENSION

PH and PAH can occur at both the paediatric and adult age. However, in PH and PAH, there 
appears to be important variability between both age groups regarding the distributi on 
of underlying conditi ons, clinical presentati on and outcome.47,48 Regarding underlying 
conditi ons for PH and PAH, paediatric age-group specifi c disease enti ti es are reported to 
occur. Some of these are associated with problems of postnatal adaptati on and remod-
elling of the pulmonary vascular bed, such as in persistent pulmonary hypertension of 
the neonate (PPHN),47 categorized as PAH (Group 1). Other paediatric age group disease 
enti ti es involve developmental disorders of the lung, such as chronic lung disease of pre-
maturity and congenital diaphragmati c hernia (Group 3; Table 1). PAH-CTD is extremely 
rare in children, whereas in adults with PAH, it represents the second largest group.18,21 
PAH-CHD in children, represents a heterogeneous group of pati ents. As described ear-
lier, PAH-CHD represents a spectrum of diseases with the Eisenmenger syndrome and 
irreversible pulmonary vascular disease at the severe end and, at the other end, young 
paediatric pati ents with systemic-to-pulmonary shunts in whom the early stage of PAH 
can be reversed and cured by closure of the shunt defect. Importantly, in children with 
PH or PAH the co-existence of more than 1 associated conditi on is no excepti on and this 
may complicate the diagnosis and treatment of these paediatric pati ents.

Regarding clinical presentati on, children obviously present with age related symp-
toms. In infants with PH, these symptoms include failure to thrive and feeding problems. 
Furthermore, children may present with syncope, rarely a symptom in adults. Acute 
pulmonary vasodilator response has been observed to be more frequent in children26,29 
than adults PAH.27,28 This has been att ributed to a more reacti ve vascular bed in children. 
However, more recently, this response has been reported to occur less frequently in 
children, more in the range of that seen in adults.9,49

The outcome and survival of untreated children with iPAH has historically been re-
ported to be far worse than that in adults (median survival of 0.8 vs 2.8 years).1 Other 
studies have reported bett er survival in untreated children with iPAH (median survival 
of 4.1 years).50,51 More recently, improved survival rates have been reported in children 
with iPAH treated with fi rst and second generati on drugs (3 and 5 year survival rates 
ranging 80-88% and 72-81%, respecti vely).33,52

Survival of untreated children with PAH-CHD is less well known. However, recently 
survival rates of 86% and 77% aft er, respecti vely, 3 and 5 years have been reported.51 
Survival in untreated and treated adults with PAH-CHD has been observed to be bett er 
than in adults with iPAH. Since these adults obviously are a selected group who survived 
beyond childhood, it is questi onable whether this diff erence in survival between iPAH 
and PAH-CHD also applies to children.

The introducti on of several second generati on PAH drugs in combinati on with the 
increased awareness of PAH has led to a growing number of randomized controlled 
trials and epidemiological studies in adults with PAH. In contrast, there are sti ll no pub-
licati ons on such trials or epidemiological studies in children. There are, therefore, no 
evidence based treatment algorithms for children with PAH. Since paediatric PH and PAH 
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is characterized by age-group specifi c disease enti ti es and clinical course, clinical data 
and treatment algorithms, which are based on adults, cannot simply be extrapolated to 
children with the disease. Taken together, there is need for increased knowledge on the 
epidemiological and clinical features of paediatric PAH.

Because of the rareness of paediatric PAH and the complexity of its diagnosti c evalua-
ti on and treatment, the care for paediatric pati ents with PAH in the Netherlands is united 
in a nati onal “Network for Diagnosis and Treatment of Paediatric PAH”. This network 
includes all 8 university medical centres, of which one serves as an expert centre. All pae-
diatric pati ents suspected of having PAH are referred to this expert centre for diagnosti c 
work-up and initi ati on of therapy. Further treatment and follow-up of these pati ents is 
performed in cooperati on between the referring and the expert centre. This nati onal 
network off ers the opportunity to investi gate the epidemiology and clinical character-
isti cs of paediatric PAH in a nati onal cohort. In additi on, this nati onal network provides 
the opportunity to evaluate current treatment strategies, based on studies in adults with 
PAH, in paediatric pati ents with PAH.
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AIMS AND OUTLINE OF THE THESIS

Although there has been great progress in the understanding and treatment of PH, and 
especially PAH in adults, data regarding the epidemiology, clinical characterizati on and 
outcome of PAH (including treatment eff ects) are limited in children. Since children 
appear to present with age group specifi c disease enti ti es, more clinical informati on 
on paediatric PAH is called for and needs to be compared to that in adults in order to 
improve decisions in disease management. In additi on, despite the improvements in the 
treatment of PAH, the disease remains progressive and the search for new therapies 
remains necessary.

The aims of this thesis were:
•  to retrospecti vely study the epidemiological features, including incidence and preva-

lence rates, of PH and PAH in children in the Netherlands
•  to describe the presentati on and outcome of children with PAH and to identi fy prog-

nosti c factors for their outcome 
•  to evaluate the eff ects of fi rst and second generati on PAH drugs on the outcome of 

children with PAH. 
•  to compare the eff ects of these drugs on outcome in children and adults with PAH-CHD
•  to study the eff ects of erythropoieti n (EPO), a possible new treatment in PAH, in an 

experimental model of PAH

Chapter 2 gives an overview on the clinical course of and treatment possibiliti es for 
children with PAH-CHD. Special att enti on is given to paediatric age-group specifi c char-
acteristi cs of PAH-CHD.
Chapter 3 describes the nati onwide epidemiological features of paediatric PH and PAH in 
the Netherlands encompassing a 15-year period (1991-2005). Furthermore, the survival 
of children with diff erent types of PAH is evaluated.
Chapter 4 describes the presenti ng characteristi cs of paediatric pati ents with suspected 
PAH, seen within the Dutch “Network for Diagnosis and Treatment of Paediatric PAH”. It 
highlights the complex diagnosti c process surrounding these pati ents.
In Chapter 5 the eff ects of the introducti on of fi rst (calcium channel blockers) and 
second generati on drugs (prostanoids, endothelin receptor antagonists and 5-phospho-
diesterase inhibitors) on the outcome of children with PAH, described in chapter 4, is 
evaluated.
In Chapter 6 the prevalence and prognosti c value of acute pulmonary vasodilator re-
sponse in both children and adults with idiopathic and associated PAH is evaluated and 
compared using diff erent response criteria which are in use.
Chapters 7 and 8 focus on the short and long-term eff ects of bosentan therapy in chil-
dren and adults with PAH-CHD.
In Chapter 9 the eff ects and downstream mechanisms of EPO treatment in an experi-
mental model for fl ow-associated PAH are studied. 
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Chapter 10 provides a general discussion of the main fi ndings of this thesis and their 
relati onship to future research.
The fi ndings reported in this thesis are summarized in Chapter 11.
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EPIDEMIOLOGY AND PATHOPHYSIOLOGY 

Congenital heart disease (CHD) is one of the most common congenital malformati ons, 
occurring in about 0.8% of newborns. Some of the most common congenital heart 
defects include those consisti ng of systemic-to-pulmonary (or left -to-right) shunts: ven-
tricular septal defects (VSDs), atrial septal defects (ASDs) and patent ductus arteriosus 
(PDA). Examples of more complex CHD’s associated with systemic-to-pulmonary shunts 
are atrioventricular septal defects, abnormal pulmonary venous return, functi onal 
univentricular hearts and surgically created systemic-to-pulmonary shunts, such as the 
Waterston’s, Pott s and Blalock-Taussig shunts.

If left  untreated, the majority of pati ents with large unrestricti ve systemic-to-pulmonary 
shunts will develop advanced pulmonary arterial hypertension (PAH), a progressive life-
threatening disease of the pulmonary vasculature. In these pati ents, the longstanding 
augmented pulmonary blood fl ow will induce molecular and cellular changes in the pul-
monary vasculature leading to the development of specifi c pulmonary vascular lesions, 
including medial hypertrophy, muscularizati on of pulmonary arterioles and eventually 
the more advanced concentric laminar inti mal fi brosis and plexiform lesions. These latt er 
vascular lesions are characteristi c for PAH and represent irreversible and progressive 
vascular disease. During the course of the disease these lesions will lead to progressive 
obstructi on of the small pulmonary arteries and cause an increase in pulmonary vascular 
resistance, imposing  an increased aft erload to the subpulmonary ventricle. Eventually, 
once the pulmonary vascular resistance exceeds the systemic vascular resistance, the 
original left -to-right shunt will reverse into a right-to-left  shunt, resulti ng in hypoxemia 
and central cyanosis. This conditi on is called the Eisenmenger syndrome.1

Major advances in diagnosti c measures and cardiac surgery of pati ents with CHD have 
made it possible to diagnose and repair an increasing number of complex CHD up to very 
young age and consequently prevent development of PAH. Nevertheless, the prevalence 
of PAH associated with systemic-to-pulmonary shunts in Western countries has been 
esti mated to range between 1.6 and 12.5 cases per million adults, with 25-50% of this 
populati on aff ected by the Eisenmenger syndrome.2-4 The remainder, and higher propor-
ti on, of this populati on of pati ents with repaired or unrepaired systemic-to-pulmonary 
shunt are reported to have PAH in other forms than the Eisenmenger syndrome.5,6 
These numbers are assumed to be many ti mes higher in parts of the world with limited 
resources. No specifi c data are available on the prevalence and incidence of PAH associ-
ated with systemic-to-pulmonary shunt in children.

PAH IN CONGENITAL HEART DISEASE: A HETEROGENEOUS 
PATIENT POPULATION

Pati ents with PAH associated with systemic-to-pulmonary shunts form a heterogeneous 
group, with the Eisenmenger syndrome representi ng the severe end spectrum of the 
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disease. On the other hand, PAH associated with systemic-to-pulmonary shunt is the 
only form of PAH in which an early and reversible stage of the disease can be clinically 
recognized. So, the other end of the spectrum is formed by young pati ents with systemic-
to-pulmonary shunts in whom the early stage of PAH can be reversed and cured by 
closure of the shunt defect. However, when correcti on of the defect is delayed and the 
increased pulmonary blood fl ow (and increased pulmonary arterial pressure) do persist, 
the early, reversible stage of PAH will progress to a point of no return, aft er which the 
PAH has turned into irreversible and progressive disease and aft er which closure of the 
shunt is contra-indicated. Exact clinical determinati on of this point of no return is diffi  cult 
and the progression from reversible into irreversible disease is characterized by a grey 
area in which reversibility of the PAH is uncertain.7 In clinical practi ce, acute pulmonary 
vasoreacti vity testi ng during heart catheterizati on is used to select those pati ents in 
whom PAH can be assumed to be sti ll reversible and in whom closure of the shunt defect 
can be achieved with as few as possible complicati ons (such as postoperati ve pulmonary 
hypertensive crises or progression of PAH during follow-up). During acute pulmonary 
vasoreacti vity testi ng the acute hemodynamic response to pulmonary vasodilators such 
as inhaled oxygen and/or nitric oxide is determined (Figure 1).
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Figure 1. PAH in CHD, assessment of reversibility 
Progression of pulmonary vasoreacti vity status in disease course of PAH in CHD. Pulmonary vasoreacti vity 
refl ects reversibility of pulmonary vascular disease, and is measured aft er administrati on of O2, NO, 
epoprostenol and/or adenosine.
(Berger RMF, Pulmonary Arterial Hypertension: Clinical experiences and scienti fi c evidences; 10 Oct 2008 - 11 
Oct 2008 , Sophia Anti polis – France) 

Criteria to defi ne a positi ve response indicati ng reversibility of the pulmonary vascular 
disease are poorly described. It is important to realize that such hemodynamic data 
should be interpreted taking into account a number of clinical characteristi cs including 
history, clinical signs of left -to-right shunt or cyanosis, the type of heart defect and age.7 
If the response to acute pulmonary vasoreacti vity testi ng is ambiguously positi ve, 
closure of the shunt may be questi onable. Closure of the shunt and handling potenti al 
peri-operati ve complicati ons can oft en be performed successfully nowadays and may be 
tolerated well in the short term. However, if PAH progresses aft er closure of the shunt, 
the outcome of such pati ents may be comparable to that of pati ents with iPAH, which in 
general is worse than the outcome in pati ents with Eisenmenger syndrome.
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The development of PAH in pati ents with systemic-to-pulmonary shunt appears to 
depend on several cardiac and extracardiac factors.7 Hemodynamic  factors are of crucial 
importance in the development of PAH associated with CHD. Increased pulmonary blood 
fl ow is a prerequisite for the development of the characteristi c vascular lesions of PAH, 
whereas the initi al presence of increased pulmonary arterial pressure accelerates this 
development. Since these hemodynamic characteristi cs (initi ally) depend on the type 
and size of the heart defect, these are important determinants in the evoluti on of PAH. 
Systemic-to-pulmonary shunts can be categorized into pre-tricuspid and post-tricuspid 
shunt defects. In pre-tricuspid shunt defects (such as ASDs) the pulmonary vasculature 
is exposed to increased pulmonary blood fl ow with initi ally normal pulmonary artery 
pressure, whereas in post-tricuspid shunt defects (such as VSDs and PDA) the pulmonary 
vasculature is exposed to both increased pulmonary blood fl ow and systemic arterial 
pressures.7 The majority of pati ents with unrestricti ve shunts at post-tricuspid level will 
develop advanced, irreversible PAH during the fi rst years of life. In contrast, of the 
pati ents with an equally large shunt at pre-tricuspid level, only 10-20% of the cases will 
develop advanced PAH, and this generally requires 30-40 years (Figure 2).8,9 In contrast, 
pati ents with small, restricti ve shunts (with a pulmonary-to-systemic blood fl ow rati o 
< 1,5-2) are usually not at risk for developing advanced PAH.
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Figure 2. PAH in CHD, evoluti on of pulmonary vascular disease
Variable disease progression in the development of pulmonary vascular disease in pati ents with congenital heart 
defects. 
accelerated ES, accelerated development of Eisenmenger syndrome; 
classic ES, development of Eisenmenger syndrome in post-tricuspid shunt;
i-like PAH, idiopathic-like PAH: development of PAH in pati ents with small, initi ally restricti ve shunts (see text) 
pretricuspid, development of PAH in pretricuspid shunts;
(Berger RMF, Pulmonary Arterial Hypertension: Clinical experiences and scienti fi c evidences; 10 Oct 2008 - 11 
Oct 2008-,Sophia Anti polis – France)

The presence of associated cardiac malformati ons may have an eff ect on pulmonary 
hemodynamics and consequently on the development of PAH. For example, right-sided 
obstructi ve lesions, such as pulmonary stenosis, will obstruct the increased blood fl ow 
and pressure to the pulmonary vascular bed and may obviously prevent or delay pulmo-
nary vascular disease.7 Pulmonary venous obstructi on or left  heart disease leading to 
pulmonary venous congesti on should be excluded, before making a diagnosis of PAH. 
Also, it is clear that previous cardiac surgeries, the state of repair and the presence and 
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magnitude of residual shunts will aff ect the development of pulmonary vascular disease 
in children with CHD.   

Furthermore, survival analyses in Eisenmenger pati ents indicate that outcome is ad-
diti onally aff ected by the presence of a simple versus a complex congenital heart defect, 
in a way that Eisenmenger pati ents with a simple defect such as ASD or VSD had a bett er 
survival compared to those with complex heart defects.

Also extra cardiac factors may infl uence the development of PAH in pati ents with 
CHD. It is clinically recognized that children with CHD and Down syndrome may develop 
advanced PAH more frequently and at an earlier age than children with comparable 
heart defects, but without Down syndrome. Although it is believed that these children 
have an increased “suscepti bility” for developing pulmonary vascular disease, unti l to-
day no objecti ve explanati on has been identi fi ed.10,11 Other geneti c and developmental 
anomalies, airway anomalies and thrombo-embolic events may also play a role in the 
presentati on and course of pulmonary (arterial) hypertension in pati ents with congenital 
heart diseases. This appears to be of special importance in children with PAH associated 
with CHD.

PAH IN CONGENITAL HEART DISEASE: THE PEDIATRIC AGE GROUP

Within the pediatric age-group, age-specifi c presentati ons of PAH associated with sys-
temic-to-pulmonary shunt may occur. In contrast to the “classic” Eisenmenger syndrome 
in which advanced PAH develops in the course of the fi rst years of life, a subgroup of 
infants with non-restricti ve, post-tricuspid systemic-to-pulmonary shunts, develop a form 
of accelerated advanced PAH within the fi rst weeks to months of life.7 In these pati ents, 
extremely high pulmonary vascular resistance and right-to-left  shunti ng through the 
heart defect is already present in the fi rst weeks to months of life and persists thereaft er 
(Figure 2). A failure of postnatal adaptati on and remodeling of the pulmonary vascular 
bed may contribute to this specifi c presentati on of PAH and CHD. This presentati on 
appears to occur more frequently in children with chromosomal abnormaliti es, such as 
Down syndrome.

As described earlier, in pati ents with uncorrected isolated pre-tricuspid shunt defects 
the development of advanced PAH usually occurs in the third to fourth decade of life. 
The occurrence of advanced PAH at the pediatric age in this type of heart defects is 
extremely unusual.12 Therefore, in such children the presence of the heart defect cannot 
be regarded self-evidently as the cause for the PAH. Other associated conditi ons may be 
present and thus should be acti vely sought for.7

Associated conditi ons, other than the CHD, in the pediatric age group may consist of: 
1) airway anomalies, leading to obstructi ve breathing disorders, which are frequently 
present in pati ents with Down syndrome or other syndromes such as the Pierre-Robin 
sequence with micrognathia and 2) geneti c abnormaliti es, including Down-, Noonan-, 
Jacobson- and, Shprintzen syndrome. Furthermore, unexplained dysmorphic features 
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appear to coincide with PAH remarkably frequently in pediatric pati ents with and without 
CHD. Although a causati ve relati on can be found in some of these pati ents (for instance, 
obstructi ve breathing disorders as described previously), this is not the case for most 
of them. These observati ons may suggest an increased suscepti bility for PAH in certain 
geneti c anomalies.

In the pediatric pati ent with CHD, the presence of more than one conditi ons associ-
ated with PAH is no excepti on and this may complicate the diagnosis and treatment in 
pediatric pati ents with PAH. This is illustrated by the recently described experience of a 
Dutch cohort of pediatric pati ents with pulmonary hypertension, in which in 17 (43%) 
out of 40 children with pulmonary hypertension and CHD, the CHD was found to be 
not responsible for the pulmonary (arterial) hypertension.13 The clinical importance of 
making a correct diagnosis in these children is illustrated by the 8 months old Down 
pati ent and atrioventricular septal defect, with high pulmonary vascular resistance and 
right-to-left  shunti ng, who appears to suff er also from obstructi ve breathing due to large 
tonsils and small upper airways and who, aft er adequate treatment of the obstructi ve 
breathing, shows normalizati on of pulmonary vascular resistance and subsequently can 
undergo correcti ve surgery of the atrioventricular septal defect without PH-sequels. 

CLINICAL COURSE

PAH is a progressive and ulti mately fatal disease. However, the rate of disease progression 
diff ers depending on the type of PAH. Once PAH associated with systemic-to-pulmonary 
shunt is irreversible and once Eisenmenger syndrome has developed, these pati ents 
generally have a stable clinical course with slow disease progression. Life-expectancy 
in adults with Eisenmenger syndrome is far more favorable than in other forms of PAH. 
The median survival for untreated Eisenmenger pati ents may be 40-50 years of age,14,15 
whereas the median survival for untreated adults with idiopathic PAH is 2.8 years.16 
Nevertheless, the functi onal capacity of pati ents with Eisenmenger syndrome is charac-
terized by extremely low exercise tolerance, the worst of all in pati ents with CHD.17

It should be noti ced, that survival data of pati ents with Eisenmenger syndrome are 
mainly derived from cohorts of adult pati ents. These survival data cannot be simply 
extrapolated to children with the disease, because these adults probably represent a 
more favorable pati ent populati on, as they survived beyond childhood.18  

TREATMENT

Treatment strategies for pati ents with PAH associated with systemic-to-pulmonary 
shunt, in parti cular Eisenmenger syndrome, are mainly based on clinical experience of 
experts than on evidence based data.19 Compared to the relati vely large number of trials 
addressing the treatment of idiopathic PAH, only very few randomized controlled trials 
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regarding the treatment of PAH associated with systemic-to-pulmonary shunt exist. Evi-
dence based data on the treatment of children with the disease are virtually non-existent.

In the management of the Eisenmenger syndrome, general measures and supporti ve 
treatment remain the cornerstone. General measures include recommendati ons regard-
ing physical acti vity, pregnancy, infecti ons, air travel, exposure to high alti tudes and 
electi ve surgery. Pregnancies and delivery are extremely dangerous with maternal death 
in 50% and spontaneous aborti on in up to 40%. Hormonal contracepti on should be used 
with cauti on, because of potenti al pro-thromboti c eff ects. Air travel is generally well 
tolerated and therefore not contraindicated. However, care must be taken in pati ents 
who are clinically less stable and supplemental oxygen should be considered.

Phlebotomies are discouraged and required only when the blood’s hyperviscosity is 
evident (usually when hematocrit >65%) and, importantly, when associated with clinical 
complaints. The use of supplemental oxygen therapy is controversial and should only be 
used in pati ents in whom it produces a consistent increase in arterial oxygen saturati on 
and well-being. Oral anti coagulant treatment with warfarin may be initi ated in pati ents 
with pulmonary thrombosis and absent or only mild hemoptysis. One could speculate that 
early treatment with anti coagulants of children with Eisenmenger syndrome may benefi -
cially aff ect the development of pulmonary thrombi in this disease, however unti l today 
there are no data supporti ng this concept and therefore it remains purely hypotheti cal.

Specifi c advanced treatment strategies are based on the same three types of “anti pro-
liferati ve” drugs applied to adult pati ents with other types of PAH: prostanoids (including 
epopostenol, treprosti nil), dual or specifi c endothelin receptor antagonists (including 
bosentan, sitaxsentan, ambrisentan), and 5-phosphodiesterase inhibitors (including 
sildenafi l, taldalafi l). These types of drugs have been suggested to be safe and eff ecti ve 
in short-term and uncontrolled studies in pati ents with PAH with corrected and uncor-
rected systemic-to-pulmonary shunts, a well as in pati ents with Eisenmenger syndrome. 
Treatment eff ects mainly include improvement of functi onal class and exercise capacity. 
Long-term eff ects, however, have not been suffi  ciently established and survival benefi t 
has to be demonstrated yet. The benefi cial eff ects, however, may decline with ti me, as 
in pati ents with idiopathic PAH, indicati ng the need for additi onal therapy.18 This imposes 
specifi c questi ons of opti mal ti ming in pati ents with Eisenmenger syndrome compared to 
pati ents with idiopathic PAH in the context of diff erent survival-expectancies.

Lung transplantati on with repair of the cardiac defect or a combined heart and lung 
transplantati on are possible therapeuti c measures for pati ents with Eisenmenger syn-
drome and poor functi onal class and prognosis. The ideal ti ming for transplantati on, 
however, remains very diffi  cult to establish.

Recently, a treatment algorithm for pati ents with PAH associated with corrected and 
uncorrected systemic-to-pulmonary shunts and Eisenmenger syndrome was proposed.19 
This treatment algorithm was adapted from the algorithms used in pati ents with 
idiopathic PAH, and is mainly based on expert experience and personal preferences. As 
stated earlier, evidence based data on the treatment of children with the disease is lack-
ing. However, limited studies in children with PAH whether or not associated with CHD 
suggest comparable eff ects as those in adult pati ents. 
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CONCLUSION

PAH associated with systemic-to-pulmonary shunts form a heterogeneous pati ent popu-
lati on, with a wide variety of underlying congenital heart defects, diff erent circulatory 
pathophysiology and variable clinical course. The Eisenmenger syndrome, which is also 
associated with a wide range of congenital heart defects and variable rate of PAH disease 
progression, represents the severe end spectrum of the disease. Within the pediatric 
age group, presentati on of PAH associated with systemic-to-pulmonary shunt may have 
age-specifi c characteristi cs, such as the accelerated development of advanced PAH in 
the presence of systemic-to-pulmonary shunts in the fi rst months of life, the presence 
of multi ple conditi ons associated with PAH, such as obstructi ve breathing disorders and/
or geneti c anomalies, complicati ng adequate diagnosis of PAH. In pediatric pati ents with 
CHD and PAH, the CHD is not necessarily the cause for the PAH. Therefore, an acti ve 
search for additi onal causes for pulmonary (arterial) hypertension should be part of the 
diagnosti c work up and these should be excluded before making the diagnosis of PAH in 
children with CHD, in which the heart defect is not expected to be suffi  ciently explana-
tory for the PH.

Due to the heterogeneity of the disease adequate descripti ons of the anatomy, 
functi onal consequences and state of repair of the CHD are required in order to tailor 
an opti mal diagnosti c and therapeuti c approach for the individual pati ent. In order to 
achieve this, refi nements for the Evian-Venice subclassifi cati on of PAH associated with 
systemic-to-pulmonary shunt have been suggested and will be implemented in the 
upcoming revised classifi cati on. Although the new anti proliferati ve medicati ons (prosta-
cyclin analogues, endothelin-receptor antagonists and 5-phosphodiesterase inhibitors) 
have not been as extensively studied in pati ents with CHD as in pati ents with idiopathic 
PAH, the available results suggest benefi cial eff ects of these new treatments in this 
populati on as well. The lack of data on long-term eff ects, however, makes opti mal ti ming 
of drug therapy specifi cally in pati ents with PAH and CHD diffi  cult. Limited studies in 
children suggest benefi cial short-term eff ects, comparable to adults. Further research, 
including larger clinical trials with long term follow up, is needed for the development of 
an evidence based treatment algorithm tailored for adults and children with the hetero-
geneous presentati ons of PAH associated with CHD.
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ABSTRACT

Background
Incidence and prevalence rates of paediatric pulmonary hypertension (PH) and pul-
monary arterial hypertension (PAH) are unknown. This study describes the nati onwide 
epidemiological features of paediatric PH in the Netherlands during a 15-year period 
(1991-2005) and describes the clinical course of paediatric PAH.

Methods and results
Two registries (Paediatric Cardiology and Dutch Nati onal Hospitalisati on) were used to 
retrospecti vely identi fy children (0-17 years) with PH. Overall, 3265 pati ents were identi -
fi ed with PH due to: left  heart disease (n=160, 5%), lung disease/hypoxemia (n=253, 8%), 
thromboembolic disease (n=5, <1%), transient and progressive PAH (n=2691, 82% and 
n=156, 5%, respecti vely). Transient PAH included persistent pulmonary hypertension of 
the newborn and children with congenital heart defects (CHD) and systemic-to-pulmo-
nary shunt in whom PAH resolved aft er successful correcti on of the CHD. Progressive PAH 
mainly included idiopathic PAH (n=36, iPAH) and PAH associated with CHD (n=113, PAH-
CHD). PAH-CHD represented heterogeneous subgroups including classic Eisenmenger 
syndrome and PAH-CHD aft er shunt closure. Syndromes and syndromal abnormaliti es 
were present especially in progressive PAH (n=61, 39%). Survival for PAH-CHD varied 
depending on the subgroups, some showing bett er and others showing worse survival 
than for iPAH. Annual incidence for all PH diagnoses was 63.8 cases per million children. 
For iPAH and PAH-CHD, annual incidence and point prevalence averaged, respecti vely, 
0.7 and 4.4 (iPAH) and 2.2 and 15.6 (PAH-CHD) cases per million children. Compared 
to studies in adults, iPAH occurred less frequently, whereas PAH-CHD occurred more 
frequently in children. Survival of children with Eisenmenger syndrome was worse than 
in adults.

Conclusions
Paediatric PH is characterized by various age group specifi c diagnoses. Paediatric iPAH 
and PAH-CHD are rare, with, respecti vely, lower and higher incidence rates than in 
adults. Paediatric PAH-CHD represents a heterogeneous group with highly variable clini-
cal courses. 
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INTRODUCTION

Pulmonary hypertension (PH) is a pathophysiological conditi on defi ned by an increased 
mean pulmonary arterial pressure of >25mmHg at rest. PH can develop due to various 
underlying diseases which are categorized into 5 groups, summarized by the latest 
updated Clinical Classifi cati on of PH.1 Group 1 comprises pulmonary arterial hyperten-
sion (PAH). Groups 2, 3, 4 and 5 categorize PH associated with, respecti vely: left  heart 
disease, lung diseases and/or hypoxemia, chronic thromboembolic disease and various 
conditi ons with unclear and/or multi factorial mechanisms for developing PH. PAH diff ers 
from the other 4 groups of PH by its characteristi c histopathological changes of especially 
the small pulmonary arteries, progressive clinical course and need for treatment with 
specifi c PAH medicati on. PAH can occur idiopathically (iPAH) or with associated condi-
ti ons, such as congenital heart defects (CHD) and connecti ve ti ssue disease (CTD).1 

During the past decades there have been great advances in the understanding of the 
pathobiology of PAH in parti cular, resulti ng in the development of several new drugs.2,3 
Together with these improvements in understanding and treatment of the disease, there 
has been growing interest in the epidemiological features of PAH. This has led to the recent 
publicati on of a number of studies reporti ng registry-based epidemiological data on PAH 
among adults.4-7 In contrast, data on the prevalence and incidence of paediatric PAH is sti ll 
lacking. Systemati c collecti on of paediatric data is necessary, since children with PH and PAH 
have been reported to present with age-group specifi c characteristi cs regarding the distri-
buti on of underlying conditi ons, presentati on, outcome and the effi  cacy of treatment.8-11

The aim of this study was to investi gate the nati onwide epidemiological characteristi cs 
of PH among children in the Netherlands during a 15 year period (1991-2005) using 2 dif-
ferent registries, and, further, to more specifi cally describe the clinical course of children 
with diff erent types of PAH.

METHODS

Data collection
In the Netherlands, paediatric cardiological care is centralized within 8 university medi-
cal centres. Pati ents suspected of having PH are seen by paediatric cardiologists at any 
of these centres for initi al diagnosti cs. Since the late nineti es, the care for paediatric 
pati ents with PAH has been united in a nati onal Network, in which all 8 university medi-
cal centres parti cipate. All paediatric pati ents suspected of having PAH are referred to a 
single medical centre which serves as nati onal referral centre for paediatric PAH.10 

For the present study, we retrospecti vely identi fi ed paediatric pati ents who had been 
assigned a fi rst diagnosis of PH at any of the 8 Dutch university medical centres , at the 
age of 0-17 years, from January 1991 up to January 2006. In order to identi fy these pa-
ti ents, we accessed the Paediatric Cardiology registry and Dutch Nati onal Hospitalizati on 
registry. Our Insti tuti onal Medical Ethics committ ee waived the need for consent due to 
the retrospecti ve nature of the study.
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The Paediatric Cardiology registry captures the individual records of all pati ents seen 
at a paediatric cardiology department. Each of the 8 paediatric cardiology departments 
manages its own registry. Pati ents are assigned diagnoses using diagnosti c codes defi ned 
by the Associati on for European Paediatric Cardiology (AEPC; www.aepc.org/aepc/nid/
European_Paediatric_ Cardiac_Coding). To identi fy pati ents, AEPC diagnosti c codes for 
“primary” and “secondary” PH/PAH were used (10.13.01-10.13.51, 10.15.01, 10.20.16, 
15.22.31 and 15.80.22).

The Dutch Nati onal Hospitalizati on registry consists of records of all hospitalizati ons at 
any hospital in the Netherlands. Pati ents are assigned diagnoses at the ti me of hospital 
discharge. Records can be evaluated as individual or aggregated data. Aggregated data 
are used for describing nati onal trends in morbidity and mortality of various diseases. 
The discharge diagnosti c codes are based on the Internati onal Stati sti cal Classifi cati on 
of Diseases (ICD), endorsed by the World Health Organizati on. During the current study, 
the ninth revision of this classifi cati on was used (ICD-9; www.cdc.gov/nchs/icd.htm). 
In order to obtain individual record data, we accessed this database at each of the 8 
university medical centres. To identi fy pati ents, ICD-9 diagnosti c codes for “primary” and 
“secondary” PH/PAH were used (416.0, 416.8 and 416.9).

Verifi cation and assignment of diagnoses
In order to verify the diagnosis of PH, the medical fi les of all identi fi ed unique pati ents 
were studied by one investi gator. Pati ents whose medical fi les were missing (n=65) and 
pati ents in whose medical fi les there was no diagnosis of PH (n=537) were excluded from 
further analysis. In the remaining pati ents, the primary diagnosis of PH was extracted 
from the medical fi les. Diagnoses were subsequently assigned in accordance with the 
latest clinical classifi cati on of PH.1 

In paediatrics, transient forms of PAH can be recognized, such as persistent pulmonary 
hypertension of the neonate (PPHN). The clinical classifi cati on of PH categorizes PPHN 
as PAH (group 1).1 However, PPHN has an amply diff erent natural history, treatment and 
outcome than other forms of PAH, such as iPAH.12 Importantly, in many pati ents with 
PPHN, the PAH disappears during the neonatal period. The same holds for pati ents with 
CHD and systemic-to-pulmonary shunt in whom PAH is diagnosed early, before develop-
ment of advanced pulmonary vascular disease (fl ow-PAH). In these pati ents, successful 
correcti on of the CHD results in relief of the PAH. This is in contrast to pati ents with 
PAH due to CHD and (long-standing) systemic-to-pulmonary shunts in whom PAH has 
become progressive due to pulmonary vascular disease and correcti on of the CHD is 
contraindicated (PAH-CHD).13 Another group of pati ents displaying a transient form of 
PAH are those with acute pulmonary hypertensive crises during an event of respiratory 
infecti on or during/aft er anesthesia for surgical or other procedures (PAH-crisis). In these 
pati ents, PAH can resolve aft er treatment and removal of the trigger for the crisis. To 
the PAH-crisis subgroup, we assigned pati ents who had such a crisis followed by disap-
pearance of the PAH or death within 2 months. In order to disti nguish transient forms of 
PAH from progressive PAH, we assigned pati ents with PPHN, fl ow-PAH and PAH-crisis to 
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a subgroup named “transient PAH”. All non-transient forms of PAH, including iPAH and 
PAH-CHD, we assigned to the subgroup of “progressive PAH”.

Aft er verifi cati on of the diagnoses, it was evaluated whether the diagnosis of PH had 
been established using cardiac catheterizati on or echocardiography. Furthermore, in case 
of PAH, the respecti ve hemodynamic (mean pulmonary arterial pressure) or echocardio-
graphic diagnosti c values were collected (maximum systolic tricuspid regurgitant velocity, 
maximal diastolic pulmonary regurgitati on fl ow velocity or presence of right-to-left  shunt).

Next, general demographic variables (age and date at diagnosis, sex), and data on the 
presence of underlying diseases for PH and syndromes or syndromal abnormaliti es were 
collected for all PH pati ents. Syndromes or syndromal abnormaliti es, such as Down’s 
syndrome, have previously been observed to occur frequently in children with PAH.10 
Date of diagnosis of PH corresponded to that of confi rmatory cardiac catheterizati on or 
echocardiography. For pati ents with a diagnosis of PAH, additi onal clinical characteristi cs 
at presentati on were recorded: symptoms, presence and type of associated conditi ons 
for PAH (such as CHD and their repair status), additi onal hemodynamic variables and 
World Health Organizati on functi onal class (WHO class). Outcome variables for the PAH 
pati ents included PAH drug use and survival status. 

Statistical analyses
Data are presented as mean±SD or median and range, as appropriate. To analyze dif-
ferences in age between PH (sub)groups, one-way ANOVA (age) was performed. To 
analyze diff erences between iPAH and PAH-CHD, t-tests (age, hemodynamics) and Mann 
Whitney-U (WHO class) were performed. Yearly incidence rates for all PH diagnoses 
and for progressive PAH were calculated by dividing the number of newly diagnosed 
pati ents (incident pati ents) by the total number of children in the Netherlands in each 
corresponding year. These nati onal numbers of children were obtained from the of-
fi cial “Stati sti cs Netherlands” registry of Dutch demographics (www.cbs.nl). The point 
prevalence for PAH on the closing date of the study (January 1st 2006), was calculated 
from the number of incident pati ents between January 1991 and January 2006, excluding 
those who died or were lost to follow-up. Survival for all pati ents with PAH and for PAH 
subgroups is depicted using Kaplan-Meier curves from ti me of diagnosis. Cox regression 
was performed in order to study diff erences in survival between the diff erent PAH (sub)
groups. P-values <0.05 were considered signifi cant. 

RESULTS

Patients and PH diagnoses
During the 15 year study period, a total of 3265 paediatric pati ents with PH were identi fi ed. 
Forty-six% were female (Table 1). These PH pati ents had the following diagnoses: transient 
PAH (n=2691, 82%), progressive PAH (n=156, 5%), PH due to left  heart disease (PH-left  
heart disease, n=160, 5%), PH due to lung disease and/or hypoxemia (PH-lung disease/
hypoxemia, n=253, 8%) and chronic thromboembolic PH (CTE-PH, n=5, <1%; Figure 1).
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Figure 1. Diagnoses of all pati ents with pulmonary hypertension
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PH, pulmonary hypertension; PAH, pulmonary arterial hypertension; CTE, chronic thromboembolic; PPHN, per-
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to congenital heart defects) and PAH in whom PAH resolves aft er correcti on of the congenital heart defect; PAH-
crisis, transient PAH during event of respiratory tract infecti on; iPAH, idiopathic pulmonary arterial hyperten-
sion; PAH-CHD, PAH associated with congenital heart defects; PAH-CTD; PAH associated with connecti ve ti ssue 
disease; PAH-HIV, PAH associated with HIV infecti on; PVOD/PCH, pulmonary veno-occlusive disease and/or 
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Data are presented as N (%) and median (range).
PH, pulmonary hypertension; PAH, pulmonary arterial hypertension; CTE-PH, chronic thromboembolic PH; 
PPHN, persistent pulmonary hypertension of the newborn; fl ow-PAH, pati ents with increased pulmonary blood 
fl ow (due to congenital heart defects) and PAH in whom PAH resolves aft er correcti on of the congenital heart 
defect; PAH-crisis, transient PAH during event of respiratory tract infecti on;
Pre-tricuspid shunt: atrial septal defect ± abnormal pulmonary venous return ± additi onal cardiac anomalies
Post-tricuspid shunt: complete atrioventricular septal defect ± ventricular septal defect ± patent ductus arte-
riosus ± atrial septal defect ± additi onal cardiac anomalies, truncus arteriosus, hemitruncus, aortopulmonary 
window, single ventricle;
CHD with APV, congenital heart defects with abnormal development of pulmonary vasculature (scimitar syn-
drome, pulmonary atresia VSD major aortopulmonary arteries and unilateral absence of pulmonary artery).
Other specifi c syndromes: VACTERL (n=11), trisomy 18 (n=10), CHARGE (n=5), Goldenhar (n=5); Pott er (n=4); 
Cat Eye, Cri du chat, Kartagener, Turner, Jacobsen (n=2 of each); Rubinstein-Taybi (n=3); trisomy 13, 1p36 dele-
ti on, Wolf Hirschhorn syndrome (4p deleti on), osteochondroplasia, Cornelia de Lange, Holt-Oram, Klinefelter, 
Marfan, Prader-Willy, oculo-facio-cardio-dental, Pallister-Killian, Short rib-polydactyly, Schwartz-Jampel, mus-
cular dystrophy, Saethre-Chotzen, NOMID (neonatal onset multi system infl ammatory disease), prune belly, 
Swyer James (n=1 of each). 
Metabolic disorders: glycogen storage diseases (Pompe, n=2); peroxisomal disorders (Zellweger, rhizomelic 
chondrodysplasia punctata), methylcrotonyl-CoA carboxylase defi ciency, mitochondrial energy metabolism 
defects, cytochrome C-oxidase defi ciency (n=1 of each). 
Various chromosomal defects: trisomy 2, trisomy 7p, parti al trisomy 8, parti al trisomy 1, translocati on chromo-
some 9 and 14; unbalanced translocati on chromosome 4 and 5, unbalanced translocati on chromosome 1 and 
10, unbalanced translocati on chromosome 1 and 9, translocati on chromosome 1 and 3, translocati on chromo-
some 14 and 21, balanced translocati on 13 and 18, inversion chromosome 18, inversion chromosome 20, dele-
ti on chromosome 4, der chromosome 9, 13q deleti on, 18q deleti on, 18p deleti on/18q duplicati on.
Undefi ned syndromes: clinical dysmorphic features and/or psychomotor retardati on without chromosomal 
abnormaliti es.
* P<0.001 Age, PPHN vs fl ow-PAH and progressive PAH vs other PH
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Transient PAH (Group 1)
Transient PAH included PPHN (n=1548), fl ow-PAH (n=1112) and PAH-crisis (n=31; Figure 
1). In the pati ents with fl ow-PAH, all but 2 had various CHD with systemic-to-pulmonary 
shunts (Table 1). The remaining 2 pati ents had increased cardiac output states with 
increased pulmonary blood fl ow due to arteriovenous blood vessel malformati ons (giant 
haemangioma and vein of Galen malformati on). In all fl ow-PAH pati ents, PAH resolved 
aft er correcti on of the CHD or blood vessel malformati on. In 19 pati ents with fl ow-PAH, 
the PAH disappeared aft er a prolonged period aft er correcti on: median 2.7 years (range 
1.0-7.9).

PAH-crisis occurred during respiratory tract infecti ons in 31 pati ents without a diag-
nosis of PAH (group 1) or PH (groups 2-5). Six of these pati ents (19%) had a syndrome 
or syndromal abnormality. PAH-crisis also occurred in 194 of the pati ents with fl ow-PAH 
(17%): perioperati vely (n=171) or during respiratory tract infecti on (n=23). 

Progressive PAH (Group 1)
The remaining 156 pati ents with PAH had progressive PAH (Figure 1). Progressive PAH 
included iPAH (n=36, 23%), PAH-CHD (n=113, 72%), PAH due to connecti ve ti ssue disease 
(PAH-CTD; n=3, 2%), PAH due to HIV infecti on (PAH-HIV; n=1, 1%) and pulmonary veno-
occlusive disease and/or pulmonary capillary haemangiomatosis (PVOD/PCH; n=3, 2%; 
Figure 1). 

In the pati ents with iPAH (n=36), 4 pati ents had a small hemodynamically insignifi cant 
CHD (VSD n=3, PDA n=1; Table 2). In 3 other pati ents with iPAH, PH developed and per-
sisted directly postnatally unti l their deaths (aft er respecti vely 3, 4.8 and 4.8 months). 

In the PAH-CHD pati ents, 6 subgroups were observed: PAH-CHD without shunt (n=5), 
PAH-CHD with pre-tricuspid shunt (n=4), classic Eisenmenger syndrome (n=41), accele-
rated PAH-CHD (n=8), PAH-CHD with CHD and abnormal development of the pulmonary 
vasculature (n=38; PAH-CHD-APV), and PAH-CHD aft er shunt closure (n=17; Figure 1).

PAH-CHD without shunt comprised pati ents with coarctati on of the aorta (n=1), aorti c 
stenosis (n=2) and transpositi on of great arteries without VSD, neonatally corrected with 
an arterial switch operati on (n=2; Table 1). PAH-CHD with pre-tricuspid shunt represented 
pati ents with PAH and atrial septal defect and/or parti ally abnormal pulmonary venous 
return. Pati ents with classic Eisenmenger syndrome had unrestricti ve post-tricuspid shunt 
defects (Table 2). Accelerated PAH-CHD involved 8 infants who developed advanced PAH 
in the fi rst weeks to months of life in the presence of an unrestricti ve post-tricuspid 
shunt defect. Since this is much earlier than usual for the development of PAH caused by 
systemic-to-pulmonary shunt, we previously named this group accelerated PAH-CHD.10 
All these 8 pati ents had a syndrome or syndromal disorder: Down’s syndrome (n=5), 
1p36 deleti on syndrome (n=1) and undefi ned/unclassifi ed syndromes (n=2). In additi on, 
six of these 8 pati ents had concomitant obstructi ve breathing problems.

PAH-CHD-APV represented pati ents with scimitar syndrome (n=25), pulmonary atresia 
with VSD and major aortopulmonary collaterals (n=13) and unilateral absence of the 
pulmonary artery (n=1). These pati ents were categorized separately due to the joint 
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involvement of CHD and abnormal development of the pulmonary vasculature which 
disti nguishes this group from pati ents with CHD and normally developed pulmonary 
vasculature.

Pati ents with PAH-CHD aft er shunt closure underwent cardiac surgery at a median age 
of 0.6 years (range 0.2-7.6). In 13 of these pati ents, PH persisted directly aft er cardiac 
surgery. In the remaining 4 pati ents, PAH developed aft er a median of 1.5 years (range 
0.9-7.9) aft er correcti on of their CHD. 

In the pati ents with PVOD/PCH (n=3), diagnosis was confi rmed by post-mortem histo-
pathologic examinati on of the lungs. In the pati ents with PAH-CTD (n=3), intersti ti al lung 
disease was demonstrated with thoracic CT scan in 2 pati ents and chest radiography 
in 1 pati ent. One of these pati ents had neonatal onset multi -infl ammatory disease-
syndrome. In the other 2 pati ents, there was strong clinical suspicion for the presence of 
CTD, although results of blood analyses were not conclusive. The pati ent with PAH-HIV 
(n=1) had PH, echocardiographically demonstrated, whilst being treated for HIV infecti on 
with clinical signs of disease and high viral load. 

PAH-crises were reported in 21 pati ents with progressive PAH (13%), during respiratory 
tract infecti ons (n=10) or perioperati vely (n=7). These crises occurred most frequently in 
pati ents with iPAH (n=9, 25%).

Progressive PAH: presenting characteristics and survival
Pati ents with progressive PAH were signifi cantly older at diagnosis than pati ents with 
other PH diagnoses (p<0.001, Table 1). Fift y-one % were females. Pati ents with iPAH were 
signifi cantly older than pati ents with PAH-CHD (p=0.01, Table 2). Most progressive PAH pa-
ti ents presented with symptoms (n=132, 85%). Exercise-induced dyspnoea was the most 
common symptom (n=110, 71%). Eleven pati ents (7%) presented with syncope; all these 
pati ents had iPAH. The majority of pati ents were in WHO class II (n= 58, 37%) or III (n=57, 
37%). Pati ents with PAH-CHD presented with bett er WHO class than iPAH  (p=0.04, Table 2).

Cardiac catheterizati on was performed in 111 of the 156 PAH pati ents (71%, Table 
3). One-hundred of the 111 pati ents had an overall mean pulmonary arterial pressure 
of 51±20 mmHg (range 15-104); of these pati ents all but 2 had a mPAP >25 mmHg. In 
11 of the 111 pati ents a mPAP value could not be retrieved from the medical fi les. In 
the remaining 45 pati ents (29%), echocardiography was performed in order to diagnose 
PH. Diagnosis of PH was based on the following echocardiographical variables: maximal 
systolic tricuspid regurgitant velocity (mean 3.6±0.6 m/sec, n=11), a right-to-left  shunt 
(n=10), maximal diastolic pulmonary regurgitant velocity (mean 3.2±0.6m/s, n=6), and 
other echocardiographical features suspect for PH, such as ventricular septal bowing, in 
the absence of right ventricular outf low tract obstructi on (n=18). 

Compared to pati ents with PAH-CHD, pati ents with iPAH had higher aorti c saturati on 
(p=0.05) and lower pulmonary blood fl ow (p=0.02) and tended to have lower pulmonary-
to-systemic blood fl ow rati o (p=0.08) and higher pulmonary vascular resistance (p=0.07; 
Table 3).
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Table 2. Baseline characteristi cs of progressive PAH pati ents 

 

all PAH 

pati ents 

n=156

iPAH

n=36

PAH-CHD

n=113

PAH-CTD 

n=3

PAH-HIV

n=1

PVOD/ 

PCH

n=3

Age at diagnosis (years) * 2.1

(0-17.1)

4.3

(0-17.1)

1.3

(0-16.9)

7.1

(6.7-13.4)

5.8 9.0

(0.5-15.2)

Females 80 (51) 17 (47) 61 (54) 1 (33) 0 1 (33)

WHO functi onal class I * 18 (12) 3   (8) 15 (13) 0 0 0

          functi onal class II 58 (37) 10 (28) 47 (42) 0 0 1 (33)

          functi onal class III 57 (37) 14 (39) 39 (35) 2 (67) 1 (100) 1 (33)

          functi onal class IV 16 (10) 9 (25) 5 (4) 1 (33) 0 1 (33)

          Unknown 7 (4) 0 7 (6) 0 0 0

Presenti ng symptoms   

  Yes 132 (85) 32 (89) 93 (82) 3 (100) 1 (100) 3 (100)

  Unknown 7   (4) 0 7   (6) 0 0 0

Dyspnoea exercise induced 110 (71) 26 (72) 77 (68) 3 (100) 1 (100) 3 (100)

Dyspnoea 67 (43) 18 (50) 43 (38) 3 (100) 1 (100) 2   (67)

Chest pain 2   (1) 2   (6) 0 0 0 0

Syncope 11  (7) 11 (31) 0 0 0 0

Congenital heart defects   

Total 118 (76) 4 (11) 113 (100) 0 0 1 (33)

Systemic-to-pulmonary shunt

   Pre-tricuspid shunt

       ASD ± PAPVR 5 (3) 0 5 (4) 0

   Post-tricuspid shunt

       VSD ± PDA ± ASD 30 (19) 4 (11) 26 (23) 0

       Complex 39 (25) 0 38 (34) 1 (33)

   CHD with APV 39 (25) 0 39 (35) 0

No systemic-to-pulmonary shunt 5 (3) 0 5   (4) 0

Syndromes   

  Total 61 (39) 11 (31) 48 (42) 1 (33) 0 1 (33)

  Down 28 (18) 4 (11) 23 (20) 0 1 (33)

  Velocardiofacial 10 (6) 0 10   (9) 0 0

  Noonan 2 (1) 1  (3) 1 (<1) 0 0

  Other specifi c syndromes 4 (2) 0 3 (<1) 1 (33) 0

  Undefi ned syndromes 17 (11) 6 (17) 11 (10) 0 0

iPAH, idiopathic pulmonary arterial hypertension; PAH-CHD, PAH associated with congenital heart defects; PAH-
CTD, PAH associated with connecti ve ti ssue disease; PAH-HIV, PAH associated with HIV infecti on; PVOD/PCH, 
pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis; CHD with APV, congenital 
heart defects with abnormal development of pulmonary vasculature (e.g. scimitar syndrome);
ASD, atrial septal defect; PAPVR, parti ally anomalous pulmonary venous return; VSD, ventricular septal defect; 
PDA, patent ductus arteriosus; Complex: single ventricle (n=15), truncus arteriosus (n=1), complete atrioventric-
ular septal defect (n=22), transpositi on of great arteries without VSD + aortopulmonary shunt (n=1); CHD with 
APV, congenital heart defects with abnormal development of pulmonary vasculature: scimitar syndrome (n=25), 
pulmonary atresia +VSD+ major aortopulmonary collaterals (n=13), unilateral absence of pulmonary artery (n=1);
No systemic-to-pulmonary shunt: coarctati on of the aorta (n=1), aorti c stenosis (n=2), TGA without VSD neona-
tally corrected (n=2). Other specifi c syndromes: Jacobsen, NOMID (neonatal onset multi system infl ammatory dis-
ease), 1p36 deleti on, Wolf Hirschhorn (4p deleti on); Undefi ned syndromes: clinical dysmorphic features and/or 
psychomotor retardati on without chromosomal abnormaliti es; * iPAH vs PAH-CHD: Age P=0.01, WHOclass P=0.04
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Table 3. Baseline hemodynamic and echocardiographic characteristi cs of pati ents with iPAH and PAH-CHD

all PAH

pati ents

n=156

iPAH

n=36

PAH-CHD

n=113

P-

value

Diagnosis of pulmonary hypertension      

  cardiac catheterisati on 111 (71) 30 (83) 76 (67)

  echocardiography 45 (29) 6 (17) 37 (33)

Hemodynamics  

  aorti c saturati on (%) 93 ±  8 95 ±  8 91 ±  8 0.05

  mixed venous saturati on (%) 62 ±  10 62 ±  11 63 ±  9 NS

  mean right atrial pressure (mmHg) 7 ±  3 6 ±  4 7 ±  3 NS

  mean pulmonary arterial pressure (mmHg) 51 ±  20 56 ±  20 49 ±  19 0.08

            mean pulmonary capillary wedge pressure (mmHg) 9 ±  5 8 ±  3 9 ±  4 NS

  mean systemic arterial pressure (mmHg) 64 ±  18 67 ±  17 59 ±  18 NS

  mPAP/mSAP 0.9 ±  0.3 0.8 ±  0.3 0.9 ±  0.2 NS

  pulmonary blood fl ow indexed (l/min/m2) 3.1 ±  1.5 2.6 ±  0.8 3.5 ±  1.8 0.02

  cardiac index (l/min/m2) 2.7 ±  0.7 2.7 ±  0.7 2.7 ±  0.8 NS

  Qp/Qs 1.2 ±  0.8 1.0 ±  0.1 1.3 ±  1.1 0.08

  pulmonary vascular resistance index (WU.m2) 17.8 ±  12.7 21.4 ±  12.7 15.4 ±  10.6 0.07

  systemic vascular resistance index (WU.m2) 20.9 ±  10.0 23.0 ±  10.1 19.2 ±  9.7 NS

  PVR/SVR 1.1 ±  0.9 0.9 ±  0.5 1.2 ±  1.1 NS

Echocardiography  

  maximal systolic tricuspid regurgitant velocity 3.9 ± 0.7 4.0 ± 1.2 3.6 ±  0.6 NS

  maximal diastolic pulmonary regurgitant velocity 3.2 ± 0.6 3.2 ±  0.4 3.2 ±  0.6 NS

Data are presented as number (%) and mean±SD. iPAH, idiopathic pulmonary arterial hypertension; PAH-CHD, 
PAH associated with congenital heart defects; mPAP/mSAP, mean pulmonary to systemic arterial pressure rati o; 
Qp/Qs, pulmonary to systemic blood fl ow rati o; PVR/SVR, pulmonary to systemic vascular resistance rati o; WU, 
Woods units.
P-values: iPAH vs PAH-CHD

Follow-up from ti me of diagnosis ranged from 0.1 to 15 years (median 2.5). Median 
survival for all progressive PAH pati ents was 7.6 years (Figure 2A). Survival for PAH-CHD 
was bett er than for iPAH (median survival 11.4 vs 2.7 years, p=0.03; Figure 2B). However, 
within PAH-CHD, the various subgroups showed signifi cantly diff erent survival (p<0.001; 
Figure 2C). Accelerated PAH-CHD (p<0.01), PAH-CHD without shunt (p=NS) had worse 
survival than iPAH. In contrast, classic Eisenmenger syndrome (p<0.01), PAH-CHD-APV 
(p=0.03) and PAH-CHD with pre-tricuspid shunt (p=NS) had bett er survival than iPAH. 
PAH-CHD aft er shunt closure showed similar survival to iPAH. All pati ents with PVOD/
PCH and PAH-HIV died within 1.6 years aft er diagnosis. Two of the 3 pati ents with PAH-
CTD died (within 6.6 years aft er diagnosis of PAH).

Various PAH drugs were prescribed over the years: calcium channel blockers from 1992 
(n=16), epoprostenol from 1996 (n=16), beraprost in 2003 (n=1), bosentan from 2001 
(n=31) and sildenafi l from 2004 (n=9). PAH drugs were prescribed to 53 of all progressive 
PAH pati ents (34%): 25 of iPAH (69%) and 23 of PAH-CHD pati ents (20%). Thirty-seven 
pati ents received 1 drug, 12 pati ents 2 drugs and 4 pati ents received 3 diff erent drugs. 
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Figure 2. Survival for progressive pulmonary arterial hypertension in children 

APV, abnormal development of pulmonary vasculature. See text for explanati on of subgroups.
Overall diff erence in survival between PAH-CHD subgroups: P<0.001;
iPAH vs. accelerated PAH-CHD (p<0.01), vs. PAH-CHD without shunt (p=NS), vs. “classic” Eisenmenger syndrome 
(p<0.01), vs. PAH-CHD-APV (p=0.03), vs. PAH-CHD with pre-tricuspid shunt (p=NS)

Non-PAH PH diagnoses (Groups 2-5)
Pati ents with PH-left  heart disease (n=160) had various left -sided CHD causing increased 
pulmonary venous pressures and PH, including coarctati on of aorta, aorti c stenosis, mitral 
valve stenosis, cor triatriatum and left  ventricular dysfuncti on (Figure 1, Table 1). Pati ents 
with PH-lung disease/hypoxemia (n=253) had obstructi ve upper airway breathing disor-
ders (n=61) caused by small upper airways, laryngo-tracheomalacia, micrognathia and/
or enlarged adenoid/tonsils/tongue, and pulmonary developmental disorders associated 
with lung hypoplasia (n=192). The latt er included chronic lung disease of prematurity 
(n=60), congenital diaphragmati c hernia (n=123), and rare congenital pulmonary disor-
ders (n=9, adenomatoid malformati on of the lung and pulmonary lymphangiectasia).
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CTE-PH (n=5, Figure 1) included 1 pati ent with chronic thromboembolic disease, dem-
onstrated by pulmonary perfusion scanning and angiography. In the remaining 4 pati ents, 
echocardiography demonstrated the presence of thrombi located more proximally in the 
pulmonary artery. Two of these latt er pati ents had chronic thrombi and 2 pati ents had an 
acute pulmonary thromboembolic event. 

Incidence and prevalence
Yearly incidence rates for all PH diagnoses averaged 63.8 cases per million children 
(Figure 3). The highest yearly incidence rates were seen for transient PAH: 30.1 and 21.9 
cases per million children for, respecti vely, PPHN and fl ow-PAH. For progressive PAH, 
annual incidence rates averaged 3.1 cases per million children. Average incidence rates 
for iPAH and PAH-CHD were respecti vely 0.7 and 2.2 cases per million. The incidence 
rates for iPAH remained stable during the 15-year study period. In contrast, those for 
PAH-CHD decreased from 2.1 per million in the fi rst 5 years, to 0.8 in the last fi ve years 
of the study (p=0.03, Figure 3).

Excluding 70 deaths and 12 pati ents who were lost to follow-up (iPAH n=1, PAH-CHD 
n=8, PAH-CHD-APV n=3), 74 of the 156 incident progressive PAH pati ents were alive on 
January 1st 2006. Therefore, at this closing date of the study, the point prevalence for 
progressive PAH in the Dutch paediatric populati on (3.643 million) was 20 cases per mil-
lion. The point prevalence for PAH-CHD and iPAH were respecti vely: 15.6 and 4.4 cases 
per million children.

Figure 3. Annual incidence rates for paediatric pulmonary hypertension 

Signifi cant decline in PAH-CHD over ti me: fi rst 5 years vs last 5 years (p=0.03)
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Syndromal abnormalities and genetic defects
Various syndromes or syndromal abnormaliti es were present in 17% of all PH pati ents 
(Table 1). These were observed especially in pati ents with progressive PAH (39%). Within 
the progressive PAH subgroups, the highest percentage of syndromes were seen in PAH-
CHD (42%; Table 2). Down’s syndrome was by far the most common of all syndromes 
(12% of all PH pati ents, 18% of progressive PAH). Undefi ned syndromes (1% of all PH 
pati ents) comprised pati ents with clinical dysmorphic features and/or psychomotor 
retardati on without chromosomal abnormaliti es. Interesti ngly, most of these undefi ned 
syndromes were seen in pati ents with progressive PAH (11%; Table 1), and, more specifi -
cally, in pati ents with iPAH (17%; Table 2).

Screening for BMPR2 (bone morphogeneti c protein receptor type 2) gene mutati ons 
was performed in 19 pati ents with iPAH. BMPR2 gene mutati ons were found in 4 pa-
ti ents: 2 with familial PAH, and 2 with sporadic PAH.

DISCUSSION

This study describes the epidemiological features of paediatric PH, derived from nati on-
wide data encompassing a 15-year period. Paediatric PH consti tuted various age group 
specifi c diagnoses. Over 80% of these comprised transient forms of PAH, including PPHN 
(47%) and fl ow-PAH (34%). Other paediatric age group specifi c diagnoses included PH 
associated with chronic lung disease of prematurity (2%) and congenital diaphragmati c 
hernia (4%). Progressive PAH accounted for 5% of all pati ents, with PAH-CHD and iPAH 
representi ng the most common subgroups (72% and 23%, respecti vely). PAH-CHD consti -
tuted a heterogeneous group of pati ents, with subgroup diagnoses ranging from classic 
Eisenmenger syndrome to PAH-CHD aft er shunt closure. Syndromes and syndromal 
abnormaliti es were common, especially in pati ents with progressive PAH (39%). Annual 
incidence rates and point prevalence for PAH-CHD and iPAH averaged, respecti vely, 2.2 
and 0.7, and 15.6 and 4.4 cases per million children. The incidence rates of PAH-CHD 
decreased during the study period. Survival for all PAH-CHD subgroups together was 
bett er than for iPAH. However, specifi c PAH-CHD subgroups showed worse or similar 
survival compared with iPAH.

Transient forms of PAH accounted for the great majority of all paediatric PH diagno-
ses. Discriminati on of pati ents with these diagnoses is imperati ve, since their clinical 
course and prognosis diff ers signifi cantly from that of progressive PAH. PPHN represents 
neonates with problems of postnatal adaptati on and remodelling of the pulmonary 
vascular bed. Flow-PAH is important to disti nguish since this represents pati ents with 
early reversible stages of PAH associated with systemic-to-pulmonary shunts in whom 
PAH resolves aft er closure of the shunt.

The majority of pati ents with progressive PAH had PAH-CHD. PAH-CHD represented 
various diagnoses, ranging from classic Eisenmenger syndrome with large unrestricti ve 
post-tricuspid shunts to accelerated PAH-CHD and PAH-CHD persisti ng or developing 
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aft er shunt closure. This heterogeneity of PAH-CHD is being recognized increasingly. 
Indeed, the latest clinical classifi cati on of PH has been updated by the inclusion of 4 
clinical classes within PAH-CHD.1 

In this study, a very small proporti on of progressive PAH was made up of PAH-CTD and 
PAH-HIV. PAH associated with portal hypertension or anorexigens were not reported. 
This distributi on of paediatric PAH diagnoses is in contrast to what is observed in adults, 
in whom PAH-CTD represents the second largest group of progressive PAH and in whom 
PAH associated with portal hypertension, anorexigens and HIV are reported to occur 
more frequently than in the current paediatric series.4,6,7

PH associated with chronic lung disease of prematurity and congenital diaphragmati c 
hernia represented other PH diagnoses characteristi c for the paediatric age group. Im-
portantly, all these pati ents were diagnosed neonatally and cardiologic follow-up ap-
peared to be limited. However, this study was not designed to evaluate these pati ents 
during their follow-up. Therefore, more specifi c follow-up data on these pati ents is 
required in order to establish to which level PH complicates their disease course beyond 
the neonatal period.

Historically, incidence rates for iPAH were esti mated to be 1-2 cases per million 
adults.14 Recently, larger more systemati c epidemiological registries in adults esti mated 
similar annual incidence rates for iPAH ranging 1 to 3.3, and prevalence rates ranging 
5.9 to 25 cases per million.4,6 Although believed to be a rare disease among children as 
well, incidence and prevalence rates of paediatric PAH, including iPAH, are unknown. 
In the current study, we observed lower incidence and prevalence rates for paediatric 
iPAH than those reported in adults. In contrast, observed incidence and prevalence rates 
for paediatric PAH-CHD were higher than those reported in adults (respecti vely, 0.4-2.2 
and 1.7-12 per million adults).4,6 These latt er reports, which are mainly based on PAH 
referral registries, acknowledge a low representati on of PAH-CHD in adults due to the 
incomplete referral of adults with PAH associated with CHD to specialized PAH centres. 
Since our study identi fi ed pati ents via general paediatric cardiology and general medical 
registries at all the medical centres where Dutch paediatric cardiologic care is provided, 
and thus where paediatric PAH is diagnosed, this potenti al referral bias was avoided. 

Although our data suggest a more frequent occurrence of PAH-CHD in children than 
in adults, a decline in the incidence rates for paediatric PAH-CHD was observed over the 
years. This may be a refl ecti on of improvements in early detecti on and treatment of CHD, 
in a country in which children generally undergo correcti on of their hemodynamically 
signifi cant CHD at young age. Despite this systemati c detecti on and treatment of CHD, 
this study described that of all paediatric pati ents with PAH and CHD who underwent 
correcti on of their CHD, PAH persisted or developed aft er closure of the shunt in 1.5% 
of the cases. Previously in adults, higher proporti ons of pati ents with PAH persisti ng or 
developing aft er closure of CHD have been reported (3-13%).15,16

Survival for PAH-CHD diff ered signifi cantly depending on the subgroup. Classic Eisen-
menger syndrome, PAH-CHD with pre-tricuspid shunt defects, and PAH-CHD with abnor-
mal development of pulmonary vasculature showed bett er survival compared to iPAH. 
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This is in line with reports in adults reporti ng bett er survival in adults with Eisenmenger 
syndrome than with iPAH.17-19 However, the observed paediatric survival rates of classic 
Eisenmenger syndrome were worse than those reported in adults (median survival 11.4 
years in children vs 30-40 years in adults). Here it is important to bear in mind that the 
survival rates of adults with Eisenmenger syndrome are derived from pati ents who have 
survived into adulthood. Obviously excluded are pati ents who died during childhood. 

Survival for accelerated PAH-CHD, PAH-CHD aft er shunt closure and PAH-CHD without 
systemic-to-pulmonary shunt was worse or similar compared to iPAH. These pati ent 
groups are of parti cular interest, since their PAH disease courses cannot be explained 
fully by the circulatory physiology of their CHD. For developing PAH in CHD, long-standing 
increased pulmonary blood fl ow with or without increased pulmonary pressures is a 
prerequisite.20 Therefore, development of PAH in CHD without systemic-to-pulmonary 
shunt is unusual. Furthermore, the accelerated development of PAH-CHD in the fi rst 
weeks to months of life also is unusual, since the majority of pati ents with unrestricti ve 
post-tricuspid shunts generally develop advanced, irreversible PAH later, not before the 
fi rst years of life.20 In these pati ents with accelerated PAH-CHD, a failure of postnatal 
adaptati on and remodelling of the pulmonary vascular bed may also contribute to the 
development of PAH. Also unusual is the development of PAH-CHD despite successful 
shunt closure at early age, which normally precludes development of PAH.21,22

The fi nding that in these PAH-CHD subgroups the PAH cannot be explained by the as-
sociated CHD, suggests the presence of additi onal associated conditi ons for PAH. Indeed, 
all pati ents with accelerated PAH-CHD had syndromal abnormaliti es with geneti c defects. 
The presence of a syndrome, such as Down syndrome, may be associated with a higher 
suscepti bility for PAH.23 This may also be the case in pati ents with iPAH and undefi ned 
syndromal abnormaliti es. In these pati ents, currently unidenti fi ed geneti c defects may 
be underlying both the PAH as the syndromal abnormaliti es. Detailed documentati on of 
these clinical associati ons in combinati on with the expanding geneti c analysis techniques, 
may allow identi fi cati on of novel molecular pathways involved in the development of 
PAH.

This study is limited by its retrospecti ve character. The registries and their respecti ve 
diagnosti c codes were not specifi cally designed for the identi fi cati on of pati ents with PH, 
since they do not allow for discriminati on between diff erent groups of PH. However, by 
reviewing all pati ent fi les, diagnoses could be verifi ed and pati ents without a diagno-
sis of PH could be excluded. Moreover, by identi fying pati ents diagnosed at all Dutch 
paediatric cardiology centres using 2 diff erent registries, referral biases were avoided. 
Therefore, a realisti c representati on of the epidemiological features of paediatric PH in 
the Netherlands could be achieved.

In conclusion, this nati onwide epidemiological study demonstrates that paediatric PH 
is characterized by age-group specifi c diagnoses, the majority of which are represented 
by transient forms of PAH. Progressive PAH is rare and associated with CHD in almost 
75% of the cases. Compared to adults, incidence and prevalence rates for paediatric 
PAH-CHD are higher. In contrast, these rates for paediatric iPAH are lower. Paediatric 
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PAH-CHD represents a heterogeneous group of pati ents with various presentati ons and 
disease courses. Overall, survival for paediatric PAH-CHD is bett er than for iPAH. How-
ever, pati ents with accelerated forms of PAH-CHD and pati ents with PAH-CHD with no 
shunt or aft er shunt closure do not show bett er survival than iPAH. Survival of pati ents 
with Eisenmenger syndrome appears to be worse in children than in adults. The high co-
occurrence of syndromes in pati ents with progressive PAH needs to be studied further, 
clinically and geneti cally, since this may provide leads for identi fying currently unknown 
molecular pathways involved in PAH development.
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ABSTRACT

Objectives
To describe the clinical presentati on of pediatric pulmonary arterial hypertension (PAH) and 
the intricacies in how to classify pediatric PAH according to the Venice classifi cati on.

Study design
Children (n=63), seen at a nati onal referral center for pediatric PAH, underwent diagnosti c 
work-up for diagnosis of pulmonary hypertension (PH) and associated conditi ons and for 
assessment of the explanatory role of associated conditi ons for the PH. Subsequently, 
PH was classifi ed.

Results
In 18 pati ents (29%) no associated conditi ons were identi fi ed; they were classifi ed as having 
idiopathic PAH. In 45 pati ents (71%) ≥1 associated conditi ons were detected: congenital 
heart defects (CHD, n=40), connecti ve ti ssue disease (CTD, n=2), disorders of respiratory 
system and/or hypoxemia (RSH, n=17) and chronic thromboembolic (CTE) disease (n=1). 
Pati ents were classifi ed according to the conditi on judged primarily explanatory for the 
PH. In 11 of 45 pati ents with associated conditi ons, the PH was not suffi  ciently explained 
by these conditi ons; these pati ents were classifi ed as idiopathic-like PAH. In 17 of 40 cases 
of CHD and 9 of 17 cases of RSH, these conditi ons were not suffi  ciently explanatory for the 
PH. Syndromal abnormaliti es were remarkably frequent (43%). Ulti mately, classifi cati on 
revealed: idiopathic(-like) PAH (n=29; 46%), PAH-CHD (n=23; 37%), PAH-CTD (n=2; 3%), 
PH-RSH (n=8; 12%), and CTEPH (n=1; 2%). 

Conclusion
Pediatric PH frequently presents with associated conditi ons and syndromal abnormaliti es. 
However, detailed evaluati on of this complex presentati on reveals that associated conditi ons 
are not always explanatory for the PH.
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INTRODUCTION

Pulmonary hypertension (PH) is defi ned by an increased mean pulmonary arterial pressure 
of >25 mmHg at rest or >30 mmHg during exercise. The Venice classifi cati on categorizes PH 
into 5 classes on the basis of shared similariti es in pathophysiological mechanisms, clinical 
course, and therapeuti c opti ons. Class 1 comprises pulmonary arterial hypertension (PAH). 
Classes 2 to 5 consist of PH associated with the following conditi ons: pulmonary venous 
hypertension, disorders of respiratory system and/or hypoxemia (RSH), thromboembolic 
disease, and a variety of conditi ons termed as miscellaneous. PAH disti nguishes itself from 
the other 4 classes of PH histologically by characteristi c pulmonary vascular lesions, and 
clinically by its chronic progressive course and response to advanced medicati on. PAH is 
subclassifi ed into idiopathic PAH (either sporadic or familial), and PAH associated with 
various underlying conditi ons.1,2 

Pediatric PAH is a serious fatal disease, which requires treatment with specifi c ad-
vanced medicati on. This is in contrast to other pediatric PH (sub)classes, in which relief of 
underlying conditi ons is the fi rst aim. The Venice classifi cati on has proven to be essenti al 
for the diagnosis and management of pati ents with PH, because prognosis and treatment 
strategy heavily depend on the (sub)class of PH.2 Therefore, it is important to diagnose 
associated conditi ons accurately, to assess their explanatory role in the development 
of PH accurately, and to subsequently classify PH accurately. However, no studies ex-
ist which describe the complex clinical decisions surrounding this diagnosti c process. 
Data on the clinical presentati on of pediatric PH is scarce and limited to studies on the 
outcome of children aft er treatment with certain medicati ons. Thorough informati on 
concerning the diagnosti c process prior to the start of treatment is lacking.3-6

The objecti ves of this study were to describe the clinical presentati on of pediatric PH 
in a cohort of children seen at a nati onal referral center for pediatric PAH and to describe 
the intricacies in how to classify pediatric PH according to the Venice classifi cati on.

METHODS

Patients
In the Netherlands, pediatric cardiologic care is centralized within 8 university medical 
centers. Pati ents with suspected PH are seen by pediatric cardiologists at any of the 8 
centers for initi al diagnosti cs. The care for pediatric pati ents with PAH is united in a nati onal 
Network for Diagnosis and Treatment of Pediatric PAH. This network includes all 8 university 
medical centers, one of which serves as an expert center. All pediatric pati ents suspected 
to have PAH are referred to this expert center for diagnosti c work-up and initi ati on of 
therapy. Also, all pati ents with PH suspected to be caused by thromboembolic disease, 
miscellaneous disorders, or both (Venice classes 4 and 5, respecti vely) are referred to the 
expert center. In contrast, pati ents with other forms of PH, caused by pulmonary venous 
hypertension or caused by RSH, such as bronchopulmonary dysplasia, (Venice classes 
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2 and 3, respecti vely) are not systemati cally referred to the expert center. The expert 
center has served as a referral center for pediatric PAH since 1993. In the Netherlands, 
the importance of centralizing the care for pediatric pati ents with PAH, because of the 
complexity of the disease and the small numbers of pati ents, has been recognized relati vely 
early. Therefore, the expert center evolved into the nati onal referral center for pediatric 
PAH, and a nati onal network was installed during the late 1990s.

Between 1993 and 2007, a cohort of 63 children with suspected PAH was referred to 
the expert center. Pati ent data was entered in a database registry with informed consent 
from the parents/ caregivers. Insti tuti onal review board approval was obtained for the 
registry of these pati ents. 

Study assessments
At presentati on at the expert center, all children underwent diagnosti c work-up in order 
to diagnose PH, to identi fy associated conditi ons, and to assess the explanatory role of 
the associated conditi ons for the PH. Subsequently, PH was classifi ed according to the 
Venice classifi cati on. Diagnosti c work-up included standardized Doppler echocardiography 
and cardiac catheterizati on in order to confi rm the diagnosis of PH and to systemati cally 
assess the heart for cardiac anomalies, right and left  ventricular functi on, and to exclude 
pulmonary venous obstructi on, left  heart disease, or both. In additi on, acute pulmonary 
vasodilator response was tested using inhaled oxygen, nitric oxide and/or intravenous 
prostacyclin. Responders were identi fi ed according to criteria as defi ned by Barst.7  
Diagnosis of PH was made invasively during cardiac catheterizati on and measurement of 
a mean pulmonary arterial pressure >25 mmHg and pulmonary capillary wedge pressure 
<15 mmHg at rest in 57 pati ents. In the 6 remaining pati ents, cardiac catheterizati on 
data was not available. Clinical instability (n=4) and positi ve response of PH to adequate 
treatment of the associated conditi on (obstructi ve breathing, n=2) were reasons for not 
performing cardiac catheterizati on in these pati ents. Of these 6 pati ents, in 3 pati ents 
who had systemic-to-pulmonary shunt related PAH, a right-to-left  shunt was measured 
echocardiographically, establishing Eisenmenger syndrome physiology. In the other 3 
pati ents, the presence of PH was established by measurement of a maximum systolic 
tricuspid regurgitant velocity >2.8 m/s, according to criteria as defi ned by McQuillan et al.8 

Diagnosti c evaluati on for associated conditi ons was performed uniformly, according to 
protocol, in all pati ents, and included assessment of chest radiography, complete blood 
and platelet count, thyroid functi on, thromboti c status, HIV serology, overnight oxymetry, 
arterial blood gas, pulmonary perfusion scan, and screening for connecti ve ti ssue disease. 
In selected pati ents, additi onal blood clotti  ng studies, polysomnography, pulmonary func-
ti on testi ng, and thoracic computed tomography (CT) scan were performed. From 2002, 
incident and prevalent pati ents with idiopathic PAH were screened for bone morphogeneti c 
protein receptor type 2 (BMPR2) gene mutati ons. Clinical pati ent characteristi cs included 
symptoms, transcutaneous oxygen saturati on (TcSO2), and World Health Organizati on 
functi onal class.
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Statistical analysis
Data are presented as mean ± SD or medians and ranges, as appropriate. To analyze 
diff erences in baseline characteristi cs between PH (sub)classes, one-way ANOVA with 
Bonferroni post-hoc testi ng (TcSO2, hemodynamics) and Kruskal-Wallis followed by 
Mann-Whitney post-hoc testi ng with Bonferroni correcti on (symptoms, World Health 
Organizati on functi onal class) were performed. For one-way ANOVA and Kruskal-Wallis 
testi ng, (sub)classes comprising only one pati ent or only one available assessment were 
excluded. P-values <0.05 were considered to be signifi cant. 

RESULTS

Patients and baseline characteristics
Exercise-induced dyspnea was the most common presenti ng symptom (98%; Table 1). 
Syncope occurred in 8 pati ents (13%). One pati ent had no symptoms on presentati on 
and was referred for screening because of a diastolic murmur and Noonan syndrome. The 
murmur originated from a mild pulmonary regurgitati on jet with high maximal velocity.

Identifi cation of associated conditions and classifi cation of PH
In 45 pati ents (71%) ≥1 associated conditi ons were detected: 1 associated conditi on in 30 
(48%) and 2 associated conditi ons in 15 pati ents (24%). Associated conditi ons consisted of 
congenital heart defects (CHD) in 40 pati ents (63%), disorders of respiratory system and/
or hypoxemia (RSH) in 17 pati ents (27%), connecti ve ti ssue disease (CTD) in 2 pati ents 
(3%), and chronic thromboembolic disease (CTE) in 1 pati ent (2%; Figure 1). In 18 pati ents 
(29%), no associated conditi ons were identi fi ed, and these pati ents were classifi ed as 
having idiopathic PAH (Figure 1). In these pati ents, intrinsic pulmonary vascular disease 
was considered to be explanatory for the PH. Pati ents with >1 associated conditi on were 
classifi ed according to the associated conditi on judged to be primarily explanatory for the 
PH. In 11 of the 45 pati ents (25%) in whom associated conditi ons were detected, PH was 
not suffi  ciently explained by these conditi ons, although a possible role for these condi-
ti ons in the PH disease progression cannot be excluded (CHD, n=9; CHD and concomitant 
RSH n=1; RSH, n=1). Therefore, PH was considered to be caused by additi onal intrinsic 
pulmonary vascular disease, and these 11 pati ents were classifi ed as idiopathic-like PAH 
(Figure 1), a recently proposed new PAH subclass.9 
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Table 1. Baseline characteristi cs

All pati ents

n=63

iPAH

n=29

PAH-CHD

n=23

PAH-CTD

n=2

PH-RSH

 n=8

CTEPH

n=1

Age at 

presentati on at 

referral center

5.8

(0.1; 17.4)

5.0

(0.04; 15.8)

6.9

(0.05; 17.4)

6.9

(6.8; 7.1)

0.8

(0.5; 13.9)

15.7

Sex male 24 (38) 13 (45) 6 (26) 1 (50) 4 (50) 0

Symptoms

Dyspnea

- exercise induced 62 (98) 28 (97) 23 (100) 2 (100) 8 (100) 1 (100)

- at rest 16 (25) 4 (14) 6 (26) 1 (50) 5 (63) 0

Chest pain 2 (3) 2 (7) 0 0 0 0

Syncope 8 (13) 7 (30) 1 (4) * 0 0 0

TcSO2 (%) 91 ± 7 94 ± 5 89 ± 7 † 87 88 ± 9 98

WHO class I 1 (2) 1 (3) 0 0 0 0

                    II 17 (27) 8 (28) 6 (26) 0 3 (38) 0

                    III 30 (47) 13 (45) 12 (52) 1 (50) 3 (38) 1 (100)

                    IV 15 (24) 7 (24) 5 (22) 1 (50) 2 (24) 0

Hemodynamics n=57 n=29 n=20 n=1 n=6 n=1

Responder 9 (14) 7 (24) 1 (4) 1 (50) 0 0

mRAP (mmHg) 7 ± 4 7 ± 4 7 ± 4 8 7 ± 3 4

mPAP (mmHg) 52 ± 20 55 ± 17 54 ± 20 61 25 ± 5 ‡ 75

mPAP/mSAP 0.9 ± 0.3 0.9 ± 0.3 1.0 ± 0.1 1.10    0.6 ± 0.2 ‡ 0.96

CI (L/min/m2) 2.8 ± 1.1 2.8 ± 0.8 2.8 ± 1.5 3.6 2.9 ± 0.4 2.3

Qpix/CI 1.2 ± 0.9 1.0 ± 0.2 1.1 ± 0.6 0.80 1.1 ± 0.1 1.2

PVRix (WU.m2) 18.4 ± 13.4 19.9 ± 12.3 20.1 ± 15.1 19.5    4.2 ± 1.3 ‡ 14.3

PVR/SVR 1.0 ± 0.6 1.0 ± 0.6 1.0 ± 0.7 1.40 0.3 ± 0.2 0.75

Data presented as n (%), median (range) and/or mean ± SD.
PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; iPAH, idiopathic(-like) PAH; PAH-CHD, PAH 
associated with congenital heart defects; PAH-CTD, PAH associated with connecti ve ti ssue disease; PH-RSH, PH 
associated with disorders of respiratory system and/or hypoxemia; CTEPH, chronic thromboembolic PH.
TcSO2, transcutaneous oxygen saturati on; Responder, acute pulmonary vasodilator testi ng responder; mRAP, 
mean right atrial pressure; mPAP, mean pulmonary artery pressure; mPAP/mSAP, rati o between mean pulmonary 
and systemic arterial pressure; CI, cardiac index; Qpix/CI, rati o between pulmonary and systemic blood fl ow; 
PVRix, pulmonary vascular resistance index; PVR/SVR, rati o between pulmonary vascular and systemic vascular 
resistance; WU, Woods units.
iPAH vs PAH-CHD:  * Syncope P=0.06 (Fisher’s exact test) † TcSO2 P=0.02
‡ PH-RSH vs iPAH and PH-RSH vs PAH-CHD: mPAP P<0.01, PAP/SAP P<0.03, PVRix P<0.04
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Table 2. Congenital heart defects

  Number                   (%)  Closed shunt/ corrected defect

ASDI 2   (5)

ASDII 4 (10)

ASDII + PAPVR 1 (2) 1

VSD 6 (15) 1

VSD ± PDA ± ASD 5 (14)

PDA 4 (10) 2

cAVSD 8 (20) 5

cAVSD ± PDA ± ASD 1 (2) 1

TGA (without VSD) 2 (5) 2

Truncus arteriosus 1 (2) 1

Complex 5 (13)

Coarctati on of aorta 1 (2) 1

ASDI, primum atrial septal defect; ASDII, secundum atrial septal defect; PAPVR, parti ally anomalous pulmonary 
venous return; VSD, ventricular septal defect; PDA, patent ductus arteriosus; cAVSD, complete atrioventricular 
septal defect; TGA, transpositi on of great arteries; Complex, single ventricle (n=3); VSD + PDA + PAPVR (n=1); 
PDA + major aortopulmonary collateral arteries (n=1)

Congenital heart defects
Associated CHD consti tuted a great variety of defects (Table 2). Of the 40 pati ents with a 
CHD, 27 had an isolated CHD and 13 had concomitant RSH (Figure 1). 

Of the 27 pati ents with an isolated CHD, 13 were classifi ed as “classic Eisenmenger 
syndrome” (Figure 1). Classic Eisenmenger syndrome was defi ned as PAH due to an uncor-
rected post-tricuspid systemic-to-pulmonary shunt defect (e.g. ventricular septal defect; VSD), 
leading to increased pulmonary vascular resistance, reversal of the shunt, and subsequent 
hypoxemia.10 Five other pati ents were classifi ed as “PAH-CHD aft er post-tricuspid shunt 
closure” (Figure 1). They had undergone previous adequate closure of a hemodynamically 
signifi cant post-tricuspid shunt defect aft er which PAH persisted or returned (complete 
atrioventricular septal defect, cAVSD, n=3, VSD + patent ductus arteriosus (PDA) n=1, truncus 
arteriosus n=1). Correcti on of their CHD had failed to prevent development of progressive 
pulmonary vascular disease. Median age at correcti on of their CHD was 3.0 years (range 
0.3-7.6). In one of these pati ents, an ASD had to be created, because of clinical deteriorati on 
1 year aft er correcti ve surgery. Another 9 pati ents were classifi ed as idiopathic-like PAH 
(Figure 1). In these 9 pati ents, the CHD was hemodynamically insignifi cant, and consequently 
not suffi  ciently explanatory for the PH. Therefore, additi onal intrinsic pulmonary vascular 
disease was suspected. Of these pati ents, 3 had a pre-tricuspid shunt defect (ASDII), 3 had a 
small originally restricti ve post-tricuspid shunt defect (VSD n=2, spontaneously closed PDA 
in fi rst year of life n=1), 2 pati ents had undergone a neonatal arterial switch operati on for 
transpositi on of great arteries (median age 8 days, range 3-12), and 1 pati ent had undergone 
successful neonatal correcti on of coarctati on of aorta without residual pulmonary venous 
obstructi ve lesions (age 14 days). 

In 5 of the 13 pati ents with a CHD and concomitant RSH (Figure 1) persistent, severe 
PAH with right-to-left  shunti ng through a post-tricuspid heart defect developed in the fi rst 
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weeks to months of life (median 0.2 years, range 0.05-0.4). Because this is much earlier 
than usual for development of PAH due to systemic-to-pulmonary shunt, this group was 
named “accelerated PAH-CHD” (Figure 1), suggesti ng additi onal intrinsic pulmonary vascular 
disease. All these 5 pati ents also had RSH consisti ng of associated obstructi ve upper 
airway breathing. However, despite adequate treatment of these respiratory disorders 
with improved venti lati on, PH persisted, indicati ng that the obstructi ve breathing was 
not primarily explanatory for the PH. In 7 other pati ents with CHD and RSH consisti ng of 
obstructi ve upper airway breathing, the CHD was regarded as not suffi  ciently explanatory 
for the PH, because treatment of the obstructi ve breathing reversed the PH (Figure 1). 
Therefore, obstructi ve upper airway breathing was judged to be primarily explanatory for 
the PH, and these 7 pati ents were classifi ed as having PH-RSH. Two of these pati ents had 
a small pre-tricuspid shunt (ASDII, ASDI), and 5 pati ents had undergone previous closure 
of their CHD (complete atrioventi cular septal defect, n=3; VSD, n=1; PDA, n=1; median 
age at CHD correcti on 0.9 years, age range 0.3-2.9 years). In the other, remaining pati ent, 
neither the CHD (small ASDII, corrected at 14.9 years of age), nor the RSH consisti ng of 
obstructi ve upper airway breathing (obstructi ve sleep apnea syndrome) was suffi  ciently 
explanatory for the PH (Figure 1). Adequate treatment of the obstructi ve breathing did 
not reverse the PH. Therefore, this pati ent was classifi ed as having idiopathic-like PAH.

Disorders of respiratory system and/or hypoxemia 
RSH included obstructi ve upper airway breathing disorders in 15 pati ents (88%), and 
intersti ti al lung disease caused by CTD in 2 pati ents (12%). Obstructi ve upper airway 
breathing disorders consisted of obstructi ve sleep apnea syndrome (n=3) or disordered 
breathing due to enlarged adenoid, tonsils and tongue, and/or small upper airways 
(n=12). Obstructi ve upper airway breathing disorders were identi fi ed by measurement 
of nocturnal desaturati ons and blood gas analysis revealing compensated hypercapnia, 
in combinati on with the presence of obstructi ve upper airway anatomy. When PH could 
be reversed with improved venti lati on and oxygen therapy (e.g. during anesthesia for 
cardiac catheterizati on) or removal of the upper airway obstructi on, the respiratory 
disorder was considered to be explanatory for the PH. Measures to improve venti lati on 
and remove upper airway obstructi on included nocturnal conti nuous positi ve airway 
pressure treatment, adenotonsillectomy, removal of nasogastric tubes and installati on of 
a percutaneous endoscopic gastric (PEG)-catheter, or simply by growth of the child and 
consequent enlargement of the upper airways.

Of the 15 pati ents with obstructi ve upper airway breathing disorders, 13 had concomitant 
CHD and 2 had isolated respiratory disease (Figure 1). The latt er 13 pati ents were described 
in the previous secti on. Of the 2 pati ents with an isolated respiratory disorder, 1 pati ent 
was accordingly classifi ed as having PH-RSH caused by upper airway obstructi ve breathing. 
In the other pati ent, however, obstructi ve upper airway breathing was not the explanati on 
for the PH. Therefore, this pati ent was classifi ed as having idiopathic-like PAH (Figure 1).
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Connective tissue disease
In 2 pati ents, intersti ti al lung disease was confi rmed with thoracic CT scan (Figure 1). 
In 1 pati ent neonatal-onset multi system infl ammatory disease (NOMID) syndrome was 
diagnosed, and in the other pati ent there was strong clinical suspicion for the presence 
of CTD, although additi onal blood analyses were not conclusive. Adequate treatment of 
the hypoxia and hypoxemia by improved venti lati on and oxygen therapy did not reverse 
PH. Therefore, PAH due to CTD was concluded (PAH-CTD) (Figure 1).

Chronic thromboembolic disease
In 1 pati ent, with a ventriculoatrial drain because of congenital hydrocephalus, the 
diagnosis of CTE-PH was established with pulmonary perfusion scanning followed by 
selecti ve angiography (Figure 1).

PH classes and characteristics
Aft er assessing the explanatory role of each of the associated conditi ons to the development 
of PH in the individual pati ent, classifi cati on of PH revealed: idiopathic or idiopathic-like 
PAH in 29 pati ents (46%), PAH-CHD in 23 pati ents (37%), PAH-CTD in 2 pati ents (3%), 
PH-RSH in 8 pati ents (12%), and CTEPH in 1 pati ent (2%) (Figure 1).

The most common presenti ng symptom in all PH (sub)classes was exercise-induced 
dyspnea (Table 1). Syncope tended to be more frequent in pati ents with idiopathic(-like) 
PAH (P=0.06). TcSO2 was signifi cantly lower in pati ents with PAH-CHD (P=0.02). Mean 
pulmonary arterial pressures (P<0.01) and pulmonary vascular resistance index (P=0.04) 
were signifi cantly lower in pati ents with PH-RSH than in pati ents with idiopathic(-like) 
PAH and PAH-CHD.

Genetic defects and syndromal abnormalities
Screening for BMPR2 gene mutati ons was performed in 19 of the 29 pati ents with 
idiopathic(-like) PAH. Three pati ents (16%) had a BMPR2 gene mutati on, of whom 1 had 
familial and 2 had sporadic idiopathic PAH.

In additi on, syndromal abnormaliti es were encountered in 27 other pati ents (43%). The 
most common chromosomal abnormality was Down syndrome (n=13, 21%). Other specifi c 
syndromal abnormaliti es included Noonan (n=2, 3%), velocardiofacial (n=2, 3%), Jacobsen 
(n=1, 1.6%), 1p36 deleti on (n=1, 1.6%), and neonatal-onset multi system infl ammatory 
disease syndrome (n=1, 1.6%). In 7 pati ents (11%), clinical dysmorphic features and/or 
psychomotor retardati on without chromosomal abnormaliti es were observed. These 
pati ents were classifi ed as having undefi ned syndromes. The distributi on of these pati ents 
over the diff erent PH subclasses is depicted in Figure 2.
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Figure 2. Concomitant syndrome and PH class.
Other specifi c syndromes: Noonan (n=2), velocardiofacial (n=2), Jacobsen (n=1), 1p36 deleti on (n=1), NOMID 
syndrome (neonatal onset multi system infl ammatory disease) (n=1); Undefi ned syndromes: unclassifi ed dysmorfi c 
and developmental abnormaliti es (n=7)

DISCUSSION

In our series, pediatric PH was associated with ≥1 underlying conditi ons in approximately 
75% of the children. However, these associated conditi ons, including CHD, RSH and CTD, 
were not always the explanati on for the PH. In 25% of the children in whom an associated 
conditi on was identi fi ed, this conditi on was not primarily explanatory for the PAH, suggesti ng 
additi onal intrinsic pulmonary vascular disease. Ulti mately, almost half of the children were 
classifi ed as either idiopathic or idiopathic-like PAH. Syndromal abnormaliti es frequently 
co-occurred with pediatric PH (43% of all pati ents).

Congenital heart defects
In our series, CHD was the most common associated conditi on (n=40, 62%). However, 
thorough descripti on of anatomic and hemodynamic features of the CHD, including 
locati on, size, directi on, state, and ti ming of repair of the shunt substanti ated that the PH 
was insuffi  ciently explained by the CHD alone in 17 of the 40 pati ents (43%). Of these 17 
pati ents, idiopathic-like PAH was diagnosed in 10, and concomitant RSH was explanatory for 
the PH in 7. CHD which were insuffi  ciently explanatory for the PH included pre-tricuspid and 
small, originally restricti ve post-tricuspid shunt defects, as well as corrected shunt defects.

In uncorrected pre-tricuspid shunt defects, development of irreversible PAH occurs in 
only 10-20% of adult pati ents, mainly in their 3rd or 4th decade.11 In children with isolated 
pre-tricuspid shunt defects, development of irreversible PH is extremely unusual.12,13 The 
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same holds for pati ents with small restricti ve hemodynamically insignifi cant post-tricuspid 
shunt defects. In these cases, the pulmonary vasculature has not been subjected to 
systemic arterial pressures, and pulmonary-to-systemic blood fl ow oft en remains <1.5.9,10 
In additi on, in pati ents with transpositi on of the great arteries (without VSD) who undergo 
correcti ve surgery at neonatal age, PH usually does not develop as a result of increased 
pulmonary blood fl ow. However, the combinati on of neonatally corrected transpositi on 
of the great arteries and unexplained PAH is a rare but known combinati on, suggesti ng 
additi onal intrinsic pulmonary vascular disease in this specifi c populati on.13,14 A comparable 
situati on applies to pati ents with coarctati on of the aorta who undergo neonatal correcti on 
without any residual left  heart lesions, in whom PAH develops aft erwards. In our series of 
pati ents with such CHD and without other explanatory associated conditi ons, additi onal 
intrinsic pulmonary vascular disease was suspected, and therefore they were classifi ed 
as having idiopathic-like PAH.

The Venice classifi cati on off ers guidelines for the subclassifi cati on of CHD in PAH-CHD.1 
These guidelines, however, are not suffi  cient for defi ning subsets of CHD on the basis of 
shared circulatory pathophysiology. Therefore, refi nements for the subclassifi cati on of 
CHD were recently proposed.9,10 Our series of pati ents, with a diverse range of neonatally 
corrected to uncorrected pre and post-tricuspid shunt defects, demonstrates the need 
for these refi nements.

Disorders of respiratory system and/or hypoxemia
Although this study describes pediatric pati ents referred for suspected PAH, RSH and 

especially obstructi ve upper airway breathing disorders were the second largest group of 
associated conditi ons in our series. These disorders occurred frequently in the setti  ng of 
Down syndrome. Children with Down syndrome may have an anatomical predispositi on 
because of midface hypoplasia, small upper airways, and macroglossia. A nasogastric tube 
for tube-feeding in infancy and enlarged tonsils or adenoid may aggravate obstructi ve 
breathing and PH due to additi onal mechanical narrowing of the upper airways and/
or, in the case of nasogastric feeding, aspirati on and consequent venti lati on perfusion 
mismatch. Moreover, in these children hypotonia may lead to hypoventi lati on and nocturnal 
desaturati ons, and obesity may induce a form of Pickwickian syndrome.15,16 

PH-RSH, in our series due to obstructi ve upper airway breathing in all pati ents, was 
characterized by relati vely favorable hemodynamics and a relati vely benign course. In 
contrast to PH in children with PAH, PH in this subclass resolved in most children aft er 
relieving the airway obstructi on. Furthermore, in contrast to decreased survival in PAH, we 
observed no deaths in children with PH-RSH during follow-up. These fi ndings underscore 
the importance of a thorough diagnosti c work-up in children with PH, because an adequate 
diagnosis may dictate therapeuti c strategy and outcome. The outcome of these pediatric 
pati ents also strongly contrasts with that of adults with PH-RSH. In adults, PH-RSH frequently 
occurs in the setti  ng of chronic obstructi ve lung disease and these pati ents obviously have 
a more dismal outcome.17
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Genetic defects and syndromal abnormalities
BMPR2 gene defects were encountered in 3 (16%) of the 19 tested children with idiopathic(-
like) PAH. This is in line with a previous study in 18 pediatric pati ents with idiopathic PAH 
reporti ng diff erent geneti c defects of the Transforming Growth Factor-beta pathway in 22% 
of the cases, half of which consisted of BMPR2 gene mutati ons.18 In additi on, syndromal 
abnormaliti es were encountered in a remarkably high number of pati ents (43%). Down 
syndrome was the most common (21%). The increased incidence of PH in pati ents with 
Down syndrome is well known. As observed in our series, these pati ents may have diff erent 
potenti al causes for PH, such as CHD, upper airway obstructi on, pulmonary hypoplasia, and 
increased suscepti bility for pulmonary vascular disease.15,16,19-21 In pati ents such as these 
with CHD and increased suscepti bility for pulmonary vascular disease, screening for PH and 
early correcti on of the CHD should be considered in order to prevent development of PAH.

An interesti ng subset of 4 pati ents with Down syndrome and 1 pati ent with 1p36 
deleti on syndrome developed PH in the fi rst months of life in the presence of a CHD, 
with right-to-left  shunt, and obstructi ve upper airway breathing. We named this subset 
“accelerated PAH-CHD”. In these pati ents, extremely high pulmonary vascular resistance 
and right-to-left  shunti ng through the heart defect was already present in the fi rst weeks 
of life and persisted thereaft er. In these pati ents, a failure of postnatal adaptati on and 
remodeling of the pulmonary vascular bed may have contributed to this specifi c presentati on 
of PAH and CHD. Although the obstructi ve upper airway breathing may have accounted 
partly for the PH, the PH remained progressive, even aft er measures to relieve upper 
airway obstructi on. This observati on is in line with previous reports which suggest higher 
suscepti bility for PH in pati ents with Down syndrome.19,20

The high prevalence of syndromal abnormaliti es in pediatric pati ents with PH could 
indicate the presence of unidenti fi ed geneti c mutati ons leading to increased intrinsic 
suscepti bility for pulmonary vascular disease via pathways that are currently unknown. 
Documentati on of these clinical associati ons in combinati on with the developments in 
geneti c analysis techniques such as genome-wide arrays, may lead to identi fi cati on of 
such pathways.

This study has limitati ons. In 6 of 63 pati ents cardiac catheterizati on was not performed, 
due to clinical instability or positi ve response of PH to treatment of obstructi ve breathing. 
However, in 3 of these 6 pati ents, echocardiography unambiguously established the 
diagnosis of Eisenmenger syndrome, and in the other 3 pati ents obvious high maximal 
systolic tricuspid regurgitant velocity determined the presence of PH. Next, it is important 
to realize that this study cannot provide epidemiological data on the relati ve frequencies 
of the PH classes in the pediatric age group, such as PH associated with pulmonary venous 
congesti on or with RSH, since these pati ents are not systemati cally referred to the expert 
center. Consequently, pati ent numbers for these PH classes are not representati ve for the 
total populati on and certain subclasses of PH, such as bronchopulmonary dysplasia, were 
not observed. In contrast, although not designed to answer epidemiological questi ons, 
this study does provide valuable data on the distributi on of associated conditi ons in 
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pediatric PAH. Finally, this study describes the complexity in diagnosing and classifying 
PH in pediatric pati ents. Due to this complexity, classifi cati on may have been limited by 
arbitrary judgment. Nevertheless, these complex decisions are precisely those which 
clinicians are faced with in daily practi ce. We have therefore att empted to elucidate these 
decisions as systemati cally as possible.

In conclusion, pediatric PH is characterized by a complex clinical presentati on. Associated 
conditi ons may be identi fi ed in the majority of cases. However, these associated disorders 
are not necessarily explanatory for the PH, indicati ng the presence of additi onal intrinsic 
pulmonary vascular disease in certain pati ents. In the assessment of CHD, careful att enti on 
must be paid to the circulatory physiology of the shunt in order to judge its explanatory 
role in the development of PH. Syndromal abnormaliti es are frequent in pediatric pati ents 
with PH, suggesti ng a possible geneti c role in the development of PH. 

For the general pediatrician it is important to be aware of PAH in children at risk for the 
disease, such as pati ents with Down syndrome and CHD, since PAH is a serious fatal disease 
which requires specifi c treatment. When echocardiography reveals PH, careful diagnosti c 
work-up is required in order to identi fy associated conditi ons including obstructi ve breathing 
and CHD, and to defi ne their explanatory roles in the PH. Pati ents with suspected PAH 
should be referred to centers with expert knowledge on pediatric PAH.
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ABSTRACT

Litt le is known about the eff ects of “second generati on drugs” (prostanoids, endothelin 
receptor antagonists, 5-phosphodiesterase-inhibitors) on children with pulmonary 
arterial hypertension (PAH). This study describes the outcome of a nati onal cohort of 
children with PAH in an era during which these drugs became available. Between 1993 
and 2008, 52 consecuti ve children with idiopathic (n=29) or systemic-to-pulmonary 
shunt associated PAH (n=23) underwent baseline and follow-up assessments. Treatment 
was initi ated depending on functi onal class, acute pulmonary vasoreacti vity response 
and drug availability. Observed survival was evaluated depending on ti me of diagnosis 
in relati on to second generati on drug availability and subsequently compared to cal-
culated predicted survival. Children for whom second generati on drugs were available 
had improved survival compared to their predicted survival (1,3,5-year survival rates of 
93%,83%,66% versus 79%,61%,50%, respecti vely). However, this improved survival was 
observed only in pati ents for whom second generati on drugs became available during 
their disease course. No improved survival was observed in pati ents for whom drugs 
were available already at diagnosis. Baseline variables associated with decreased sur-
vival included: higher functi onal class, higher pulmonary-to-systemic arterial pressure 
rati o, lower cardiac index and higher serum levels of N-terminal pro brain natriureti c 
pepti de (NT-proBNP) and uric acid. Aft er start of second generati on drugs, functi onal 
class, 6-minute walk distance and NT-proBNP improved, but gradually declined aft er 
longer follow-up. In conclusion, survival of pediatric PAH seemed improved since the in-
troducti on of second generati on drugs, only in selected pati ents for whom drugs became 
available during their disease course. Start of second generati on drugs initi ally induced 
clinical improvements, but these eff ects declined aft er longer follow-up.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive, detrimental pulmonary vascular 
disease, characterized by advanced remodeling of the small pulmonary arteries leading 
to increased pulmonary vascular resistance and right ventricular failure. The disease can 
occur at all ages as idiopathic enti ty (iPAH) or associated with various underlying condi-
ti ons, such as congenital heart defects with systemic-to-pulmonary shunt (PAH-CHD).1 
Without treatment, the esti mated median survival aft er diagnosis of pati ents with iPAH 
is reported to be dismal: 0.8 years in children and 2.8 years in adults.2 

In the treatment of PAH, calcium channel blockers (“fi rst generati on drugs”) are 
prescribed to responders to acute pulmonary vasodilator testi ng. In the last years, 3 
classes of “second generati on drugs” have been introduced: prostanoids (epoprostenol, 
treposti nil, iloprost, beraprost), endothelin receptor antagonists (bosentan, sitaxentan, 
ambristentan) and 5-phosphodiesterase inhibitors (sildenafi l, tadalafi l).3,4 These drugs 
are presumed to have not only pulmonary vasodilator acti vity but also to improve the 
remodeling of the pulmonary arteries. With these new drugs, functi onal and hemody-
namic improvements as well as increased survival have been demonstrated in adults 
with PAH.3,5,6 Although no randomized clinical trials have been published in children, 
uncontrolled studies have suggested benefi cial eff ects in pediatric PAH as well.7-10

The objecti ve of this study was to report the outcome of a nati onal, consecuti ve cohort 
of children with PAH treated in a period during which second generati on drugs became 
available. Observed survival of these children is assessed in relati on to the availability 
of these drugs. In additi on, potenti al baseline predictors for survival and the eff ect of 
second generati on drugs on follow-up assessments are evaluated.

METHODS 

Patients
Between 1993 and 2008, 52 consecuti ve children with PAH (iPAH, n=29; PAH-CHD, 
n=23) were seen within the Dutch network for diagnosis and treatment of pediatric 
PAH. Pati ents with persistent pulmonary hypertension of the newborn were excluded. 
This network includes all 8 Dutch pediatric cardiology centers, of which one serves as an 
expert center to which pati ents with PAH are referred for diagnosti c work-up, initi ati on 
of therapy and serial follow-up.11 Pati ent data are entered in a data base registry with 
informed consent from parents/caregivers and with insti tuti onal review board approval.

At presentati on at the referral center, all but 3 children underwent cardiac catheter-
izati on. Diagnosis of PAH was confi rmed by measurement of a mean pulmonary arte-
rial pressure ≥25mmHg, pulmonary capillary wedge pressure ≤15mmHg and pulmonary 
vascular resistance >3WU.m2. Hemodynamic evaluati on including acute pulmonary 
vasodilator testi ng with oxygen and/or nitric oxide was used to exclude operability in 
pati ents with PAH-CHD. Acute responders were identi fi ed according to criteria as defi ned 
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by Barst et al.12 In 3 pati ents, cardiac catheterizati on was not performed due to clinical in-
stability. In these pati ents, diagnosis of PAH-CHD and Eisenmenger syndrome physiology 
was established echocardiographically by measurement of a right-to-left  shunt through 
the cardiac defect. Obstructi ve anatomical lesions in the right ventricular outf low tract 
and proximal pulmonary arteries as well as signs of pulmonary venous congesti on were 
excluded.

Diagnosis of PAH-CHD and iPAH was determined aft er extensive diagnosti c work-up 
and evaluati on of associated conditi ons, as described in detail previously.11 In short, pa-
ti ents with PAH-CHD had congenital heart defects consisti ng of large unrestricti ve post-
tricuspid shunts (e.g. ventricular septal defects). Five of these pati ents had undergone 
previous shunt closure before developing persistent PAH for 1 year or longer.

Study assessments
Baseline and follow-up assessments further included World Health Organizati on func-
ti onal class (WHO class), transcutaneous oxygen saturati on at rest (TcSO2), body mass 
index (BMI), blood pressure, 6-minute walk distance (in children aged ≥5 years, 6MWD), 
hematocrit, N-terminal pro brain natriureti c pepti de (NT-proBNP), uric acid, and creati -
nine. Follow-up assessments were obtained at least every 6 months. In additi on, survival 
was analyzed.

Since walking distance in childhood is correlated with age, we corrected 6MWD for 
age by calculati ng standard deviati on scores for 6MWD (6MWD-SDS) using reference 
values for healthy Caucasian children aged 4-11 years.13 Reference values for children 
aged 12-18 years were derived by extrapolati ng 6MWD values from those obtained in 
healthy Caucasian adults.14 In additi on, standard deviati on scores for BMI (BMI-SDS) 
were calculated using reference values for healthy Dutch children.15

Treatment regimen
Supporti ve drugs, including anti coagulants and diureti cs, as well as calcium channel block-
ers were available throughout the study period. Second generati on drugs, although not 
yet registered for pediatric use, were available for children seen at the expert center from 
2000: epoprostenol from 2000, bosentan and sildenafi l from 2002. Since evidence-based 
treatment guidelines for children with PAH are lacking, treatment during the period of 
second generati on drug availability was given according to an adapted version of the es-
tablished treatment algorithm for adults with PAH.3,16 This adapted treatment algorithm 
strati fi es pati ents by diagnosis, responder status to acute pulmonary vasodilator testi ng 
and WHO class. In iPAH, responders to acute pulmonary vasodilator testi ng who were in 
WHO class II or III were started on calcium channel blockers. In both iPAH and PAH-CHD, 
non-responders in WHO class III were started on bosentan. In case of clinical worsening, 
these pati ents received additi onal sildenafi l. If clinical worsening persisted despite ad-
diti onal sildenafi l, additi onal intravenous epoprostenol was initi ated. Responders and 
non-responders in WHO class IV were started on epoprostenol. However, in pati ents 
with Eisenmenger syndrome intravenous epoprostenol administrati on was used only in 
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highly selected pati ents. Evaluati on of clinical worsening was based on the physician’s 
judgment during follow-up.

Drugs were dosed according to body weight. Calcium channel blockers (dilti azem or 
nifedipine) were administered in a dose of 1-8 mg/kg/day. Bosentan target dose was 
31.25 mg (10-20kg weight), 62.5 mg (20-40kg) or 125 mg (weight >40kg) twice daily.17 
Before reaching this dose of bosentan, pati ents received half the target dose once daily 
for 4 weeks. Sildenafi l was prescribed in a target dose of 1-4 mg/kg/day. Epoprostenol 
was delivered conti nuously via an implantable intravenous delivery system.18 The ini-
ti al target dose ranged from 17-20 ng/kg/min and was subsequently upti trated unti l a 
sati sfactory clinical response was obtained (range 20-55 ng/kg/min). Supporti ve drugs 
included diureti cs and anti coagulants (coumarin derivati ves or acetylsalicylic acid). All 
pati ents were prescribed anti coagulants, unless contraindicati ons such as hemoptysis 
were present.

Patient groups
For analysis purposes, we divided the pati ents into 3 cohorts based on their ti me of 
diagnosis in relati on to the availability of second generati on drugs: 1) pati ents who were 
diagnosed before and died before second generati on drugs were available to the pati ent 
(cohort 1, n=7), 2) pati ents for whom second generati on drugs were not available at ti me 
of diagnosis, but became available during the disease course (cohort 2, n=21) and 3) 
pati ents for whom second generati on drugs were available at ti me of diagnosis (cohort 
3, n=24). Cohorts 1 and 2 included pati ents diagnosed before the introducti on of these 
drugs (n=26) as well as pati ents in whom these drugs were recommended but not initi -
ated because of late referral to the expert center (n=2).

Statistical analysis
Data are presented as mean±SD or median and range, where appropriate. Log trans-
formati on was used to normalize the distributi on of variables. To analyze diff erences in 
baseline assessments between the 3 cohorts, one-way ANOVA with Bonferroni post-hoc 
testi ng (conti nuous variables) or Kruskal-Wallis followed by Mann-Whitney post-hoc 
testi ng with Bonferroni correcti on was performed (WHO class, age, weight). To analyze 
diff erences in baseline assessments between iPAH versus PAH-CHD and between cohort 
2 versus cohort 3, independent samples t-tests (conti nuous variables) and Mann-Whitney 
U tests (WHO class, age, weight) were used. Survival for all pati ents and for the study 
cohorts is depicted using Kaplan-Meier curves.

Predicted survival of cohorts 2 and 3 was calculated using the equati on for probability 
of survival formulated by the landmark Nati onal Insti tutes of Health (NIH) registry of 
pati ents with iPAH2 and validated in other cohorts of adults19 and children.20 This equa-
ti on uses mean pulmonary arterial pressure (mPAP), mean right atrial pressure (mRAP) 
and cardiac index (CI) to calculate predicted survival (P) at diff erent follow-up ti me points 
(t): P(t) = [H(t)] exp e exp (0.007325*mPAP + 0.0526*mRAP – 0.3275*CI) where H(t) = 
[0.88 – 0.14t + 0.01t2].
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To identi fy baseline predictors for survival in all pati ents, clinical, laboratory and 
hemodynamic baseline assessments, diagnosis (iPAH versus PAH-CHD) and cohort 
(cohort 2 and cohort 3 versus cohort 1) were analyzed by means of the univariate Cox 
proporti onal hazards model. Baseline variables found to be predicti ve in the univariate 
analysis (P<0.05) were subsequently corrected for age, sex, diagnosis and cohort using 
multi variate Cox regression analysis.

To explore ti me-specifi c diff erences in the eff ect of second generati on drugs on diff er-
ent clinical and laboratory follow-up assessments from start of second generati on drugs, 
a random intercept and random coeffi  cient mixed model for repeated measures was 
used. This approach accommodated imbalance in the data due to variable number of 
repeated measures and unequal intervals between measurements. In additi on, subject 
specifi c eff ects such as age and sex were considered in the individual random eff ects 
component. All p-values were two-tailed and those ≤0.05 were considered signifi cant. 
Stati sti cal analyses were performed with SPSS 16.0 (SPSS Inc., Chicago, IL, USA) and Stata 
10 (Stata Corporati on, College Stati on, Texas, USA) for Windows.

RESULTS 

Patients
Baseline characteristi cs of all pati ents at presentati on at referral center are summarized 
in Table 1. There were signifi cantly more pati ents with PAH-CHD in cohort 2 than cohort 
3. In cohort 2, median ti me from diagnosis to second generati on drug availability was 
4.0 years (range 0.8-13.3). This ti me period was signifi cantly longer in PAH-CHD than in 
iPAH pati ents (respecti vely, median 5.2 range 1.6-13.3 years, and median 2.7 range 0.8-
4.9 years; P=0.03). Cohort 2 had signifi cantly lower respiratory rate, TcSO2, hematocrit 
and NT-proBNP. No stati sti cally signifi cant diff erences between iPAH and PAH-CHD were 
found, except for TcSO2, which was signifi cantly lower in PAH-CHD (P=0.02, Table 2).

Table 1. Baseline characteristi cs, strati fi ed per study cohort 
Data presented as N (%), median (range) or mean ± SD.
Cohort 1, pati ents who were diagnosed before and died before second generati on drugs were available to 
the pati ent; Cohort 2, pati ents for whom second generati on drugs were not available at ti me of diagnosis, but 
became available during the disease course; Cohort 3, pati ents for whom second generati on drugs were avail-
able at ti me of diagnosis; iPAH, idiopathic pulmonary arterial hypertension; PAH-CHD, PAH associated with 
systemic-to-pulmonary shunts; SDS, standard deviati on score; Responder, acute pulmonary vasodilator testi ng 
responder; mPAP/mSAP, rati o between mean pulmonary and systemic arterial pressure; Qp/Qs, rati o between 
pulmonary and systemic blood fl ow index; PVR/SVR, rati o between pulmonary vascular resistance index and 
systemic vascular resistance; WU, Woods units.
* cohort 2 vs cohort 3: respiratory rate, p=0.04; TcSO2, p=0.01; hematocrit, p=0.001; NT-proBNP, p=0.02; diag-
nosis, p=0.03
† cohort 1 vs cohort 2: age at presentati on and at diagnosis p=0.03; cohort 1 vs cohort 3: age at diagnosis p=0.01
# diff erence between 3 cohorts: TcSO2, p=0.01; hematocrit, p=0.001

LVL.indd   88LVL.indd   88 18-03-10   13:5418-03-10   13:54



89

C
h

ap
ter 5   

Table 1. Baseline characteristi cs, strati fi ed per study cohort

 Variable
All pati ents

(N=52)

Cohort 1

(N=7)

Cohort 2

(N=21)

Cohort 3

(N=24)

Diagnosis    iPAH 29 (56%) 4 (57%) 8 (38%)* 17 (71%)*

                     PAH-CHD 23 (44%) 3 (43%) 13 (62%)* 7 (29%)*

Age at presentati on (years) 6.1 (0.04; 17.4) 1.2 (0.04; 14.9)† 7.2 (1.4; 17.4)† 4.7 (0.1; 15.8)

Age at fi rst diagnosis (years) 3.1 (0.01; 15.8) 1.1 (0.01; 6.9)† 3.1 (0.04; 15.8)† 4.4 (0.1; 15.4)†

Female 33 (63) 4 (57) 12 (57) 17 (71)

Weight (kg) 18.0 (2.5; 89.0) 7.7 (3.2; 60.9) 20.0 (8.2; 62.0) 16.4 (2.5; 89.0)

Body mass index (kg/m2) 16.7 ±  4.7 14.7 ± 1.9 17.8 ± 4.9 16.4 ± 4.9

Body mass index-SDS -0.8 ± 1.9 -1.2 ± 1.3 -0.3 ± 1.6 -1.2 ± 2.2

Blood pressure systolic (mmHg)  97 ± 18 88 ± 17 101 ± 12 97 ± 21

                            diastolic (mmHg) 60 ± 13 53 ± 16 62 ± 8 60 ± 15

Heart rate (beats per minute) 99 ± 23 113 ± 38 92 ± 10 103 ± 27

Respiratory rate (breaths per minute) 31 ± 10    35 ± 12#   27 ± 6*#       33 ± 11*#

Transcutaneous oxygen saturati on (%) 92 ± 7 90 ± 6#   89 ± 7*#     95 ± 6*#

WHO class  I 1 (2) 0 0 1 (1)

                     II 13 (25) 1 (14) 6 (29) 6 (25)

                     III 26 (50) 4 (57) 11 (52) 11 (49)

                     IV 12 (23) 2 (29) 4 (19) 6 (25)

Six-minute walk distance (meters) 349 ± 100 327 312 ± 112 381 ± 86

Six-minute walk distance-SDS -3.3 ± 2.1 -4.0 -4.2 ± 2.1 -3.2 ± 1.9

Hematocrit 0.44 ± 0.10 0.50 ± 0.14   0.48 ± 0.11*   0.39 ± 0.05*

Uric acid (mmol/L) 0.30 ± 0.10 0.42 0.31 ± 0.09 0.30 ± 0.11

NT-proBNP (log value) 2.7 ± 0.6 3.3#     2.3 ± 0.6*#     2.8 ± 0.7*#

Creati nine (μmol/L) 51 ± 19 30 52 ± 16 53 ± 20

Responder (%) 8 (15) 0 4 (19) 4 (17)

Aorti c saturati on (%)         92 ± 9 96 ± 6 91 ± 8 91 ± 10

Mixed venous saturati on (%) 62 ± 10 58 ± 6 65 ± 8 60 ± 12

Mean right atrial pressure (mmHg) 7 ± 4 5 ± 2 8 ± 4 7 ± 4

Mean pulmonary arterial pressure 

(mmHg)
55 ± 18 68 ± 22 53 ± 16 53 ± 18

mPAP/mSAP 0.9 ± 0.3 1.1 ± 0.3 0.9 ± 0.3 0.9 ± 0.3

Cardiac index (L/min/m2) 2.8 ± 1.2 2.4 ± 0.8 3.1 ± 1.5 2.6 ± 0.7

Qp/Qs 1.0 ± 0.4 1.0 ± 0.3 1.0 ± 0.4 1.1 ± 0.5

Pulmonary vascular resistance index 

(WU.m2)
20.5 ± 13.7 28.2 ± 16.4 18.5 ± 12.9 20.2 ± 13.6

PVR/SVR 1.0 ± 0.6 1.4 ± 0.8 0.9 ± 0.7 0.9 ± 0.5
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Table 2. Baseline characteristi cs, strati fi ed per diagnosis

Variable 
iPAH

(N = 29)

PAH-CHD

(N = 23)

Cohort 1 4 (14) 3 (13)

              2 8 (28) 13 (57)

             3 17 (58) 7 (30)

Age at presentati on (years) 5.0 (0.04; 15.8) 6.9 (0.05; 17.4)

Age at fi rst diagnosis (years) 4.4 (0.01; 15.8) 2.8 (0.04; 15.2)

Female 16 (55) 17 (74)

Weight (kg) 17.8 (3.4; 89.0) 19.3 (2.5; 60.9)

Body mass index (kg/m2) 17.0 ± 4.7 16.4 ± 4.7

Body mass index-SDS -0.7 ± 1.9 -0.9 ± 1.9

Blood pressure systolic (mmHg) 101 ± 18 92 ± 16

                         diastolic (mmHg) 63 ± 13 57 ± 12

Heart rate (beats per minute) 100 ± 22 98 ± 24

Respiratory rate (breaths per minute) 30 ± 9 32 ± 10

Transcutaneous oxygen saturati on (%) 94 ± 5 * 88 ± 7 *

WHO class   I 1 (3) 0

                     II 8 (28) 6 (26)

                     III 13 (45) 12 (52)

                     IV 7 (24) 5 (22)

Six-minute walk distance (meters) 374 ± 104 312 ± 83

Six-minute walk distance-SDS -2.8 ± 2.2 -4.1 ± 1.7

Hematocrit 0.39 ± 0.05 0.50 ± 0.11

Uric acid (mmol/L) 0.30 ± 0.10 0.31 ± 0.10

NT-proBNP (log value) 2.6 ± 0.7 2.6 ± 0.6

Creati nine (μmol/L) 53 ± 20 49 ± 18

Responder 7 (24) 1 (4)

Aorti c saturati on (%) 94 ± 8 89 ± 8

Mixed venous saturati on (%) 61 ± 11 62 ± 9

Mean right atrial pressure (mmHg) 7 ± 4 7 ± 4

Mean pulmonary arterial pressure (mmHg) 55 ± 17 54 ± 20

mPAP/mSAP 0.9 ± 0.3 1.0 ± 0.1

Cardiac index (l/min/m2) 2.8 ± 0.8 2.8 ± 1.5

Qp/Qs 1.0 ± 0.2 1.1 ± 0.6

Pulmonary vascular resistance index (WU.m2) 19.9 ± 12.3 20.1 ± 15.1

PVR/SVR 1.0 ± 0.6 1.0 ± 0.7
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Table 2. Baseline characteristi cs, strati fi ed per diagnosis 
Data presented as N (%), median (range) and/or mean ± SD
iPAH, idiopathic pulmonary arterial hypertension; PAH-CHD, PAH associated with congenital heart defects 
with systemic-to-pulmonary shunt; SDS, standard deviati on score; Responder, responder to acute pulmonary 
vasodilator testi ng; mPAP/mSAP, rati o between mean pulmonary and systemic arterial pressure; Qp/Qs, rati o 
between pulmonary and systemic blood fl ow index; PVR/SVR, rati o between pulmonary and systemic vascular 
resistance index, WU =Woods units. * iPAH vs PAH-CHD: TcSO2 P=0.02

Treatment
Calcium channel blockers were started in 8 pati ents. Second generati on drugs were 
administered to 37 pati ents, of whom 5 had previously received calcium channel block-
ers. In these 5 pati ents, second generati on drugs were started due to clinical deteriora-
ti on and disappearance of acute pulmonary vasodilator response aft er start of calcium 
channel blocker therapy (median 2.0years, range 0.6-6.3). Pati ents received monother-
apy (n=22) or combinati on therapy with two (n=13) or three (n=2) second generati on 
drugs. Second generati on drugs included bosentan (n=33), beraprost (n=1), sildenafi l 
(n=11) and epoprostenol (n=9). Twelve pati ents received no specifi c anti -PAH drugs due 
to good clinical conditi on (WHO class I or II, n=3), refusal to receive drugs (n=1), rapid 
death within a few days due to end-stage disease (n=1) and death before second genera-
ti on drug availability (n=7).

Survival and baseline predictors for survival
During a follow-up ranging from 0.02 to 14.3 years (median 3.3), 18 pati ents died: 10 
of 29 (34%) iPAH, 8 of 23 (35%) PAH-CHD pati ents. Causes of death included progres-
sive right ventricular failure (n=9), hemoptysis leading to acute circulatory failure (n=5), 
acute pulmonary hypertensive crisis during anesthesia for heart catheterizati on (n=1) or 
renewal of intravenous epoprostenol delivery system (n=1), sepsis due to infecti on of the 
intravenous epoprostenol delivery system (n=1) and sudden death (n=1).

Survival from ti me of diagnosis for all pati ents is depicted in Figure 1A. Survival did not 
diff er signifi cantly between iPAH and PAH-CHD (Figure 1B). In contrast, survival rates 
for cohort 2 were higher than those for cohort 3 (p=0.05) and cohort 1 (p=0.002; Figure 
1C). Observed survival from ti me of second generati on drug availability for cohorts 2 and 
3 together was improved compared to their calculated predicted survival (Figure 2A). 
When analyzed separately, survival for cohort 2 was signifi cantly bett er than predicted 
survival (Figure 2B), whereas survival for cohort 3 was not improved (Figure 2C).

Aft er correcti ng for age and sex, univariate Cox regression analysis revealed the fol-
lowing baseline variables to be associated with worse survival in all children: increased 
WHO class, decreased (systolic and diastolic) blood pressure, increased pulmonary-to-
systemic arterial pressure rati o, decreased mixed venous saturati on and cardiac index 
and increased NT-proBNP and uric acid levels (Table 3). In additi on, cohort 2 had bett er 
survival compared to cohort 3, while cohort 1 had worse survival compared to cohort 3. 
Correcti on for diagnosis did not aff ect the predicti ve values of the variables. Aft er cor-
recti on for cohort, diastolic blood pressure, mixed venous saturati on and cardiac index 
lost their predicti ve values. Sex, age, responder status and diagnosis were not predicti ve 
for survival.
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Figure 1. Survival of pediatric pati ents with PAH
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Figure 2. Survival from second generati on drug availability 

Survival from ti me of second generati on drug availability for:
A. Cohorts 2 and 3 (n=45). 1,3 and 5 year survival rates: 93%, 83% and 66% (observed), 79%, 61% and 50% 
(calculated predicted).
B. Cohort 2. 1, 3 and 5 year survival rates: 100%, 95% and 79% (observed), 79%, 62% and 50% (calculated predicted). 
C. Cohort 3. 1, 3 and 5 year survival rates: 88%, 70% and 51% (observed), 77%, 58% and 46% (calculated predicted).
Survival curves are depicted including 95%CI.
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Figure 3. Change in WHO class, 6-minute walk distance SDS and NT-proBNP aft er initi ati on of second genera-
ti on drugs

Follow-up assessments
Aft er start of second generati on drugs, WHO class improved during the fi rst 2 years of 
follow-up (p<0.001, Figure 3A). On the longer-term, however, this improvement dimin-
ished and WHO class increased (p<0.01). A similar profi le was seen for 6MWD-SDS and 
NT-proBNP: during the fi rst 6 months of follow-up, 6MWD-SDS increased (p=0.01, Figure 
3B) and NT-proBNP decreased (p<0.01, Figure 3C), aft er which these improvements 
disappeared. No signifi cant changes from start of second generati on drugs were seen in 
the other clinical and laboratory variables.

DISCUSSION
In this study, we observed that children with PAH for whom second generati on drugs 
were available had improved survival compared to their predicted survival. However, this 
improved survival appeared to be mainly driven by pati ents for whom second generati on 
drugs became available during their disease course (cohort 2), and not by pati ents for 
whom second generati on drugs were available already at diagnosis (cohort 3). Start of 
second generati on drugs resulted in clinical and laboratory improvements during short-
term follow-up. However, these improvements were lost in the longer term.

Improved survival since the availability of second generati on drugs has been observed 
in several studies in adults with iPAH and PAH-CHD, treated with combinati ons of epo-
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prostenol, bosentan and sildenafi l. In these studies, 1, 3 and 5 year survival rates ranged 
85-93%, 63-83% and 55-80%, respecti vely.5,6,21 Litt le data is available on the eff ect of 
second generati on drugs on the survival of children with PAH. 

In this study of pediatric PAH, we observed survival rates, starti ng from second genera-
ti on drug availability, comparable to those reported in adults. In the inevitable absence 
of a contemporary control group, we calculated predicted survival of our pati ents using 
the historical NIH registry equati on, in order to evaluate the eff ect of second generati on 
drugs on survival.2 Although originally derived from a cohort of adults with iPAH, this 
equati on has been validated and applied successfully to evaluate survival in pediatric 
PAH.20 In our series, observed survival in pati ents for whom second generati on drugs 
were available was bett er than their predicted survival. These results suggest that chil-
dren with PAH have also benefi ted from the new therapies, to such a degree that their 
current survival appears to be no longer worse than, but similar to survival in adults with 
PAH.

Subgroup analyses, however, indicated that the improved survival was driven by pa-
ti ents for whom second generati on drugs became available during their disease course 
(cohort 2). Pati ents for whom second generati on drugs were available already at diagno-
sis (cohort 3) failed to reach these improved survival rates. This important observati on 
questi ons whether the improvements in survival should be fully ascribed to the new 
drugs. Instead, cohort 2 may represent a selecti on of PAH pati ents with relati vely milder 
disease associated with a relati vely favorable prognosis when compared to cohort 3. 
From this point of view, it is of interest to note that cohort 2 in our series might have had 
more favorable baseline hemodynamics (cardiac index and mixed venous saturati on), 
and more oft en a diagnosis of PAH-CHD. Nevertheless, aft er correcti ng for diagnosis, the 
hazard rati os of the hemodynamic predictors of death remained unchanged, indicati ng 
that the improved survival of cohort 2 was not caused by a diff erent distributi on of diag-
noses. Moreover, separate analyses of iPAH versus PAH-CHD did not reveal diff erences 
in baseline assessments nor in survival between these cohorts.

The observed similar survival rates for pediatric iPAH and PAH-CHD is in contrast to 
reported survival rates in adults with PAH. Adults with PAH-CHD appear to have a mark-
edly bett er survival than adults with iPAH (untreated median survival of 30-40 and 2.8 
years, respecti vely). These favorable survival rates in adults with PAH-CHD are derived 
from studies recruiti ng pati ents presenti ng at clinics for adults with congenital heart 
disease and, consequently, suff er from bias due to the selecti on of pati ents who survived 
into adulthood. Data on survival of PAH-CHD or Eisenmenger syndrome in the pediatric 
age group are scarce. This study supports the noti on that in the pediatric age group the 
median survival of Eisenmenger syndrome is worse than that in adults.22

Although not yet captured in evidence based guidelines, in adults with PAH a more 
aggressive, “goal-oriented” treatment approach is currently being proposed. Such an 
approach recommends adding new drugs not only in case of clinical worsening, but also 
in case of failure to reach preset treatment goals, leading to earlier installment of com-
binati on therapy.21 In our series, combinati on therapy was started in 15 of 37 pati ents 
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(41%) treated with second generati on drugs. Our observati on that pati ents in cohort 
3 failed to show improved survival compared to predicted survival, may indicate that, 
also or explicitly, in pediatric PAH, more aggressive, goal-oriented treatment strategies 
incorporati ng more frequent and earlier combinati on therapy, are warranted.

Analogous to previous reports both in adults2,6,19 and children12,20,23, decreased cardiac 
index, decreased mixed venous saturati on and increased pulmonary arterial pressure 
emerged as hemodynamic predictors of decreased survival. These variables were predic-
ti ve, independent of diagnosis. In additi on, WHO class and NT-proBNP were predicti ve 
for survival. Although oft en termed a subjecti ve parameter, WHO class has been identi -
fi ed previously as predictor for survival in adults with PAH.2,5,6 

As in previous reports on adults and children with PAH, in this study children treated 
with second generati on drugs showed short-term improvements in WHO class, 6MWD-
SDS and NT-proBNP.8,9,22,24,25 Aft er longer follow-up, these improvements gradually 
declined despite the conti nuati on or increase of therapy. Although few studies report 
the course of these variables aft er long-term treatment, similar observati ons have been 
made previously in both children and adults with PAH-CHD treated with bosentan.22,26,27 
It also appears in line with the observati on that most of the exercise and hemodynamic 
improvements occur within the fi rst year, with litt le improvement thereaft er.5 The value 
of non-invasive assessments to evaluate disease severity, guide treatment adaptati ons 
and predict outcome should be further explored in children with PAH.25

This observati onal study was limited by the lack of a control group. However, random-
ized controlled trials in pediatric PAH have sti ll not been published and the current study 
represents one of the largest reported series ever of consecuti ve pediatric PAH-pati ents 
with controlled and standardized long-term follow-up. Since no contemporary age-
matched control pati ents are available, we used the, previously validated, NIH registry 
equati on to calculate predicted survival. Although this method has intrinsic limitati ons, it 
allows for comparison with long-term data on treatment eff ects in adult PAH, where this 
technique has also been used for the same reason.5,19-21,28,29 Evaluati ng the eff ects of ther-
apy in iPAH and PAH-CHD together may have limitati ons due to physiological diff erences 
between both pati ent groups. However, subgroup analyses demonstrated similar survival 
and baseline predictors for survival in both groups, justi fying their combined analyses.

In conclusion, survival of pediatric PAH seemed improved since the introducti on of 
second generati on drugs, only in selected pati ents for whom drugs became available 
during their disease course. In pediatric PAH, predictors of survival seemed similar 
to those reported in adults. Start of second generati on drugs initi ally induced clinical 
and laboratory improvements, but these eff ects declined aft er longer follow-up. These 
results support the noti on that in pediatric PAH, more aggressive treatment strategies, 
resulti ng in more frequent and earlier use of combinati on therapy, should be considered.
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ABSTRACT

Background
Pulmonary vasodilator challenge is regarded important in the evaluati on of pulmonary 
arterial hypertension (PAH). However, there has been discussion regarding the preva-
lence and defi niti on of an acute vasodilator response and its applicability in diff erent 
PAH-subgroups. 

Methods and Results
Sixty-six PAH-pati ents underwent pulmonary vasodilator challenge (38 children, 28 
adults). Twenty-nine pati ents had idiopathic PAH (iPAH), 29 PAH associated with con-
genital heart defects, 8 had other forms of PAH. Acute pulmonary vasodilator response 
(AR) was defi ned during heart catheterizati on according to three criteria –Barst (1986), 
Rich (1992) and Sitbon (2005)– and related to survival. The prevalence of AR was evalu-
ated in all pati ents, and separately in subgroups based on diagnosis, age and presence 
of a non-restricti ve post-tricuspid shunt. Prevalence of AR appeared highly dependent 
on the used criteria and was highest in iPAH, compared to other forms of PAH. No dif-
ference in prevalence between children and adults with iPAH could be demonstrated. 
No responders could be identi fi ed in pati ents with a post-tricuspid shunt. AR predicted 
improved survival only when using the Sitbon-criteria. Baseline pulmonary-to-systemic 
arterial pressure rati o (PAP/SAP, p=0.001) and vascular resistance rati o (PVR/SVR, 
p=0.005) appeared to be independent predictors for survival in all subgroups.

Conclusions
The prevalence of AR in PAH depends on the used criteria and is comparable between 
children and adults with iPAH. AR is highest in iPAH and absent in pati ents with a post-
tricuspid shunt. Only responders according to the Sitbon-criteria showed improved 
survival. Baseline PAP/SAP and PVR/SVR appear good independent predictors of survival 
in all pati ents with PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a disease characterized by progressive pul-
monary vascular remodeling and severe elevati ons of pulmonary vascular resistance 
and pressure, ulti mately leading to right ventricular failure and death.1 PAH can occur 
idiopathically (iPAH) or associated with underlying conditi ons, such as congenital heart 
defects with systemic-to-pulmonary shunt (PAH-CHD).2 Acute pulmonary vascular re-
sponse to vasodilator challenge (during right heart catheterizati on) (AR) is an important 
factor in the evaluati on of PAH, since the presence and magnitude of the response are 
regarded as indicators of disease progression and are important in treatment decisions3. 
Treatment with calcium channel blockers is eff ecti ve only in pati ents with an acute 
response (responders).4,5 Furthermore, the presence of AR is reported to be associated 
with bett er survival.4,6 Finally, in pati ents with CHD and fl ow-associated PAH, AR is used 
to assess progression of the pulmonary vascular disease in order to evaluate operability 
of the heart defect.7,8 

Although AR has important clinical consequences, there has been discussion on how 
to defi ne such a response and on its applicability in diff erent PAH pati ent groups.9 Three 
criteria have been in use: the criteria according to Barst,10 Rich5 and Sitbon11. In iPAH, 
the prevalence of AR has been reported to be higher in children12 than in adults: 42-56% 
in children according to the Barst-criteria4,10 versus 12-26% in adults according to the 
Rich-criteria.5,11 In general, 5-17% of adults with iPAH have been reported to show an 
acute response according to the Sitbon-criteria.9,11,13 However, since diff erent response 
criteria were used to defi ne the AR and since various vasodilators were used to test the 
response, the data of these studies cannot be compared directly. 

Most available data on AR are derived from pati ents with iPAH.4,5,10,11 Therefore, it is 
unknown whether the response criteria are suitable for other subclasses of PAH. Par-
ti cularly in pati ents with PAH-CHD and post-tricuspid shunts, the applicability of these 
response criteria is questi onable, since their hemodynamic physiology diff ers from that 
in pati ents with iPAH8.

The purpose of this study was to assess potenti al diff erences in the prevalence of AR 
in children versus adults, iPAH versus PAH-CHD and in pati ents with versus without non-
restricti ve post-tricuspid shunt according to the three criteria in use. In additi on, the 
predicti ve value of AR for survival was determined in all pati ents and the subgroups. 

METHODS

Patients 
We retrospecti vely reviewed consecuti ve catheterizati on data of adult and pediatric 
pati ents with PAH who were seen at the University Medical Center Groningen between 
January 1990 and July 2008. Diagnosis of PAH was defi ned as the presence of a mean pul-
monary arterial pressure (mPAP) >25 mmHg, with a pulmonary capillary wedge pressure 
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≤15 mmHg and pulmonary vascular resistance (PVR) >3 Woods Units.14 Only pati ents 
with complete hemodynamic data, including acute pulmonary vasodilator challenge, 
were included. For pati ents who had undergone more than one catheterizati on, the 
fi rst one available was selected. Pati ents with a non-restricti ve ventricular septal defect, 
complete atrioventricular septal defect, patent ductus arteriosus or monoventricular 
heart with unobstructed pulmonary blood fl ow were identi fi ed as pati ents with a post-
tricuspid shunt. Pati ents without shunt defects, with a pre-tricuspid shunt, a corrected 
shunt or a hemodynamically insignifi cant post-tricuspid shunt, were included in the 
group of pati ents without post-tricuspid shunt. During the study period, pati ents were 
treated in congruence with evolving guidelines eventually resulti ng in the ‘ESC guidelines 
on diagnosis and treatment of PAH’.3,14 All pati ents had regular standardized follow-up 
visits at our center, referral center for pediatric and adult pulmonary hypertension.15 Our 
Insti tuti onal Medical Ethics committ ee waived the need of pati ent consent in this study, 
because of the retrospecti ve nature of the study and because individual pati ents were 
not identi fi ed.

Baseline evaluation
Baseline evaluati on included medical history, World Health Organizati on (WHO) func-
ti onal class and the fi rst complete heart catheterizati on. Baseline hemodynamic mea-
surements included mean right atrial pressure (mRAP), mPAP, mean systemic arterial 
pressure (mSAP), mean pulmonary capillary wedge pressure and pulmonary arterial, 
pulmonary venous, mixed systemic venous and systemic arterial saturati ons and oxygen 
pressures. Pulmonary and systemic blood fl ows (Qpi and Qsi) were determined using 
Fick’s method and indexed for body surface area. Pulmonary and systemic vascular resis-
tance index (PVRi and SVRi) were calculated by dividing the pulmonary or, respecti vely, 
systemic arterial to venous pressure fall by Qpi or Qsi, respecti vely.16,17

Acute response testing
Acute pulmonary vasodilator response was tested by administering inhaled nitric oxide 
(NO), 100% oxygen (O2), combinati on of NO and 100% O2, intravenous prostacyclin 
or nitroglycerin. The presence of an acute response was evaluated according to three 
criteria in use: 
1)  Barst-criteria, 1986: decrease in mPAP of ≥20%, unchanged or increased cardiac index

and decreased or unchanged pulmonary to systemic vascular resistance rati o (PVR/
SVR)4,10

2)  Rich-criteria, 1992: decrease in mPAP and PVR of  ≥20%5
3)  Sitbon-criteria, 2005: decrease in mPAP of ≥10mmHg reaching a mPAP value of ≥40 

mmHg and an increased or unchanged cardiac output11 
The change of a hemodynamic variable (VAR) during vasodilator challenge was 
calculated by subtracti ng the baseline value (VAR baseline) from the value measured 
during vasodilator challenge (VAR test), using the following formula:
• change of VAR = (VAR test) – (VAR baseline)
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•  percentage change of VAR = [(VAR test) – (VAR baseline)]/ (VAR baseline) *100
This resulted in negati ve values for variables which decreased and positi ve values for 
variables which increased during vasodilator challenge.

In the case of sequenti al tests using several vasodilators, acute response was evalu-
ated for each vasodilator used. In all cases, the best reached values aft er vasodilator 
challenge were selected: the lowest reached absolute value and the largest (absolute or 
percentage) decrease of mRAP, mPAP, mSAP, PVRi, SVRi, PAP/SAP and PVR/SVR; and the 
highest reached or largest increase in Qpi and Qsi.

Statistical analyses
Pati ents were subsequently divided in diff erent subgroups for the purpose of three 
comparisons: children versus adults (age-group), iPAH versus PAH-CHD (PAH diagnosis), 
pati ents with versus without non-restricti ve post-tricuspid shunt (post-tricuspid shunt).
Data are presented as mean ± SD and number (percentage) of pati ents, when appropri-
ate. The numbers of responders to acute pulmonary vasodilator testi ng and hemody-
namic values (at baseline and aft er vasodilator challenge) were compared between the 
three sets of subgroups using Fishers’ exact tests (number of responders), independent 
samples t-tests (conti nuous baseline variables) and linear regression analyses (hemody-
namic changes and best reached values). Subsequently, multi variate linear regression 
was performed to adjust for age-group, PAH diagnosis and post-tricuspid shunt.

Survival starti ng from hemodynamic evaluati on was evaluated using Kaplan-Meier 
curves. Log-rank tests were used to analyze diff erences in survival in all pati ents and 
subgroups according to all three criteria. To identi fy predictors of survival, hemodynamic 
values (at baseline and aft er vasodilator challenge) were assessed using univariate Cox 
regression analysis. Subsequently, multi variate Cox regression analysis was performed 
to evaluate variables found to be predicti ve in univariate analysis. P-values <0.05 were 
considered signifi cant. 

RESULTS

Study group
Sixty-six PAH-pati ents (38 children, 28 adults) underwent complete hemodynamic evalu-
ati on. IPAH (n=29) and PAH-CHD (n=29) represented the majority of diagnoses (88%). 
There were 20 pati ents with and 46 without non-restricti ve post-tricuspid shunt (Table 
1). Vasodilators used for response testi ng included inhaled NO (n=27), 100% O2 (n=48), 
combinati on of NO and 100% O2 (n=46), intravenous prostacyclin (n=19) and nitro-
glycerin (n=1). 
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Prevalence of acute response
In the total study group, there tended to be more responders in children than in 
adults: respecti vely, 13% vs. 4% (p=0.230) according to the Barst-criteria and 24% vs. 
7% (p=0.100, Figure 1) according to the Rich-criteria. However, when using the Sitbon-
criteria this trend was not seen (Figure 1). In the iPAH subgroup, there was no diff erence 
in prevalence of responders between children and adults according to all three criteria: 
respecti vely, 13% (n=3) vs. 20% (n=1; Barst-criteria), 29% (n=7) vs. 20% (n=1; Rich-criteria) 
and 8% (n=2) and 20% (n=1; Sitbon-criteria).

Figure 1. Prevalence of acute pulmonary vasodilator response

The prevalence of acute pulmonary vasodilator response according to the three criteria in use, in children, 
adults, iPAH, PAH-CHD, pati ents without and with post-tricuspid shunt, respecti vely.
Data presented as percentage of pati ent group (%) and pati ent numbers (indicated in bars).
P-values indicated above the bars.

In the total iPAH pati ent group, prevalence of responders was: 14% (n=4) according to 
the Barst-criteria, 28% (n=8) according to the Rich-criteria and 10% (n=3) according to 
the Sitbon-criteria. In the PAH-CHD pati ent group, which included 20 pati ents with and 
9 pati ents without post-tricuspid shunt, there was 1 (3%) responder, according to all 3 
criteria.

Regarding locati on of the shunt-defect, responders were present only in pati ents with-
out post-tricuspid shunt defect: 13% (n=6) using the Barst-criteria, 24% (n=11) using the 
Rich-criteria and 9% (n=4) using the Sitbon-criteria. There were no responders in pati ents 
with a non-restricti ve post-tricuspid shunt (Figure 1).
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According to all 3 criteria, the presence of an AR depends on the absolute decrease 
of mPAP, the percentage decrease of mPAP and / or the percentage decrease of PVRi 
at vasodilator challenge. These variables did not diff er between the children and adults 
(Table 2). In contrast, the absolute and percentage decrease in mPAP were greater in 
pati ents without post-tricuspid shunt vs. pati ents with a post-tricuspid shunt. This was 
caused by the observati on that mPAP (absolute and percentage) did not signifi cantly de-
crease in pati ents with a post-tricuspid shunt. The diff erence in absolute and percentage 
decrease in mPAP between pati ents without post-tricuspid shunt vs. with post-tricuspid 
shunt remained aft er adjusti ng for age-group.

In contrast to PAH-CHD pati ents with a post-tricuspid shunt, in the PAH-CHD pati ents 
without post-tricuspid shunt the mPAP did fall during vasodilator challenge (maximal 
absolute mPAP change: -3.3 ± 6.1 mmHg; maximal percentage mPAP change: -6.1 ± 13.8 
mmHg).

Survival
In the total study group 1, 2 and 5 year survival was 90%, 85%, respecti vely and 72%. No 
diff erence in survival could be demonstrated between the diff erent subgroups (Figure 
2A). All responders according to the Sitbon-criteria survived and therefore had bett er 
survival than non-responders, whereas responders according to the Barst- or Rich- crite-
ria did not show bett er survival compared to non-responders (Figure 2B). These results 
remained aft er correcti ng for age-group, diagnosis and post-tricuspid shunt.

Of all hemodynamic variables, the following variables were associated with bett er sur-
vival: lower baseline PAP/SAP (p=0.005) and PVR/SVR (p=0.001) and lower best reached 
PAP/SAP (p=0.024) and PVR/SVR (p=0.007, Table 3). Aft er adjusti ng for age-group and 
post-tricuspid shunt, baseline PAP/SAP and PVR/SVR emerged as independent predictors 
of survival. The change in PAP/SAP and PVR/SVR and their best reached value during 
vasodilator challenge did not have additi onal predicti ve value to baseline values (Table 
3). Figure 3 illustrates that both baseline PAP/SAP and PVR/SVR separately were good 
predictors for survival in children and adults with PAH. 
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Figure 2. Survival

2A. Survival curves comparing adults vs. children,        2B. Survival curves comparing responders versus
iPAH vs. PAH-CHD and post-tricuspid shunt vs.        non-responders according to the Barst, 
no post-tricuspid shunt.          Rich and Sitbon-criteria. 
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Table 3. Cox regression analyses

Analysis 1 Analysis 2*

HR (95% CI) P-value HR (95% CI) P-value

PAP/SAP        baseline 24.8 (2.6 – 237.1) 0.005 34.7 (3.7 – 328.5) 0.002

                  maximal change 0.2 (0.0 – 10.4) NS 0.3 (0.0 – 14.7) NS

                  best reached 14.8 (1.4 – 153.1) 0.024 21.1 (2.3 – 192.5) 0.007

PVR/SVR  baseline 3.8 (1.7 – 8.2) 0.001 5.3 (2.3 – 12.1) <0.001

                  maximal change 0.6 (0.1 – 2.4) NS 0.4 (0.7 – 2.0) NS

                  best reached 5.1 (1.7 – 15.1) 0.003 5.5 (1.8 – 16.8) 0.003

Analysis 3* Analysis 4*

HR (95% CI) P-value HR (95% CI) P-value

PAP/SAP baseline 37.0 (3.7 - 365.4) 0.002 30.1 (0.4 - 2177.0) 0.119

                  maximal change 1.2 (0.0 - 73.2) 0.922

                  best reached 1.2 (0.0 - 73.3)   0.922

Analysis 5* Analysis 6*

HR (95% CI) P-value HR (95% CI) P-value

PVR/SVR baseline 7.0 (2.5 - 19.2) <0.001 7.4 (1.4 - 37.8) 0.016

                  maximal change 2.8 (0.4 - 23.1) 0.328

                  best reached 0.6 (0.1 - 4.7) 0.634

PAP/SAP, pulmonary-to-systemic arterial pressure rati o; PVR/SVR, pulmonary-to-systemic vascular resistance 
rati o; HR, hazard rati o; CI, confi dence interval.
* Corrected for age-group and post-tricuspid shunt. 
Analysis 1: univariate Cox regression analyses of baseline, maximal change and best reached PAP/SAP and PVR/SVR. 
Analysis 2: multi variate Cox Regression analysis correcti ng for age-group and post-tricuspid shunt.
Analysis 3 and 4, respecti vely: multi variate Cox regression analysis of baseline PAP/SAP correcti ng for age-
group, post-tricuspid shunt and maximal change respecti vely best reached PAP/SAP.
Analysis 5 and 6, respecti vely: multi variate Cox regression analysis of baseline PVR/SVR correcti ng for age-
group, post-tricuspid shunt and for maximal change respecti vely best reached PVR/SVR.

Figure 3. Survival strati fi ed for PAP/SAP and PVR/SVR values

Survival curves of children and adults with(out) post-tricuspid shunt, strati fi ed for PAP/SAP or PVR/SVR values, 
illustrati ng the predicti ve value of PAP/SAP and PVR/SVR for survival.
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DISCUSSION

Our study demonstrates that the prevalence of acute pulmonary vasodilator response in 
PAH is highly dependent on the used criteria. The highest number of responders (in all 
subgroups) was identi fi ed using the Rich-criteria, followed by the Barst- and Sitbon-crite-
ria. Of the diff erent PAH diagnoses, most responders were present in pati ents with iPAH. 
In the iPAH subgroup, the prevalence of responders in children and in adults was similar. 
In the PAH-CHD subgroup, no responders were observed in pati ents with post-tricuspid 
shunt, and just 1 PAH-CHD pati ent without post-tricuspid shunt was a responder. Only 
responders identi fi ed according to the strict Sitbon-criteria had bett er survival than non-
responders. Of all hemodynamic variables, baseline PVR/SVR and PAP/SAP appeared to 
be independent predictors of survival in PAH, for both children and adults and for both 
pati ents with and without post-tricuspid shunts.

Our observati on that the prevalence of acute response is highly dependent on the 
used criteria, the PAH diagnosis and the presence of a post-tricuspid shunt, implies that 
care should be taken in comparing the prevalence of responders between diff erent stud-
ies. By identi fying responders in diff erent age and diagnosis groups and by using all 3 
currently used criteria, we were able to make more appropriate comparisons.

In our series, most responders were identi fi ed in pati ents with iPAH (10-28%). Previ-
ously, prevalence of responders in iPAH was reported to be higher in children than in 
adults, due to less disease progression and a more reacti ve pulmonary vascular bed in 
young pati ents.18 We could not demonstrate a diff erence in prevalence between children 
and adults. In adult pati ents with iPAH, we observed similar prevalence rates (20%) as 
those reported in previous studies in adults using the Rich- (12-26%)5,11 and Sitbon-
criteria (5-17%).9,13 However, in children with iPAH, we observed lower prevalence rates 
(13%, 29%, 8% using Barst, Rich and Sitbon-criteria, respecti vely) than those previously 
reported in children with the disease (42-56% using Barst-criteria).4,10 These lower preva-
lence rates are in line with more recently reported prevalence rates of 10-15% in children 
with iPAH.3,19

The percentage of responders was markedly lower in pati ents with PAH-CHD com-
pared to pati ents with iPAH, which is in congruence with previous observati ons.20 In or-
der to specifi cally address the diff erent circulatory physiology in pati ents with PAH-CHD 
compared to iPAH, we evaluated pati ents with vs. without non-restricti ve post-tricuspid 
shunt. None of the pati ents with a post-tricuspid shunt showed an acute response to 
pulmonary vasodilator testi ng.  In pati ents with post-tricuspid shunt, the pulmonary 
and systemic circulati ons are connected at ventricular or arterial (post-tricuspid) level. 
Therefore, pulmonary arterial pressures can only decrease as much as systemic arterial 
pressures. In the pati ents with a post-tricuspid shunt, mPAP did not decrease signifi cantly 
during vasodilator challenge. In contrast, in the PAH-CHD pati ents without post-tricuspid 
shunt, mPAP did decrease during vasodilator challenge, although resulti ng in only 1 
responder according to all three criteria. Importantly, in all pati ents with a post-tricuspid 
shunt, PVRi and PVR/SVR did decrease during vasodilator challenge. This is consistent 
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with reports describing a prevalence of acute response of 30-72% in PAH-CHD, based 
on a decrease in total pulmonary resistance21 or PVR and PVR/SVR.22 Taken together, 
in pati ents with a post-tricuspid shunt, the mPAP cannot decrease suffi  ciently during 
vasodilator challenge in order to meet the currently used criteria. Therefore, criteria 
based on mPAP do not appear suitable for this pati ent group. Instead, criteria based on 
PVRi may be more appropriate.

Previously, “resistance responders” were identi fi ed in pati ents with iPAH whose mPAP 
did not decrease. “Resistance responders” had a decrease of PVRi >20%.23 When using 
these criteria in our study group, we identi fi ed 44 resistance responders (59% of iPAH 
pati ents and 65% of the pati ents with a post-tricuspid shunt).

Survival of responders according to the Barst- and Rich-criteria was not bett er com-
pared to non-responders, independent from age-group, diagnosis, and post-tricuspid 
shunt group. Only responders according to the Sitbon-criteria had improved survival. 
Identi fi cati on of responders is essenti al in predicti ng survival and in making treatment 
decisions in PAH pati ents. In contrast to what is reported in previously published survival 
esti mates in pati ents with iPAH,4,5 the Barst- and Rich-criteria appeared not to be suitable 
for identi fying pati ents with improved survival in the current study. This is similar to the 
more recent fi ndings of Sitbon et al. that only a smaller porti on of the Rich responders 
had a sustained long-term treatment response to oral calcium antagonists and improved 
survival.11 Similarly, in our study group, survival was bett er in responders according to the 
Sitbon-criteria compared to non-responders.9,14 The diff erence between the criteria may 
be caused by the diff erence in their design. In contrast to the Barst- and Rich-criteria, 
which are based on percentage decrease of mPAP, the Sitbon-criteria are based on an 
absolute mPAP decrease. They exclude pati ents in whom the absolute decrease in mPAP 
is not large (<10 mmHg) and in whom the absolute mPAP aft er vasodilator challenge is 
not low (>40 mmHg), thereby selecti ng pati ents with bett er survival.

The resistance responders in our study, menti oned earlier, based on a decrease in PVR 
>20%,23 did not have bett er survival compared to non-responders. This may be due to 
the fact that in the current study in 80% of these responders, the SVR decreased as well, 
suggesti ng that there was not a preferenti ally pulmonary vascular response.24

In order to identi fy PAH pati ents who have a preferenti ally pulmonary vascular re-
sponse, the rati o between pulmonary and systemic pressures and resistances (PAP/
SAP and PVR/SVR) may be useful. A vasodilator test leading to a reducti on of mPAP 
and PVR as well as a reducti on of mSAP and SVR, may simply represent a total systemic 
and pulmonary vascular response or may be caused by a rise in cardiac output giving a 
computati onal fall in PVR and SVR.24 Therefore, a reducti on in PAP/SAP and PVR/SVR may 
well be a bett er representati on of an AR than a reducti on in mPAP or PVR alone.

Low PAP/SAP and PVR/SVR, both at baseline and during vasodilator challenge, were 
associated with bett er survival. Baseline PAP/SAP and PVR/SVR provided independent 
informati on for predicti ng survival, in all age and diagnosis subgroups, despite the slight 
diff erences in the mean value of these variables between subgroups. This is in congru-
ence with reports of Kanemoto and colleagues, that a higher PVR/SVR and peak systolic 
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pulmonary to systemic pressure rati o were associated with worse survival.25 Response 
testi ng according to the Sitbon-criteria was best in identi fying responders with improved 
survival. However, these criteria identi fi ed only a very small subgroup of pati ents in 
whom survival was excellent, but did not provide informati on on the survival of non-
responders, the majority of pati ents. Instead, PAP/SAP and PVR/SVR are variables on a 
conti nuous scale, making it possible to esti mate such survival informati on for all pati ents 
on an individual basis. Therefore, these variables may provide additi onal predicti ve 
informati on on survival.

Limitati ons of this study are based on the relati vely small pati ent numbers, which im-
pedes us from making more defi niti ve statements. However, in the rare disease of PAH, 
data on the prevalence of and on how to defi ne AR are limited, parti cularly in children 
and pati ents with PAH-CHD. This study off ers important informati on on this prevalence, 
and provides a basis for extending the applicability of current criteria to a growing group 
of PAH pati ents, other than adults with iPAH.

In conclusion, the prevalence of AR in pati ents with PAH depends highly on the used 
criteria. The prevalence of AR was highest in iPAH. We could not demonstrate a diff er-
ence in prevalence of responders between children and adults with iPAH. The current 
response criteria are not suitable for pati ents with a post-tricuspid shunt. For the iden-
ti fi cati on of pati ents with improved survival, only the Sitbon-criteria proved to be useful 
in relati vely few pati ents. Baseline PAP/SAP and PVR/SVR, as conti nuous scale variables, 
predict survival in individual PAH pati ents regardless of diagnosis and age-group and 
thereby provide independent informati on on survival for all PAH pati ents.
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ABSTRACT

Background
Data on long-term response to bosentan in adults and especially children with pulmonary 
arterial hypertension (PAH) associated with systemic-to-pulmonary shunt are scarce.

Methods
We studied bosentan effi  cacy in 30 pati ents (20 adults, 10 children) with the disease at 
short- (4 months), and long-term follow-up (through 2.7 years). World Health Organiza-
ti on functi onal class (WHO class), transcutaneous oxygen saturati on and 6-minute walk 
distance (6MWD) were assessed at baseline, 4 months, 1 year, 1.5 years and at latest 
follow-up (median 2.7 years).

Results
At baseline, children tended to have more severe disease compared to adults with re-
gard to WHO class and congenital heart defects. At 4 months’ follow-up, WHO class and 
6MWD signifi cantly improved in both adults and children. During long-term follow-up, 
this improvement persisted through 1 year, but declined thereaft er in the total group. In 
the children, a progressive decline in exercise capacity was observed from 1-year follow-
up, whereas in the adults, improvement lasted longer. No change from baseline was 
seen in transcutaneous oxygen saturati on. Three (10%) pati ents died, 2 (7%) disconti n-
ued bosentan and 5 (17%) required additi onal PAH therapy (of whom 1 eventually died). 
One and 2-year persistence of benefi cial bosentan eff ect was 68% and 43% (total group), 
78% and 57% (adults), and 50% and 20% (children), respecti vely.

Conclusions
Our experience with bosentan suggests short-term improvement in both adults and 
children with PAH associated with systemic-to-pulmonary shunt. At long-term follow-up 
a progressive decline in benefi cial bosentan eff ect was observed. The decline appeared 
most pronounced in the pediatric pati ents, who, in this study, tended to have more 
severe disease at baseline.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive and ulti mately lethal pulmonary 
vascular disease which can be idiopathic or associated with underlying conditi ons. Eisen-
menger syndrome is the most advanced form of PAH associated with congenital heart 
disease due to systemic-to-pulmonary shunt. It develops as a result of chronically in-
creased pulmonary blood fl ow and pressure which ulti mately cause increased pulmonary 
vascular resistance, permanent reversal of the shunt and hypoxemia.1 Although survival 
esti mates are reported to be bett er compared with pati ents with idiopathic PAH (iPAH),2-

4 morbidity, including decreased exercise capacity, is high5 and, therefore, stresses the 
need for therapy.

Bosentan, a dual endothelin receptor antagonist, has been introduced as an impor-
tant new oral PAH therapy targeti ng over-expression of endothelin-1. It currently is an 
accepted and eff ecti ve short and long-term treatment for iPAH and PAH secondary to 
connecti ve ti ssue disease.6-8 Due to the similariti es in pulmonary vascular changes and 
increased endothelin-1 levels seen in diff erent types of PAH,9,10 it could be expected that 
pati ents with PAH associated with systemic-to-pulmonary shunt will benefi t from this 
medicati on as well.

Short-term improvements in functi onal class, exercise capacity and hemodynamics at 4 
months’ follow-up were recently demonstrated in a placebo-controlled randomized trial 
with bosentan in adults with PAH associated with systemic-to-pulmonary shunt, without 
compromising systemic oxygen saturati on (and thus not increasing right-to-left  shunt-
ing).11 Long-term bosentan eff ects, however, are less well known. Four non-controlled 
studies have suggested persisti ng improvement at follow-up of 1 to 2 years12-15, whereas 
a report by Apostolopoulou et al. suggested a decline in exercise capacity aft er 2 years’ 
follow-up.16

The use of bosentan in pediatric pati ents with PAH associated with systemic-to-
pulmonary shunt has yet to be evaluated. Most non-controlled studies reporti ng results 
with bosentan in pati ents with PAH associated with systemic-to-pulmonary shunt have 
included adult pati ents.12-19 Very few studies that report response to bosentan in pediat-
ric PAH exist. Moreover, they include only small numbers of children with systemic-to-
pulmonary shunt and mainly describe short-term follow-up.20-23

The purpose of this study was to assess short (4 months) and long-term bosentan ef-
fects (through 2.7 years) on functi onal class and exercise capacity in both adults and 
children with PAH associated with systemic-to-pulmonary shunt. To assess diff erences 
between adults and children, we subsequently analyzed bosentan effi  cacy separately 
within both groups.
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METHODS

Patients
Between November 2002 and February 2007, a cohort of 30 pati ents (20 adults, 10 chil-
dren) with PAH associated with congenital or surgically created systemic-to-pulmonary 
shunt and treated with bosentan (Tracleer, Actelion Pharmaceuti cals, Alschwill, Switzer-
land), had standardized follow-up at two Dutch terti ary medical referral centers for pul-
monary hypertension. Eight pati ents included in the series, initi ally received bosentan as 
part of a clinical trial.11 All pati ents or pati ents’ parents/caregivers gave informed consent 
and insti tuti onal review board approval was obtained for the study.

Pati ents with Eisenmenger syndrome or PAH aft er corrected systemic-to-pulmonary 
shunt who were clinically stable in World Health Organizati on functi onal class (WHO 
class) II or worse, were selected for treatment. Eisenmenger syndrome was diagnosed 
echocardiographically as right-to-left  shunti ng through the shunt-defect. In cases with 
corrected shunts, mean pulmonary arterial pressure (mPAP) of more than 25 mmHg 
(measured invasively by cardiac catheterizati on), established the diagnosis of PAH. 
Pati ents with severe left  ventricular dysfuncti on and/or pulmonary venous congesti on 
(measured invasively or assessed echocardiographically) were excluded.

In 1 child, bosentan was started with the aim of ending epoprostenol therapy, because 
of recurrent problems with central venous lines for epoprostenol delivery. In 1 adult, 
it was started in additi on to previously initi ated epoprostenol, because of failure to 
improve from WHO class IV. In the total cohort, supporti ve medicati on present at start 
of bosentan therapy, including diureti cs, ACE-inhibitors, digoxin and/or anti thromboti c 
agents, was conti nued unchanged during follow-up.

Treatment regimen
In the adult pati ent group, bosentan target dose was 125 mg twice daily. Pediatric pa-
ti ents received bosentan according to body weight: 31.25 mg (10-20 kg weight), 62.5 mg 
(20-40 kg) or 125 mg (>40 kg) twice daily.20 During the fi rst 4 weeks of treatment, pati ents 
received half the target dose once daily. Aft er 4 weeks, this was increased to the target 
dose, if bosentan was well tolerated.

Study assessments
Pati ents were followed within routi ne clinical practi ce, using a standardized protocol for 
assessments at baseline and during follow-up. Data were collected at baseline, 4 months, 
1 year, 1.5 years and at most recent follow-up (median 2.7 years, range 2.0-3.4 years).

Assessments included WHO class, transcutaneous oxygen saturati on at rest (TcSO2), 
heart rate, blood pressure and 6-minute walk distance (6MWD). Additi onal outcome 
parameters included survival and persistence of benefi cial bosentan eff ect, as previ-
ously defi ned by Rosenzweig et al22 (freedom from death, lung or heart lung transplant, 
atrial septostomy, disconti nuati on of treatment or requirement of additi onal PAH 
therapy: epoprostenol, treposti nil, sildenafi l). Because criteria for the introducti on of 
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add-on therapy are not clearly defi ned for pati ents with PAH associated with systemic-
to-pulmonary shunt, not all pati ents in this series in whom initi al improvement in 6MWD 
disappeared during follow-up, received such additi onal therapy. Therefore, we subse-
quently extended the defi niti on by including decline in 6MWD during follow-up to below 
baseline value. Liver functi on tests, hemoglobin and hematocrit were tested monthly to 
screen for adverse eff ects.

Statistical analysis
Data are presented as mean±SD or median and range, where appropriate. Change in 
6MWD from baseline is expressed as mean±SEM. To compare changes from baseline to 
each of the follow-up visits, paired Student t tests (6MWD, TcSO2, blood pressure, heart 
rate and hematocrit) and Wilcoxon rank sum tests (WHO class) were used. Kaplan-Meier 
curves were applied to depict survival and persistence of benefi cial bosentan eff ect.

To analyze diff erences between measurements in adults and children, independent-
samples t tests (conti nuous variables) and Mann-Whitney U tests (WHO class, type of 
heart defect) were used. The log-rank test was used to assess diff erences in survival and 
persistence of benefi cial bosentan eff ect between adults and children.

The associati on between age group (adults versus children) and indicators of disease 
severity at baseline (type of heart defect, WHO class, 6MWD, invasive hemodynamics) 
and persistence of benefi cial bosentan eff ect was assessed by means of the log-rank test. 
Subsequently, a multi variate Cox regression analysis was performed to assess variables 
found to be predicti ve in the univariate analysis. All P-values were two-tailed and those 
<0.05 were considered signifi cant.

RESULTS

Patients
Baseline characteristi cs are summarized in Table 1. Ventricular septal defect (VSD) was 
the most common heart defect (53%), and frequently associated with additi onal shunt-
defects, such as atrial septal defect (ASD) and persistent ductus arteriosus (PDA). An 
isolated ASD was seen in 19% of all pati ents, all of whom were adults. Twenty-six pati ents 
(87%) had classical Eisenmenger syndrome, 6 of these with a shunt before and 20 aft er 
the level of the tricuspid valve. The remaining 4 pati ents had persistent PAH despite 
closure of their systemic-to-pulmonary shunts years earlier. One child with VSD and PDA 
had undergone correcti ve surgery in the past. Because of clinical deteriorati on 1 year 
aft er correcti ve surgery, an ASD had to be created (9 years prior to study enrolment). 
This pati ent was categorized as having a pre-tricuspid shunt. More post-tricuspid shunt 
defects were present in the children than in the adults (80% and 60%, respecti vely).
At baseline, all children and 90% of the adults were in WHO class III or IV (Table 1, 
Figure 1). 
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Table 1.  Pati ent demographics and baseline exercise capacity

All pati ents

n=30

Adults

n=20

Children

n=10

Female 20 (67) 12 (60) 8 (80)

Age at start bosentan (years) 30.2 ± 16.0 39.3 ± 10.2 * 11.8 ± 4.8 *

31.2 (4.7; 59.3) 39.0 (26.7; 59.3) * 12.8 (4.7; 17.3) *

Congenital heart defect

    ASD isolated 5 (16) 5 (25) 0

    VSD isolated 9 (30) 7 (35) 2 (20)

    VSD ± ASD ± PDA 7 (23) 3 (15) 4 (40)

    PDA 2   (7) 0 2 (20)

    cAVSD 3 (10) 2 (10) 1 (10)

    DORV 2   (7) 2 (10) 0

    Complex 2   (7) 1   (5) 1 (10)

Shunt patency

    Open 26 (87) 17 (85) 9  (90)

         Pre-tricuspid shunt 6 5 1

         Post-tricuspid shunt 20 12 8

    Closed † 4  (13) 3   (15) 1  (10)

WHO class *

    II 2    (7) 2  (10) 0

    III 22  (73) 16 (80) 6  (60)

    IV 6  (20) 2  (10) 4  (40)

TcSO2 (%) 87 ± 7 89 ± 6 83 ± 9

6MWD (m) 367 ± 101 388 ± 99 326 ± 95

Hematocrit 0.51 ± 0.10 0.48 ± 0.08 * 0.56 ± 0.10 *

Data are presented as n (%), mean ± SD, median (range), as appropriate.
ASD, atrial septal defect; VSD, ventricular septal defect; PDA, patent ductus arteriosus; cAVSD, complete atrio-
ventricular septal defect; DORV, double outlet right ventricle; Complex, truncus arteriosus (n=1), tetralogy of 
Fallot with Pott s anastomosis (n=1).
Pre-tricuspid shunt: ASD. Post-tricuspid shunt: VSD, PDA, cAVSD, DORV, complex. 
TcSO2, transcutaneous oxygen saturati on at rest, 6MWD, 6-minute walk distance.
* Signifi cant diff erence between adults and children: age, P=0.00; WHO class, P=0.04; hematocrit, P=0.05.
† Shunt closed: VSD+ASD (n=1), truncus arteriosus (n=1), DORV (n=1), tetralogy of Fallot and Pott s 
anastomosis (n=1).

Children had a worse WHO class (P=0.04) and higher hematocrit level (P=0.05) compared 
to the adults. Baseline 6MWD and TcSO2 tended to be lower in the children, although 
not reaching stati sti cal signifi cance.

Baseline cardiac catheterizati on was performed in 27 of 30 pati ents (Table 2). Children 
tended to have worse baseline hemodynamics compared to adults: the rati o of mPAP to 
mean systemic arterial pressure (mPAP/mSAP) was signifi cantly higher in the children 
(P=0.03). Cardiac index and pulmonary-to-systemic blood fl ow rati o tended to be lower 
in the children, although not reaching stati sti cal signifi cance.
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Figure 1. World Health Organizati on functi onal class during follow-up for total group
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Number of pati ents in each class is indicated in the bars.
† Follow-up visits at 1.5 and 2.7 years: aft er additi on of sildenafi l in 3 and 4 pati ents, respecti vely.
* signifi cant change from baseline.

Table 2.  Baseline hemodynamic characteristi cs

All pati ents Adults Children

mPAP (mmHg) 64 ± 21 64 ± 24 62 ± 8

mPAP/mSAP 0.87 ± 0.19 0.80 ± 0.18 * 0.98 ± 0.13 *

mPCWP (mmHg) 7 ± 3 7 ± 2 8 ± 3

mRAP (mmHg) 5 ± 2 5 ± 2 6 ± 3

CI (l/min/m2) 2.8 ± 1.1 2.9 ± 1.2 2.6 ± 0.9

Qp/Qs 0.91 ± 0.35 0.98 ± 0.37 0.79 ± 0.28

PVRix (WU.m2) 32.9 ± 15.9 33.3 ± 18.2 32.3 ± 11.7

SVRix (WU.m2) 34.9 ± 15.8 39.3 ± 16.7 26.8 ± 10.8

PVR/SVR 1.07 ± 0.64 0.92 ± 0.57 1.3 ± 0.70

mPAP, mean pulmonary artery pressure; mPAP/mSAP, rati o between mean pulmonary and systemic arterial 
pressure; mPCWP, mean pulmonary capillary wedge pressure; mRAP, mean right atrial pressure; CI, cardiac 
index; Qp/Qs, pulmonary-to-systemic blood fl ow rati o; PVRix, pulmonary vascular resistance index; WU, Woods 
units; PVR/SVR, pulmonary-to-systemic vascular resistance rati o.

* Signifi cant diff erence between adults and children: mPAP/mSAP, P=0.03.

Follow-up assessments
Median durati on of bosentan treatment was 2.2 years (range 0.04-3.4 years) in the total 
group, 2.1 years (range 0.4-3.1) in the adults and 2.4 years (range 0.04-3.4) in the chil-
dren. Twenty-six (87%) pati ents received long-term treatment (median 2.4 years, range 
1.0-3.4 years). Four (13%) pati ents had a follow-up of less than 1 year (median 0.5 years, 
range 0.04-0.7 years) due to death (n=2) or disconti nuati on of treatment (n=2).
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Figure 2. Mean (SEM) change from baseline of 6MWD in total group

† 1.5 years and 2.7 years follow-up: 2 and 3 pati ents, respecti vely, underwent a 6-minute walk test aft er addi-
ti on of sildenafi l.
* Signifi cant change from baseline.

Short-term follow-up
At 4 months aft er bosentan initi ati on, 1 child had died (aft er 2 weeks). Cause of death 
was hemoptysis associated with acute circulatory failure. In the remaining 29 pati ents 
clinical conditi on and exercise capacity improved signifi cantly from baseline (Figures 1 
and 2). When analyzed separately, signifi cant improvement in WHO class and 6MWD 
was present in both the adults and children (Figures 3 and 4).

Figure 3. World Health Organizati on functi onal class during follow-up for adults (A) and children (B)
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Number of pati ents in each class is indicated in the bars.
† Follow-up visit at 1.5 years aft er additi on of sildenafi l in 3 adults and at 2.7 years in 3 adults and 1 child.
* Signifi cant change from baseline.
Signifi cant diff erence between adults and children at baseline (P=0.04) and a tendency to diff erence at 2.7 years 
(P=0.07)
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Figure 4. Mean (SEM) change from baseline of 6MWD in adults and children
 

† 1.5 and 2.7 years’ follow-up: 2 adults, and 2 adults and 1 child, respecti vely, underwent a 6-minute walk test 
aft er additi on of sildenafi l.
* Signifi cant change from baseline.
Signifi cant diff erence between adults and children at 1 year (P=0.01) and 2.7 years follow-up (P=0.04)

Long-term follow-up
During longer follow-up, 2 more children died: aft er 8.4 months and 3.1 years. Causes 
of death were, respecti vely, progressive right ventricular failure and infecti on of the 
epoprostenol delivery system leading to sepsis.

Overall, the initi al WHO class improvement persisted during long-term follow-up at 
1 and 1.5 years. However, at the latest follow-up visit, improvement could no longer 
be demonstrated in the remaining total cohort (Figure 1). When analyzed separately, a 
similar patt ern was seen mainly in the children (Figure 3).

The initi al increase in 6MWD persisted in the total cohort during 1-year follow-up, but 
declined aft er longer treatment durati on (Figure 2). The decline in 6MWD parti cularly 
appeared to be the case in the children. A signifi cant diff erence between adults and 
children was observed at 1 and 1.5 years (p=0.01 and p=0.04 respecti vely) (Figure 4).

During follow-up, additi onal sildenafi l was started in 5 pati ents (17%, 4 adults, 1 child) 
aft er a median bosentan treatment durati on of 1.3 years (range 1.0-2.4 years). Based 
on the physician’s discreti on, reasons for starti ng additi onal therapy were decreased 
6MWD and/or decline or failure to improve in clinical conditi on (decline to WHO class IV, 
remaining in WHO class III). Aft er additi on of sildenafi l, 1 pati ent improved, 1 remained 
stable and 3 pati ents worsened, of whom 1 adult required additi on of intravenous epo-
prostenol.

TcSO2, heart rate, blood pressure and hematocrit level did not change from baseline 
through last follow-up.
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Figure 5. Survival from baseline strati fi ed for adults and children

Survival is illustrated in Figure 5. The diff erence in survival between children and adults 
was not stati sti cally signifi cant. Using criteria as defi ned by Rosenzweig et al for persis-
tence of benefi cial bosentan eff ect, three events occurred in the children (3 deaths, of 
which 1 death occurred 9 months aft er additi onal sildenafi l) and 6 events in the adults 
(2 pati ents disconti nued bosentan, and 4 pati ents required additi onal sildenafi l). One- 
and 2-year persistence of benefi cial bosentan eff ect according to criteria as defi ned by 
Rosenzweig et al was, respecti vely, 79% and 71% (total group), 78% and 65% (adults), 
and 80% and 80% (children). Persistence of benefi cial bosentan eff ect, including decline 
in 6MWD, revealed lower 1- and 2-year event-free esti mates and was signifi cantly diff er-
ent between adults and children (P=0.04) (Figure 6).

Figure 6. Persistence of benefi cial bosentan eff ect including decline in 6MWD, strati fi ed for adults and children
Diff erence, adults vs children, P=0.04
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In contrast, baseline indicators of disease severity (type of heart defect, WHO class, 
6MWD and hemodynamics) could not be demonstrated to be predicti ve for persistence 
of benefi cial bosentan eff ect. Furthermore, the predicti ve value of age group remained 
unchanged aft er adjustment for diff erent indicators of disease severity in a multi variate 
Cox regression analysis.

All but 1 pati ent tolerated bosentan treatment. This adult pati ent disconti nued treat-
ment aft er half a year because of side eff ects consisti ng of nasopharyngeal complaints. 
A second adult disconti nued treatment because he experienced lack of improvement 
with bosentan therapy.

DISCUSSION

This study, to our knowledge, is the fi rst to report long-term response to bosentan 
through 2.7 years of follow-up in both adults and children with PAH associated with 
systemic-to-pulmonary shunt. Our results demonstrate short-term improvement in 
functi onal class and exercise capacity in both pati ent groups, which is in congruence 
with previous reports.11,20 During longer follow-up, improvement in 6MWD, the major 
outcome parameter in PAH studies, persisted up to 1 year, but declined thereaft er. 
Separate analyses within the adult and pediatric group indicated that the decline was 
most pronounced in the children. One and 2-year persistence of benefi cial bosentan ef-
fect was 68% and 43% (total group), 78% and 57% (adults) and 50% and 20% (children), 
respecti vely.

The improvement in 6MWD for up to 1 year corresponds with the 1-year follow-up 
reports of bosentan effi  cacy in adults with PAH associated with systemic-to-pulmonary 
shunt.12-14 From 1.5 years’ follow-up, however, we observed a decline in exercise capacity 
in our total group. In the only other study evaluati ng a minimum of 2 years’ follow-up, 
Apostolopoulou et al16 reported a similar observati on, noti cing a decline in 6MWD and 
peak oxygen consumpti on to baseline value in 19 pati ents with PAH associated with 
congenital heart disease.

Reports of long-term bosentan effi  cacy in iPAH have used event-free esti mates, includ-
ing additi on of therapy as event, to assess persistence of bosentan eff ect.6,7 In these 
series, additi onal prostanoid and/or sildenafi l therapy, suggesti ng insuffi  cient eff ect of 
bosentan, was given in up to 44% of pati ents during 2 years of follow-up.6,7 In our study, 
additi onal therapy was given less frequently (17% of pati ents). This can be explained 
by the lack of data on the use of add-on therapy for PAH associated with systemic-to 
pulmonary shunt, which is in contrast to the presence of aggressive guidelines for iPAH.24 
In order to make more appropriate comparisons, we studied persistence of benefi cial 
bosentan eff ect, an outcome parameter which integrated additi on of other PAH therapy 
and decline in 6MWD. Using this outcome measure, we found 1 and 2-year event-free 
esti mates in our adult group (78% and 57%, respecti vely) which are in line with those 
reported by Provencher et al (63% and 45%) and McLauglin et al (85% and 70%) for 
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adults with iPAH treated with bosentan.6,7 In contrast, our pediatric 1- and 2-year event-
free esti mates were markedly lower (50% and 20%, respecti vely).

One may speculate that the worse outcome in the children was caused by more severe 
disease. This is supported by our observati on of worse baseline hemodynamics in this 
group. The greater percentage of post-tricuspid shunts may also have played a role in 
their less favorable outcome. Advanced pulmonary vascular disease appears to develop 
more frequently and more rapidly in pati ents with uncorrected post-tricuspid than pre-
tricuspid shunt-defects.25 Although our analyses suggested that the predicti ve value of 
age was independent of underlying cardiac pathology and disease severity, our study 
may not have been powered suffi  ciently to conclude this.

The three deaths out of 10 children may be another refl ecti on of more end-stage 
disease in this age group. Survival rates in Eisenmenger syndrome are reported to be fa-
vorable compared to iPAH (30-40 vs 2.8 years respecti vely).2-4 However, they are mainly 
derived from cohorts of adult pati ents. This obviously will have lead to a selecti on bias, 
excluding pati ents who died before reaching adulthood due to more severe disease.

In the assessment of pati ents with PAH, 6MWD is considered to be the most impor-
tant outcome parameter.26,27 In evaluati ng children, the 6-minute walk test has been 
suggested to be reliable in children >7 years of age.26 In our experience with pediatric 
pati ents, we noti ced that previous training resulted in reproducible 6-minute walk tests.

The present study is limited by the relati vely small number of pati ents and the lack 
of a control group. Therefore, this study cannot ascertain whether bosentan may have 
long-term eff ect on the natural decline of these pati ents. Data collecti on within routi ne 
clinical practi ce and recent start of therapy resulted in some unavailable follow-up mea-
surements in the adults. However, in PAH associated with systemic-to-pulmonary shunt, 
studies with larger numbers of pati ents hardly are available.

In conclusion, this study depicts long-term experience in daily clinical practi ce with 
bosentan in pati ents with PAH associated with systemic-to-pulmonary shunt. It raises 
important questi ons about persistence of benefi cial eff ects with bosentan monotherapy. 
Short-term improvements ulti mately declined during long-term follow-up and per-
sistence of benefi cial bosentan eff ect decreased progressively over ti me. The decline 
in treatment eff ect was most pronounced in the children. The diff erence in treatment 
eff ect between adults and children may have been confounded by diff erences in cardiac 
pathology and disease severity. Our analyses, however, could not demonstrate this, pos-
sibly due to a lack of power. In our adult pati ent group, benefi cial eff ects lasted longer 
and treatment eff ect was comparable with reports in pati ents with iPAH. However, the 
clinical importance of a 1- to 2-year treatment eff ect in iPAH compared to pati ents with 
Eisenmenger syndrome is greatly aff ected by the large diff erence in survival between 
these two groups (2.8 vs 30-40 years, respecti vely). Larger prospecti ve studies, including 
children, are warranted in order to confi rm these preliminary long-term results and to 
assess the use of add-on therapy.
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ABSTRACT

Pulmonary arterial hypertension (PAH) associated with congenital heart disease (CHD) 
caused by systemic-to-pulmonary shunti ng is associated with a high risk of morbidity and 
mortality. In this retrospecti ve study, the longer-term treatment eff ect of bosentan on 
exercise capacity and quality of life (QoL) was evaluated in 58 adult pati ents (>18 years) 
with PAH as sociated with CHD, including pati ents with Down’s syndrome. All pati ents 
were evaluated at baseline and during follow-up with laboratory tests, 6-minute walk 
test, QoL questi onnaires, and Doppler echocardiography. Treatment effi  cacy was ana-
lyzed separately for pati ents without (n=30) and with Down’s syndrome (n=28). Median 
follow-up of all pati ents treated with bosentan was 22 months (range 3 to 36). In pati ents 
without Down’s syndrome, mean 6-minute walk distance (6MWD) increased from 427 ± 
97 to 461 ± 104 m (P<0.01) aft er 6 months of treatment, followed by a gradual return to 
baseline and disease stabilizati on. QoL improved signifi cantly during treatment and was 
maintained during 18 months of follow-up (P<0.05). In the pati ents with Down’s syn-
drome, 6MWD and QoL were stable during treatment. In conclusion, our fi ndings suggest 
that in pati ents without Down’s syndrome longer-term bosentan treatment resulted in a 
persistent improvement in QoL and a stabilizati on of exercise capacity. 
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INTRODUCTION

Unti l recently, treatment opti ons for pati ents with pulmonary arterial hypertension 
(PAH) associated with congenital heart disease (CHD) were limited to the avoidance and 
treatment of complicati ons. A major breakthrough in the treatment of pati ents with PAH 
has been the introducti on of oral endothelin receptor antagonists. Short-term treatment 
with bosentan has been shown to improve morbidity of pati ents with PAH, including 
those with Eisenmenger’s syndrome.1-4 However, results for longer-term treatment 
response are equivocal and data on quality of life (QoL) is limited despite the importance 
of QoL assessment.5,6 Although several studies reported a persistent benefi cial eff ect of 
bosentan on exercise capacity,7-11 other studies reported a gradual decline of exercise 
capacity to baseline values aft er 2 years of bosentan treatment.12,13 In pati ents with 
Down’s syndrome, the treatment eff ect of bosentan is largely unknown.14 The aim of our 
study was to evaluate the short- and longer term treatment eff ect of bosentan in adult 
pati ents with PAH associated with CHD with and without Down’s syndrome, by assessing 
exercise capacity and QoL. 

METHODS

The study populati on consisted of adult pati ents with PAH associated with CHD, inclu-
ding pati ents with Eisenmenger’s syndrome. Pati ents were divided into 2 groups: pati ents 
without Down’s syndrome and pati ents with Down’s syndrome. Enrolled pati ents had 
(a diagnosis of) any of the following congenital heart defects: univentricular heart, patent 
ductus arteriosus and septal defects such as ventricular septal defect, atrial septal defect, 
or atrioventricular septal defect. Pati ents with persistent PAH aft er previous closure of 
their CHD were also enrolled. Pati ents with obstructi on of the right ventricular outf low 
tract, pulmonary valve or pulmonary arteries or pati ents on prostacyclin, glibenclamide, 
or cyclosporine treatment were excluded.

We performed a retrospecti ve study. Aft er baseline examinati ons, adult pati ents with 
PAH associated with CHD were treated with bosentan according to a standardized treat-
ment protocol (described in more detail later). At baseline, pati ent clinical and functi onal 
status were evaluated using laboratory tests (including hemoglobin, creati nine, uric acid 
and N-terminal pro-B natriureti c pepti de, NT-proBNP), 6-minute walk distance (6MWD), 
QoL questi onnaires, and Doppler echocardiography. To exclude other causes of PAH, 
lung functi on tests (spirometry, forced expiratory volume in 1 second, and forced vital 
capacity) were obtained. Additi onally, in pati ents without Down’s syndrome, maximal 
exercise capacity15 and cardiovascular magneti c resonance imaging were performed at 
baseline and during follow-up.

Submaximal exercise capacity was assessed using 6MWD, according to the guidelines 
of the American Thoracic Society, with conti nuous pulse oximetry monitoring.16 To ex-
clude the eff ect of a learning curve, 6MWD at baseline was performed twice, using the 
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second test as the baseline value. The 6MWD was used as primary endpoint, and the test 
was repeated every 3 months during bosentan treatment.

QoL was evaluated using the 36-Item Short Form Health Survey (SF-36)5 and the 
Minnesota Living with Pulmonary Hypertension Questi onnaire. The SF-36 is a well-
documented, widely used and validated, self-administered QoL scoring system incorpo-
rati ng 36 questi ons. It includes 8 independent scales (scored as a number between 0 and 
100) that assess general health concepts of Physical Functi oning, limitati ons because of 
physical health problems (Role-Physical), Bodily Pain, General Health Percepti ons, Vital-
ity, Social Functi oning, limitati ons caused by emoti onal problems (Role-Emoti onal), and 
Mental Health.5 The Minnesota Living with Pulmonary Hypertension Questi onnaire rates 
pati ent percepti ons of how much their disease aff ects the physical, socio-economic, and 
psychological aspects of daily life. Scores for the total questi onnaire range from 0 to 
105, with higher scores refl ecti ng worse perceived QoL. Both QoL questi onnaires were 
fi lled in by the pati ent or, in case of Down’s syndrome, by the parent or guardian of the 
pati ent, at baseline and with regular intervals of 6 months during follow-up.

Doppler echocardiography (VIVID 7; General Electric Medical Systems, Horton, Norway) 
was performed to defi ne the heart defect and confi rm Eisenmenger’s syndrome, which 
was defi ned as a right-to-left  shunt through the defect. Moreover, we evaluated left  
and right ventricular functi on during bosentan treatment every 6 months in both pati ent 
groups. Right ventricular functi on was measured using tricuspid annular plane systolic 
excursion, and systolic pulmonary arterial pressure was esti mated using peak velocity of 
the tricuspid regurgitati on jet with conti nuous-wave Doppler.17 Tricuspid annular peak 
systolic velocity,18 Tei-index and contracti on durati on of the right ventricle were assessed 
using ti ssue Doppler imaging. Right ventricular contracti on durati on, corrected for heart 
rate, was measured from the onset of the QRS complex to the onset of early diastolic fi ll-
ing of the right ventricle (E).19 All echocardiographic images were acquired and recorded 
digitally, and analyzed offl  ine by a single observer (RHACMdB-B).

Additi onally, in pati ents without Down’s syndrome, cardiovascular magneti c reso-
nance imaging was used to assess ventricular volume, ejecti on fracti on, and stroke vol-
ume of both ventricles. At baseline and aft er 1 or 2 years’ follow-up, end-diastolic and 
end-systolic volumes of both ventricles were calculated using the sums of the traced 
contours in end-diastole and end-systole. End-diastolic volume and end-systolic volume 
were used to calculate stroke volume and ejecti on fracti on.

Aft er performing the baseline evaluati on, oral bosentan was administered at an initi al 
dose of 62.5 mg twice daily. Four weeks aft er treatment initi ati on, the initi al dose was 
increased to the target dose of 125 mg twice daily. Liver functi on, serum hemoglobin, 
and serum hematocrit were tested monthly to screen for adverse eff ects.

Descripti ve data are presented as mean ± SD if normally distributed or as median with 
range, as appropriate. Changes from baseline to each of the follow-up visits were as-
sessed by paired Student’s t tests. Data for the SF-36 and Minnesota Living with Heart 
Failure Questi onnaire were summarized using mean change from baseline to each ti me-
point for the pati ents observed. A P-value <0.05 was considered signifi cant. 
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RESULTS

Between January 2005 and June 2008, a total of 58 adult pati ents with PAH associated 
with CHD started oral bosentan treatment. Median follow-up was 22 months (range 3 
to 36). Forty-eight percent (n=28) of enrolled pati ents had Down’s syndrome. Table 1 
lists pati ent baseline characteristi cs. Of the 6 pati ents without Down’s syndrome without 
Eisenmenger’s syndrome, 3 pati ents had persistent PAH aft er previous closure of their 
CHD, 2 pati ents had refused surgery, and for 1 pati ent operati ve risk was deemed too 
high due to co-morbidity. 

Inducti on of oral bosentan therapy was well tolerated in both pati ent groups, without 
signs of decreasing oxygen saturati on. During follow-up, 2 pati ents died. One pati ent with 
Down’s syndrome died suddenly 4 months aft er treatment initi ati on, probably because 
of cardiac arrhythmia, and 1 pati ent with Down’s syndrome died of a brain abscess aft er 
14 months of bosentan treatment. One pati ent without Down’s syndrome experienced 
severe throat pain and in 1 pati ent without Down’s syndrome an asymptomati c increase 
in liver transaminases (>3 ti mes upper limit of normal) was observed. Both resolved 
within 2 weeks aft er dose reducti on, at which ti me the 125-mg twice-daily dose was 
resumed without reoccurrence of the problems.

Individual changes in 6MWD in pati ents without Down’s syndrome are shown in Figure 
1A. In the enti re group of pati ents without Down’s syndrome, the 6MWD increased 
signifi cantly from 427 ± 97 m at baseline to 461 ± 104 m (P<0.01) aft er 6 months of 
bosentan treatment. However, aft er this initi al improvement, 6MWD gradually returned 
to baseline values in the next 6 months (P=0.1). Aft er this fi rst year of treatment, 6MWD 
appeared to remain stable for the next 12 months (P=0.4). Subgroup analysis showed 
that the treatment eff ect persisted aft er 2 years in the populati on with Eisenmenger’s 
syndrome (n=24) compared with the populati on without Eisenmenger’s syndrome (n=6), 
whereas mean baseline 6MWD was similar in pati ents with and without Eisenmenger’s 
syndrome. In pati ents with Eisenmenger’s syndrome, 6MWD improved aft er 1 and 2 
years of bosentan treatment, with a mean of 19 ± 41 m (P=0.06) and 24 ± 35 m (P=0.07) 
compared with baseline, respecti vely.
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Table 1. Baseline characteristi cs of the study populati on

Total 

(n=58)

Pati ents 

without 

Down’s 

syndrome 

(n=30)

Pati ents 

with Down’s 

syndrome 

(n=28)

P value

Age (years) 42 (20-75) 47 (23-75) 38 (20-56) 0.005

Men 29 (50%) 10 (33%) 19 (68%) 0.009

Eisenmenger’s syndrome 49 (86%) 24 (80%) 28 (100%)

     Follow-up (months) 20 (3-36) 22 (3-36) 18 (3-36) 0.9

     Follow-up > 6 months 53 (91%) 27 (90%) 26 (93%)

Underlying congenital heart defects 

     Atrial septal defect, primum 2 2

     Atrial septal defect, secundum 3 3

     Atrial septal defect, sinus venosus 2 2

     Ventricular septal defect  (+ patent ductus      

     arteriosus)

21 (+ 5) 14 (+ 2) 7 (+ 3)

     Patent ductus arteriosus 3 2 1

     Univentricular heart 4 4

     Atrioventricular septal defect (+ patent 

     ductus arteriosus)

16 (+ 1) 16 (+ 1)

     Transpositi on of the great arteries 1 1

Oxygen saturati on (%) 85 ± 8 86 ± 8 84 ± 8 0.4

6-minute walk distance at baseline (m) 371 ± 115 427 ± 97 308 ± 102 <0.001

New York Heart Associati on class

     II 3 (5%) 3 (10%) 0

     III 55 (95%) 27 (90%) 28 (100%)

Systolic pulmonary arterial pressure (mmHg) 88 ± 17 83 ± 22 92 ± 11 0.2

Stroke volume (ml) 72 ± 28 75 ± 26 69 ± 30 0.6

Cardiac output (L/min) 5 ± 2 6 ± 2 5 ± 3 0.9

N-terminal pro natriureti c pepti de (ng/L) 904 ± 1325 1036 ± 1634 781 ± 974 0.5

Creati nine (umol/L) 81 ± 22 72 ± 16 94 ± 32 0.004

Uric acid (mmol/L) 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.7

Hemoglobin (mmol/L) 12 ± 2 11 ± 2 13 ± 2 0.002

Values are expressed as mean (range), number (%), mean ± SD, or number of pati ents.
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Figure 1 Six-minite walk distance from start of bosentan treatment.
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A) Six-minute walk distance in pati ents without Down’s syndrome with PAH associated with CHD, at baseline 
and during follow-up. Aft er the fi rst year of treatment, 6-minute walk distance stabilized.
B) Six-minute walk test in pati ents with Down’s syndrome with PAH associated with CHD at baseline and during 
follow-up. During treatment with bosentan, exercise capacity remained unchanged compared with baseline.

In additi on to the 6MWD, 11 pati ents without Down’s syndrome performed a maximal 
exercise capacity test at baseline and aft er 1 year of bosentan treatment. Maximal exer-
cise capacity test were unchanged (15 ± 5 ml/min/kg to 17 ± 5 ml/min/kg; p=0.2) aft er 1 
year follow-up compared to baseline. 

Figure 1B shows individual 6MWDs of pati ents with Down’s syndrome during treat-
ment. In these pati ents, exercise capacity was unchanged during bosentan treatment.

Thirteen pati ents without Down’s syndrome and 14 pati ents with Down’s syndrome 
completed the SF-36 and the Minnesota Living with Pulmonary Hypertension Ques-
ti onnaire. In pati ents without Down’s syndrome, QoL improved signifi cantly in 2 of 
the 8 scales assessed by the SF-36 (Figure 2). Daily life limitati ons caused by physical 
health problems (Role-Physical) improved signifi cantly compared with baseline and the 
improvement seemed to persist during longer term follow-up (Figure 2A). In additi on, 
vitality improved signifi cantly aft er 6 months and the improvement remained unti l 18 
months of bosentan treatment (Figure 2B). In pati ents with Down’s syndrome, all 8 
scales of the SF-36 remained stable. Mean Minnesota Living with Pulmonary Hyperten-
sion Questi onnaire scores were unchanged in both pati ent groups (33, range 6 to 67; and 
38, range 0 to 67, P=0.7). 

LVL.indd   141LVL.indd   141 18-03-10   13:5418-03-10   13:54



142

C
h

ap
ter 8   

Baseline 6 months 1 year 1.5 year

l
0

25

50

75

100

125

Non-Down, n=14
Down syndrome, n=17

Follow-up

S
co

re

SF-36 Role physical score

p=0.04

p=0.02

p=0.051

A
Baseline 6 months 1 year 1.5 year 

0

25

50

75

100

Non-Down, n=14
Down syndrome, n=17

Follow-up

S
co

re

p=0.051

p=0.03

SF-36 Vitality score

B

Figure 2. 
Quality of life scores of the two SF-36 areas: role physical (2A) and vitality (2B) during treatment with bosen-
tan in pati ents without and with Down’s syndrome. 
Data represent the mean score of the SF-36 quality of life questi onnaire.

Echocardiographic parameters at baseline and during treatment are listed in Table 2. 
In general, most echocardiographic parameters were unchanged in both groups during 
follow-up. However, analyses of the left  ventricle in pati ents without Down’s syndrome 
showed that stroke volume tended to increase aft er 1 year of bosentan treatment. Analy-
ses of the right ventricle showed an average decrease in right ventricular contracti on 
durati on aft er 1 year of bosentan treatment in pati ents without Down’s syndrome whose 
6MWD improved compared to baseline (n=11). In pati ents with Down’s syndrome, 1 year 
of treatment resulted in a signifi cant increase in tricuspid annular peak systolic velocity. 

In 9 pati ents without Down’s syndrome we performed cardiovascular magneti c 
resonance imaging at baseline and aft er a mean follow-up of 21 ± 8 months. Of these 
pati ents, 3 pati ents had a previously closed CHD with persistent PAH, 1 pati ent had a 
patent ductus arteriosus and 5 pati ents had a ventricular septal defect. On average, 
exercise capacity remained stable in these pati ents during 6 and 12 months of follow-up. 
Mean end-diastolic volume, and end-systolic volume, as well as mean stroke volume and 
mean ejecti on fracti on of the left  and right ventricles remained stable during bosentan 
treatment (Table 3). 

NT-proBNP, hemoglobin, creati nine, and uric acid were unchanged during bosentan 
treatment in both pati ent groups (Table 2). No associati ons could be found between 
changes in 6MWD during bosentan treatment and mean NT-proBNP at baseline or NT-
proBNP changes. In additi on, no relati ons were found between changes in 6MWD and 
hemoglobin, creati nine, or uric acid.
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Table 2. Outcome parameters during follow-up

Baseline 6 months
P 

value
1 year

P 

value
2 years

P 

value

Pati ents without Down’s 

syndrome (n=30)

Echocardiography

      Heart rate (bpm) 77 ± 12 71 ± 11 0.1 75 ± 16 0.5 76 ± 6 0.8

      Stroke volume (ml) 79 ± 29 88 ± 31 0.1 84 ± 20 0.05 82 ± 20 0.2

      Cardiac output (L/min) 6 ± 2 6 ± 2 0.6 6 ± 2 0.2 6 ± 2 0.3

      Systolic pulmonary             

      arterial pressure 

      (mmHg)

93 ± 19 83 ± 21 0.2 84 ± 20 0.7 77 ± 2 2 0.1

      TEI index 0.9 ± 1 0.6 ± 0.2 0.4 0.6 ± 0.3 0.4 0.8 ± 0.5 0.3

      Tricuspid annular

      plane systolic excursion
19 ± 5 20 ± 6 0.4 19 ± 6 0.5 21 ± 7 0.7

      Tissue Doppler S right 

      ventricle
11 ± 3 11 ± 3 0.8 11 ± 3 0.4 10 ± 4 0.3

Laboratory tests (n=25)

      NT-pro BNP (ng/L) 1036 ± 1634 614 ± 646 0.4 1271 ± 1909 0.2 1128 ± 1269 0.9

Pati ents with Down’s 

syndrome (n=28)

      Echocardiography

      Heart rate (bpm) 77 ± 16 72 ± 14 0.2 76 ± 12 0.9 75 ± 13 0.9

      Stroke volume (ml) 68 ± 33 74 ± 36 0.1 67 ± 31 0.1 68 ± 29 0.5

      Cardiac output (L/min) 5 ± 3 5 ± 2 0.7 5 ± 2 0.6 5 ± 2 0.98

      Systolic pulmonary 

      arterial pressure 

      (mmHg)

93 ± 11 90 ± 16 0.1 87 ± 14 0.2 87 ± 15 0.7

      TEI index 0.7 ± 0.3 0.6 ± 0.2 0.07 0.7 ± 0.2 0.7 0.6 ± 0.2 0.4

      Tricuspid annular plane 

      systolic excursion
18 ± 6 21 ± 5 0.2 20 ± 4 0.1 19 ± 4 0.5

      Tissue Doppler S right 

      ventricle
10 ± 2 11 ± 2 0.1 11 ± 2 0.02 11 ± 3 0.1

Laboratory tests (n=27)

      NT-pro-BNP (ng/L) 781 ± 974 709 ± 793 0.1 879 ± 1025 0.09 661 ± 524 0.08

Values are expressed as mean ± SD. P-values indicate follow-up compared to baseline values.
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Table 3. Cardiovascular magneti c resonance imaging during follow-up (n=9)

Baseline Follow-up P value

Left  ventricle

End-diastolic volume (ml) 140 ± 48 147 ± 46 0.4

End-systolic volume (ml) 60 ± 31 62 ± 26 0.8

Stroke volume (ml) 78 ± 26 86 ± 23 0.3

Ejecti on fracti on (%) 57 ± 11 59 ± 7 0.4

Right ventricle

End-diastolic volume (ml) 166 ± 73 176 ± 68 0.4

End-systolic volume (ml) 90 ± 48 90 ± 51 0.99

Stroke volume (ml) 76 ± 34 86 ± 21 0.2

Ejecti on fracti on (%) 47 ± 12 52 ± 11 0.2

Values expressed as mean ± SD. P-values indicate follow-up compared with baseline values.

DISCUSSION

This is the fi rst study reporti ng on the eff ect of almost 2 years of bosentan treatment 
on exercise capacity and QoL in adult pati ents with PAH associated with CHD, including 
pati ents with Down‘s syndrome. In pati ents without Down’s syndrome, we showed a sig-
nifi cant increase in exercise capacity aft er the fi rst 6 months of treatment and improve-
ment in QoL. Aft er the initi al improvement, mean exercise tolerance declined to baseline 
values and fi nally stabilized during longer term follow-up. Improvement of QoL persisted 
throughout follow-up. Conversely, exercise tolerance and QoL were unchanged in pa-
ti ents with Down’s syndrome during treatment. Overall, we found no changes in cardiac 
functi on as determined using echocardiography, cardiovascular magneti c resonance and 
serum NT-proBNP levels in both groups during treatment.

The observed treatment eff ect of bosentan on exercise capacity in pati ents without 
Down’s syndrome compares well with the observati ons of Apostolopoulou et al,12 who 
reported a decline in 6MWD to baseline values in pati ents with PAH associated with 
CHD aft er 2 years of therapy. Additi onally, van Loon et al13 demonstrated similar fi ndings 
in both adults and children with PAH associated with CHD at long-term follow-up. The 
decline in 6MWD during treatment might be caused by the development of tolerance 
for bosentan, as previously observed in some pati ents receiving epoprostenol.20 On the 
other hand, natural disease progression may have had a role. The Breathe-V study, a 
placebo-controlled randomized trial of 54 pati ents with Eisenmenger’s syndrome, 
showed a steady decrease in exercise capacity in pati ents with PAH associated with CHD 
treated with placebo for 4 months.1 As a consequence, stabilizati on of exercise capacity 
can be considered an important gain in the treatment of PAH and those with PAH associ-
ated with CHD.
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Additi onally, we showed that stabilizati on of exercise capacity was accompanied by a 
stati sti cally signifi cant and sustained improvement in QoL. The 8 domains of the SF-36 
were evaluated separately. Although some QoL domains remained stable during treat-
ment, others improved signifi cantly. Role-Physical increased signifi cantly during bosen-
tan treatment, indicati ng that pati ents experienced less problems at work and during 
daily acti viti es aft er 18 months of treatment. Vitality also improved during follow-up, 
indicati ng an increased sensati on of energy. In accordance with our results, Keogh et al5 
showed similar results in pati ents with idiopathic PAH or PAH associated with connecti ve 
ti ssue diseases during bosentan treatment. In pati ents with PAH, health related QoL is 
signifi cantly impaired and the evaluati on of QoL is of great importance. 21, 22 Moreover, 
from the pati ents’ perspecti ve, QoL is one of the most important measures of treatment 
eff ect. Therefore, it is important to assess QoL as a major outcome parameter of treat-
ment eff ect in pati ents with PAH.6

We also evaluated treatment eff ect in pati ents with Down’s syndrome. Litt le is known 
about the benefi t of bosentan in pati ents with Down’s syndrome and PAH associated 
with CHD, although PAH is parti cularly common in these pati ents.23 In a previous small 
study, we reported a short-term increase in 6MWD during bosentan treatment.14 
Presently, in our larger populati on, this short-term improvement could not be confi rmed. 
This could be due to the disputable validity of the 6MWD in pati ents with Down’s syn-
drome, who have reduced mental capacity. Nonetheless, we chose to evaluate 6MWD 
in these pati ents because a more validated test to evaluate exercise capacity is presently 
lacking. Similarly, QoL questi onnaires have not been properly validated in pati ents with 
Down’s syndrome, making their use for the evaluati on of treatment eff ect questi onable. 
To increase their validity, QoL questi onnaires were fi lled in by the pati ents’ parents or 
guardians. In accordance with the 6MWD, QoL scores remained unchanged during treat-
ment, as was NT-pro-BNP.

The present study is limited by the lack of a placebo group and the heterogeneity of 
underlying diagnoses, for example, pati ents with and without Down’s syndrome, pati ents 
with and without Eisenmenger’s syndrome, pati ents with and without closed defects and 
the variety of defects. Moreover, the 6MWD is frequently used to evaluate treatment 
eff ect in PAH pati ents, although the validity of this endpoint to refl ect treatment eff ect 
is questi onable. Other end points should be validated for the adequate evaluati on of 
treatment eff ect. In the absence of an ideal endpoint, data on QoL, imaging of the right 
ventricle and the pulmonary vessels, and chemical markers of PAH should be used in 
parallel and compared with the 6MWD in pati ents with and without Down’s syndrome.6 
Therefore, defi nite conclusions on long-term treatment eff ects of bosentan cannot yet 
be made. In conclusion, our fi ndings suggest that in pati ents without Down’s syndrome 
longer-term bosentan treatment resulted in a persistent improvement of QoL and a 
stabilizati on of exercise capacity.

LVL.indd   145LVL.indd   145 18-03-10   13:5418-03-10   13:54



146

  C
h

ap
ter 8 

REFERENCES

 1.   Galie N, Beghetti   M, Gatzoulis MA, Granton J, Berger RMF, Lauer A, Chiossi E, Landzberg M, 
for the Bosentan Randomized Trial of Endothelin Antagonist Therapy- Bosentan therapy in 
pati ents with Eisenmenger syndrome: A multi center, double-blind, randomized, placebo-
controlled study. Circulati on 2006;114:48-54.

 2.  McLaughlin VV, Sitbon O, Badesch DB, Barst RJ, Black C, Galie N, Rainisio M, Simonneau 
G, Rubin LJ Survival with fi rst-line bosentan in pati ents with primary pulmonary hyperten-
sion. Eur Respir J 2005;25:244-9.

 3.  Provencher S, Sitbon O, Humbert M, Cabrol S, Jais X, Simonneau G Long-term outcome 
with fi rst-line bosentan therapy in idiopathic pulmonary arterial hypertension. Eur Heart 
J 2006;27:589-95.

 4.  Sitbon O, Badesch DB, Channick RN, Frost A, Robbins IM, Simonneau G, Tapson VF, Rubin 
LJ Eff ects of the dual endothelin receptor antagonist bosentan in pati ents with pulmonary 
arterial hypertension: a 1-year follow-up study. Chest 2003;124:247-54.

 5.  Keogh AM, McNeil KD, Wlodarczyk J, Gabbay E, Williams TJ Quality of life in pulmonary arte-
rial hypertension: improvement and maintenance with bosentan. J Heart Lung Transplant 
2007;26:181-7.

 6.  Peacock A, Naeije R, Galie N, Reeves JT End points in pulmonary arterial hypertension: the 
way forward. Eur Respir J 2004;23:947-53.

 7.  Diller GP, Dimopoulos K, Kaya MG, Harries C, Uebing A, Li W, Koltsida E, Gibbs JS, Gatzoulis 
MA Long-term safety, tolerability and effi  cacy of bosentan in adults with pulmonary arterial 
hypertension associated with congenital heart disease. Heart 2007;93:974-6.

 8.  Sitbon O, Beghetti   M, Peti t J, Iserin L, Humbert M, Gressin V, Simonneau G Bosentan for the 
treatment of pulmonary arterial hypertension associated with congenital heart defects. Eur 
J Clin Invest 2006;36 Suppl 3:25-31.

 9.  D’Alto M, Vizza CD, Romeo E, Badagliacca R, Santoro G, Poscia R, Sarubbi B, Mancone M, 
Argiento P, Ferrante F, Russo MG, Fedele F, Calabro R Long term eff ects of bosentan treat-
ment in adult pati ents with pulmonary arterial hypertension related to congenital heart 
disease (Eisenmenger physiology): safety, tolerability, clinical, and haemodynamic eff ect. 
Heart 2007;93:621-5.

 10.  Schulze-Neick I, Gilbert N, Ewert R, Witt  C, Gruenig E, Enke B, Borst MM, Lange PE, Hoeper 
MM Adult pati ents with congenital heart disease and pulmonary arterial hypertension: fi rst 
open prospecti ve multi center study of bosentan therapy. Am Heart J 2005;150:716.

 11.  Duff els M, van Loon L, Berger R, Boonstra A, Vonk-Noordergraaf A, Mulder B Pulmonary 
arterial hypertension associated with a congenital heart defect: advanced medium-term 
medical treatment stabilizes clinical conditi on. Congenit Heart Dis 2007;2:242-9.

 12.  Apostolopoulou SC, Manginas A, Cokkinos DV, Rammos S Long-term oral bosentan treat-
ment in pati ents with pulmonary arterial hypertension related to congenital heart disease: 
a 2-year study. Heart 2007;93:350-4.

 13.  van Loon RL, Hoendermis ES, Duff els MG, Vonk-Noordegraaf A, Mulder BJ, Hillege HL, Berger 
RM Long-term eff ect of bosentan in adults versus children with pulmonary arterial hyper-
tension associated with systemic-to-pulmonary shunt: does the benefi cial eff ect persist? 
Am Heart J 2007;154:776-82.

 14.  Duff els MG, Vis JC, van Loon RL et al. Down pati ents with Eisenmenger syndrome: Is bosen-
tan treatment an opti on? Int J Cardiol. In press 2008.

 15.  ATS/ACCP Statement on cardiopulmonary exercise testi ng Am J Respir Crit Care Med 
2003;167:211-77.

LVL.indd   146LVL.indd   146 18-03-10   13:5418-03-10   13:54



147

C
h

ap
ter 8   

 16.  ATS statement: guidelines for the six-minute walk test Am J Respir Crit Care Med 
2002;166:111-7.

 17.  Galie N, Hinderliter AL, Torbicki A, Fourme T, Simonneau G, Pulido T, Espinola-Zavaleta N, 
Rocchi G, Manes A, Frantz R, Kurzyna M, Nagueh SF, Barst R, Channick R, Dujardin K, Kro-
nenberg A, Leconte I, Rainisio M, Rubin L Eff ects of the oral endothelin-receptor antagonist 
bosentan on echocardiographic and doppler measures in pati ents with pulmonary arterial 
hypertension. J Am Coll Cardiol 2003;41:1380-6.

 18.  Meluzin J, Spinarova L, Bakala J, Toman J, Krejci J, Hude P, Kara T, Soucek M Pulsed Doppler 
ti ssue imaging of the velocity of tricuspid annular systolic moti on; a new, rapid, and non-
invasive method of evaluati ng right ventricular systolic functi on. Eur Heart J 2001;22:340-8.

 19.  Huez S, Vachiery JL, Unger P, Brimioulle S, Naeije R Tissue Doppler imaging evaluati on of 
cardiac adaptati on to severe pulmonary hypertension. Am J Cardiol 2007;100:1473-8.

 20.  Barst RJ, Rubin LJ, McGoon MD, Caldwell EJ, Long WA, Levy PS Survival in primary pulmo-
nary hypertension with long-term conti nuous intravenous prostacyclin. Ann Intern Med 
1994;121:409-15.

 21.  McKenna SP, Doughty N, Meads DM, Doward LC, Pepke-Zaba J The Cambridge Pulmonary 
Hypertension Outcome Review (CAMPHOR): a measure of health-related quality of life and 
quality of life for pati ents with pulmonary hypertension. Qual Life Res 2006;15:103-15.

 22.  Zlupko M, Harhay MO, Gallop R, Shin J, rcher-Chicko C, Patel R, Palevsky HI, Taichman DB 
Evaluati on of disease-specifi c health-related quality of life in pati ents with pulmonary arte-
rial hypertension. Respir Med 2008.

 23.  Suzuki K, Yamaki S, Mimori S, Murakami Y, Mori K, Takahashi Y, Kikuchi T Pulmonary vascular 
disease in Down’s syndrome with complete atrioventricular septal defect. Am J Cardiol 
2000;86:434-7.

LVL.indd   147LVL.indd   147 18-03-10   13:5418-03-10   13:54



CHAPTER9
LVL.indd   148LVL.indd   148 18-03-10   13:5418-03-10   13:54



s

Role of heme oxygenase-1 and 
endothelial progenitor cells 
in the benefi cial effects of 

erythropoietin on experimental 
pulmonary arterial hypertension

1 Center for Congenital Heart Disease, Department of Pediatric Cardiology, University Medical 

Center Groningen, University of Groningen, Groningen;
2 Department of Orthodonti cs and Oral Biology, Department of Pharmacology and Toxicology, 

Radboud University Nijmegen Medical Center, Nijmegen;

The Netherlands. 

Rosa Laura E van Loon1, Beatrijs Bartelds1, Frank ADTG Wagener2, Nada 
Affara1, Saffl oer Mohaupt1, Hans Wijnberg1, Sebastiaan WC Pennings2, 

Janny Takens1, Rolf MF Berger1

Submitted

LVL.indd   149LVL.indd   149 18-03-10   13:5418-03-10   13:54



150

 

ABSTRACT

Objectives
Erythropoieti n (EPO) improves pulmonary vascular remodeling in rats with fl ow-asso-
ciated pulmonary arterial hypertension (PAH) through unknown mechanisms. We hy-
pothesized that EPO improves this remodeling through acti vati on of heme oxygenase-1 
(HO-1) and mobilizati on of endothelial progenitor cells (EPCs).

Methods
Flow-associated PAH was created in rats by injecti on of monocrotaline followed by an 
abdominal aorto-caval shunt. PAH rats were randomized to EPO (n=17), EPO+SnMP 
(n=13), SnMP (n=12) or no treatment (PAH, n=17). Three weeks later, hemodynamics, 
pulmonary vascular remodeling, pulmonary HO-acti vity and number of circulati ng EPCs 
were evaluated.

Results
Wall thickness of small pulmonary vessels decreased aft er EPO, increased aft er EPO+SnMP 
and increased even more aft er SnMP treatment. Pulmonary HO-acti vity was increased 
in PAH, did not further increase aft er EPO and decreased to baseline levels aft er SnMP 
and EPO+SnMP. The number of EPCs increased aft er EPO and SnMP and increased even 
further aft er EPO+SnMP treatment. Pulmonary arterial pressure and right ventricular 
contracti lity remained unchanged.

Conclusion
In this rat model of fl ow-associated PAH, EPO improved pulmonary vascular remodel-
ing, not by increasing pulmonary HO-acti vity, but accompanied by increased numbers 
of circulati ng EPCs. Inhibiti on of HO-acti vity worsened pulmonary vascular remodeling, 
despite increasing the number of EPCs. Our data suggest that both EPO and HO have 
benefi cial eff ects on PAH, however, mediated via diff erent mechanisms. These fi ndings 
might be explained by HO facilitati ng the homing of EPCs to the diseased pulmonary 
vascular bed.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening pulmonary vascular disease, 
characterized by a specifi c patt ern of proliferati ve and obstructi ve remodeling of espe-
cially the small pulmonary vessel walls. The pulmonary vascular remodeling involves pro-
liferati on of endothelial and smooth muscle cells, fi brosis, thrombosis and infl ammati on. 
This results in the formati on of PAH-specifi c neointi mal and more complex plexiform 
lesions leading to the obstructi on of the pulmonary vessel lumen. In experimental fl ow-
associated PAH, we previously observed benefi cial eff ects of erythropoieti n (EPO) on 
this pulmonary vascular remodeling, including a decrease in pulmonary vascular occlu-
sion and wall thickness.1 These therapeuti c eff ects may be mediated by the (increased) 
incorporati on of EPCs into the diseased pulmonary endothelium.2  

EPO is a hypoxia-induced hormone which promotes erythropoiesis. Furthermore, EPO 
has been demonstrated to exert therapeuti c eff ects in various disorders aff ecti ng the 
vasculature, including post mechanical vascular injury3,4 and myocardial and hind-limb 
ischemia.5,6 These therapeuti c eff ects appear to be mediated by the mobilizati on and 
homing of endothelial progenitor cells (EPCs) from the bone marrow to the injured vas-
cular endothelium, leading to reendothelializati on3 and neovascularizati on5,6.

The downstream molecular pathways through which EPO exerts its protecti ve eff ects 
are incompletely known. Recently, inducti on of heme oxygenase-1 (HO-1) has been 
implicated to play an important role in EPO’s downstream mechanisms.7,8 HO-1 is the 
inducible isoform of heme oxygenase (HO) which catalyzes the rate-limiti ng step in the 
degradati on of heme to ferrous iron, carbon monoxide and biliverdin. HO-1 is expressed 
in response to a variety of stresses and, in turn, its reacti on products protect against 
oxidati ve stress and infl ammati on.9,10 In experimental models of hypoxia-induced pul-
monary hypertension (PH), characterized by media hypertrophy only and not the PAH-
specifi c proliferati ve pulmonary vascular remodeling, overexpression of HO-1 appears to 
protect against the development of PH.11,12

In the present study, we hypothesized that EPO improves the pulmonary vascular 
remodeling in PAH, through inducti on of HO-acti vity and mobilizati on of EPCs. To test 
this hypothesis, we treated rats with fl ow-associated PAH with EPO with and without 
the potent HO-acti vity inhibitor, ti n mesoporphyrin (SnMP), and measured pulmonary 
vascular remodeling, hemodynamics, pulmonary HO-acti vity and the number of circulat-
ing EPCs.

METHODS

Animals and study design
Seventy-two male Wistar rats (280-300 gram) were purchased from Harlan (Zeist, the 
Netherlands). The experimental protocol was approved by the insti tuti onal Animal Care 
and Use Committ ee (University Medical Center Groningen). Animal care and experiments 
were conducted according to the US Nati onal Insti tutes of Health guidelines.
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Rats were randomized into 5 groups: 1) an experimental group with fl ow-associated 
PAH (PAH, n=17), 2) an experimental group which received treatment with EPO 
(EPO, n=17), 3) an experimental group which received treatment with EPO and SnMP 
(EPO+SnMP, n=13), 4) an experimental group which received SnMP (SnMP, n=12) and 5) 
a control group (CON, n=13). 

Flow-associated PAH was created by subcutaneous injecti on with monocrotaline (60 
mg/kg, Sigma Chemical Co., St. Louis, MO, USA), followed by an abdominal aortocaval 
shunt one week later, as described in detail previously.13 EPO (40 μg/kg, Darbepoeti n-
alpha, Aranesp®, Amgen Inc., Thousand Oaks, CA, USA) was administered via a single 
subcutaneous injecti on on the day of aortocaval shunt surgery. This dosage, comparable 
to 8000 IU/kg of short acti ng EPO, was chosen based on experiments in our laboratory, 
demonstrati ng signifi cantly increased neovascularisati on and contracti lity of the left  
ventricle in rats with myocardial infarcti on.6 SnMP (30 umol/kg, Sn(IV) Mesoporphyrin 
IX dichloride, Fronti er Scienti fi c Inc.) was administered via 2 subcutaneous injecti ons: 
on the day of aortocaval shunt surgery and 10 days later. The control group underwent 
subcutaneous saline injecti on followed by sham surgery.

For measurement of hematocrit, blood (200uL) was drawn every week starti ng from 
baseline (t=0, day of monocrotaline injecti on). For isolati on of circulati ng EPCs, blood 
(1mL) was drawn at baseline and before sacrifi ce (t=28).

Of the 72 rats, all but 8 successfully completed the experimental protocol. In 4 of these 
8 rats, shunt surgery was not successful: 2 rats died due to acute surgery-related compli-
cati ons (PAH n=1, PAH+SnMP, n=1), 1 underwent early electi ve sacrifi ce because of post-
operati ve paresis of hind legs (PAH) and in 1 rat there was no shunt present at sacrifi ce 
(PAH). Of the other 4 rats, one underwent early electi ve sacrifi ce because of extensive 
unexplained wounds to the snout (CON), one died prematurely due to unknown causes 
(PAH+EPO) and two rats died during orbital puncti on for blood withdrawal (PAH+EPO, 
n=1; PAH+SnMP, n=1). All these 8 rats were excluded from analysis.

Circulating endothelial progenitor cells
For measuring EPCs, we used a widely used cell culturing and staining technique, since 
fl uorescence acti vated cell sorti ng (FACS) is impossible for identi fying rat EPCs due to 
the lack of rat-specifi c EPC anti gens. Mononuclear cells were isolated from 1 mL of 
peripheral blood by density gradient centrifugati on with Histopaque-1083, according to 
manufacturer’s instructi ons (Sigma Chemical, St. Louis. MO, USA). Isolated mononuclear 
cells were seeded in triplicate on 1% gelati ne-coated 96-well plates (BD BioCoat, Bed-
ford, MA, USA), in endothelial cell basal medium (Cambrex Bioproducts, Cloneti cs, New 
Jersey, USA) supplemented with 2% fetal bovine serum, EGM-2 SingleQuots (Cloneti cs), 
Penicillin (100 U/mL) and Streptomycin (100 ug/mL). Aft er 2 days of culture, the adher-
ent cells were carefully washed with medium and co-stained with DiI AcLDL (1,1’-diocta-
decyl-3,3,3’, 3’-tetramethylindocarbocyanine-labeled acetylated Low Density Lipopro-
tein, 10 ug/mL; Molecular Probes, Invitrogen, Carlsbad, CA, USA) and FITC-conjugated 
BS lecti n 1 (fl uorescein isothyiocyanate-labelled Bandeiraea Simplicifolia lecti n 1, 10 
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ug/mL; Sigma-Aldrich, Zwijndrecht, Netherlands). DAPI (4’,6-Diamidino-2-phenyindole, 
dilactate, Sigma-Aldrich, Zwijndrecht, Netherlands) was used for nuclear staining. Im-
ages were captured using an LSM 410 fl uorescence microscope with a magnifi cati on of 
100x (Carl Zeiss, Jena, Germany). Double positi ve cells for DiI AcLDL and lecti n staining, 
were considered an EPC and counted by co-localizati on analysis using Image-Pro Plus for 
Windows soft ware (version 4.5) by an investi gator blinded to treatment.6 DAPI staining 
served as a control to see whether the double positi ve cells were in fact a cell with a 
nucleus. For every blood sample, the average number of EPCs was calculated from 6 
high-power fi eld images, 2 from each well.

Hemodynamic measurements
Three weeks aft er aortocaval shunt surgery, animals were anestheti zed. Pulmonary and 
systemic arterial pressures were measured using fl uid fi lled Silasti c catheters, a tech-
nique routi nely used in our laboratory.13 In additi on, right ventricular contracti lity was 
measured using a 2-French Microti p pressure transducer (Millar Instr. Inc., Houston, TX, 
USA).13 Aft er completi on of hemodynamic measurements, blood samples were drawn 
from the left  caroti d artery, distal and proximal inferior caval vein (below and, respec-
ti vely, above the level of the aortocaval shunt) in order to determine oxygen saturati on 
and confi rm the presence of a shunt by signifi cant oxygen step-up (31±10%).

Pulmonary vascular remodeling
Aft er the blood withdrawals, heart and lungs were excised. The right lung was frozen 
in liquid nitrogen for molecular analyses. The left  lung was fi xated by fi lling the airways 
with 3.6% formalin at a pressure of 20 cmH2O. Deparaffi  nized pulmonary 5 mm thick sec-
ti ons were stained with hematoxylin-eosin and Verhoef elasti n-stain for morphometric 
analysis of vascular dimensions according to a previously described protocol.13 In the 
lung secti ons, all transversally cut arteries with a diameter ≥50 micrometer (pre-acinar 
arteries) and 40 randomly chosen vessels (10 in each left  lung quadrant) with a diameter 
<50 micrometer (intra-acinar vessels) were quanti tati vely analyzed at 200 and 400 ti mes 
magnifi cati on using image analysis soft ware (Image-Pro Plus for Windows, version 4.5). 
In the pre-acinar arteries, wall thickness and medial wall/lumen rati o were measured 
and calculated. In the intra-acinar pulmonary vessels, wall thickness was measured in 
additi on to occlusion scores, calculated according to the following formula: (outer vessel 
area – luminal area)/(outer vessel area). Muscularizati on of 40 small pulmonary vessels 
was assessed as described previously by van Suylen and coworkers.14

Heme oxygenase activity measurement
To determine pulmonary HO-acti vity at day 28, we performed an HO-acti vity assay by 
measurement of bilirubin (and biliverdin) generati on using HPLC techniques, slightly 
modifi ed from previously described.15 In short, proteins were isolated from frozen lung 
by pulverizati on using a Mikro-dismembrator (Sartorius B. Braun Biotech Int., Melsun-
gen, Germany, 2000 rpm for 40 sec). Lung homogenate was resuspended (40 mg/ml) in 
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lysis buff er (20 mM Tris / 250 mM sucrose, pH=8.5; supplemented with protease inhibi-
tors) and subsequently lysed by 3 freeze-thaw cycles. Next, the lysate was centrifuged at 
13000 rpm at 4°C for 10 minutes. The supernatant was used for the HO-acti vity assay and 
the measured protein concentrati on was used for normalizati on. Samples for measure-
ment on an HPLC (Spectra-Physics Analyti cal, Spectrasystem SCM400) equipped with a 5 
mm Discovery C18 column and a Discovery C18 Supelguard Cartridge 5 mm parti cle size 
precolumn (both Sigma-Aldrich) were supplemented with vitamin C to prevent oxidati on 
of bilirubin or biliverdin. As controls for HO-acti vity, we used untreated fi broblasts in 
combinati on with fi broblasts treated for 24 hrs with 10 μM curcumin.

Quantitative RT-PCR
Total RNA was isolated from pulmonary ti ssue using TRIzol reagent (Invitrogen). Real-
ti me RT-PCR experiments were performed on a CXF384 real ti me system C1000 Thermal 
cycler (BioRad Laboratories, Veenendaal, The Netherlands). cDNA was synthesized using 
Moloney murine leukemia virus reverse transcriptase and random primers (Invitrogen, 
Burlington, ON, Canada). Real-ti me RT-PCR was conducted using SYBR Green PCR Master 
Mix according to the manufacturer’s instructi ons (Eurogentec, San Diego, CA). Primer 
sequences are available on request. Expression levels were obtained from a diluti on 
standard curve and compared with those of 36B4 mRNA in order to calculate the relati ve 
expression levels.

Statistical analysis
Data are presented as mean±SEM or median (range). In order to assess whether fl ow-
associated PAH was successfully created, diff erences between the PAH and CON group 
were analyzed using t-tests for normally distributed data and Mann-Whitney U testi ng 
for not normally distributed data. In order to analyze diff erences between the untreated 
and treated PAH groups (groups 1-4), one-way ANOVA followed by Fisher’s protected 
LSD post-hoc testi ng (hematocrit, hemodynamics, RV hypertrophy, pulmonary vascular 
remodeling) and Kruskall-Wallis followed by Mann-Whitney post-hoc testi ng with Bon-
ferroni correcti on (number of EPCs) was used. Alpha was chosen to be 0.05. A two-tailed 
p-value <0.05 was considered stati sti cally signifi cant.

RESULTS

Flow-associated PAH rat model
Flow-associated PAH was confi rmed by histology, pathology and hemodynamics as de-
scribed previously.13 Briefl y, PAH rats showed advanced pulmonary vascular remodeling, 
including signifi cantly increased wall thickness, occlusion scores and muscularizati on 
of intra-acinar vessels as well as increased wall thickness and wall/lumen rati o of pre-
acinar pulmonary vessels, (Figure 1A, Table 1). Consequently, PAH rats had signifi cantly 
increased right ventricular hypertrophy, increased right atrial and pulmonary arterial 
pressures and decreased right ventricular contracti lity (Figure 1B, 1C, Table 1).
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Increased HO-activity and decreased number of circulating EPCs in PAH
Pulmonary HO-acti vity and HO-1 mRNA levels were signifi cantly increased in PAH, com-
pared to CON (p=0.05, Figure 2A, 2B). In contrast, the number of circulati ng EPCs at t=28 
were decreased in PAH, although not reaching stati sti cal signifi cance (p=0.1; Figure 2C). 
There were no baseline diff erences in EPC numbers (PAH vs CON respecti vely: median 
209, range 191-226, vs median 207, range 139-275) or hematocrit between the diff erent 
study groups (overall mean of 0.46 ± 0.01).

Effects of EPO in PAH
EPO treatment improved pulmonary vascular remodeling, as shown by reduced wall 
thickness (p<0.05) and occlusion scores of intra-acinar pulmonary vessels (p=0.09), com-
pared with PAH (Figure 1A, Table 1). In contrast, hemodynamics remained unchanged, 
which is consistent with our previous experiments.1 EPO treatment did not further 
increase pulmonary HO-acti vity (Figure 2A), whereas HO-1 mRNA expression levels did 
further increase, compared with PAH (p=0.01, Figure 2B). EPO treatment increased the 
number of circulati ng EPCs to levels as seen in CON (p<0.05, Figure 2C). Hematocrit 
levels increased signifi cantly aft er EPO treatment, from t=14 (0.58± 0.01) through t=21 
(0.50±0.01), demonstrati ng the successful administrati on of EPO. Taken together, EPO 
improved pulmonary vascular remodeling, did not further increase pulmonary HO-
acti vity, but did increase the number of circulati ng EPCs.

Figure 1. Flow associated PAH and eff ects of EPO treatment
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ventricular hypertrophy and C) systolic pulmonary arterial pressure. D) Examples of pulmonary histopathology 
of intra-acinar pulmonary vessels. CON, controls; PAH, untreated pulmonary arterial hypertension; EPO, PAH 
treated with erythropoieti n. * p<0.05, PAH vs CON, EPO vs PAH
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Table 1. Animal characteristi cs

 CON PAH EPO EPO+SnMP SnMP

 n=12 n=14 n=15 n=13 n=10

Hemodynamics

  Systolic pulmonary arterial pressure     

  (mmHg)
30 ± 1 54 ± 3   * 56 ± 3 56 ± 4 56 ± 6

             Mean systemic arterial pressure (mmHg) 89 ± 2 63 ± 4   * 71 ± 6 71 ± 5 67 ± 4

  + dP/dT indexed max 106 ± 8 71 ± 2   * 76 ± 6 74 ± 7 67 ± 6

  – dP/dT indexed max 91 ± 7 55 ± 16 * 80 ± 6 56 ± 18 62 ± 7

  Heart rate (beats per minute) 343 ± 20 310 ± 14 321 ± 15 312 ± 18 328 ± 13

Pathology  

  Body weight at sacrifi ce (g) 390 ± 8 350 ± 8   * 346 ± 5 343 ± 5 343 ± 5

  RV hypertrophy, RV/(LV+IVS) 0.25 ± 0.01 0.47 ± 0.03* 0.47 ± 0.03 0.47 ± 0.03 0.42 ± 0.04

  RV weight (mg) 0.21 ± 0.02 0.44 ± 0.02 0.44 ± 0.03 0.40 ± 0.03 0.38 ± 0.03

Pulmonary vascular morphometry

  Intra-acinar pulmonary vessels <50um

  Wall thickness (μm) 0.4 ± 0.1 4.2 ± 0.4  * 3.2 ± 0.3 # 4.0 ± 0.5 †§ 5.3 ± 0.3  #

   Occlusion (%) 2.5 ± 0.8 25.3 ± 2.1  * 20.4 ± 1.9 $ 24.9 ± 2.7   § 31.4 ± 1.8  #

   Muscularizati on

      Totally muscularized 2.6 ± 1.2 20.3 ± 3.5  * 18.9 ± 2.6 24.0 ± 5.6 28.8 ± 6.1

      Partly muscularized 2.7 ± 0.9 9.4 ± 2.5  * 9.6 ± 2.0 17.6 ± 2.6 13.1 ± 3.0

  Pre-acinar pulmonary vessels >50um

   Wall thickness (μm) 7.3 ± 1.3 15.6 ± 1.5  * 16.1 ± 1.8 15.4 ± 1.9 16.6 ± 3.1

   Wall/lumen rati o 0.08 ± 0.01 0.15 ± 0.01* 0.14 ± 0.01 0.15 ± 0.02§ 0.24 ± 0.05#

Data are presented as mean ± SEM. CON, control group; PAH, untreated pulmonary arterial hypertension; EPO, PAH 
treated with erythropoieti n (EPO); EPO+SnMP, PAH treated with EPO and ti n-mesoporphyrin (SnMP); SnMP, PAH 
treated with SnMP; RV, right ventricle; (–)dP/dT indexed max, RV contracti lity, maximal rate of increase or decrease 
in RV pressure (calculated as the variati on in pressure (P) with ti me (T) corrected for RV systolic pressure); LV, left  ven-
tricle; IVS, interventricular septum). * PAH vs CON: p<0.02; # Treated (EPO and/or SnMP) vs untreated PAH: p<0.05; 
$ PAH+EPO vs PAH, occlusion intra-acinar vessels: p=0.09; † EPO+SnMP vs EPO, wall thickness intra-acinar vessels: 
p=0.09; § EPO+SnMP vs SnMP: p<0.05
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Figure 2. HO-acti vity and Number of circulati ng EPCs in PAH and aft er treatment with EPO
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Figure 3. Heme oxygenase acti vity and mRNA expression levels
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Figure 4. Eff ects of HO acti vity blockade on pulmonary vascular remodeling and number of circulati ng EPCs
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Effects of EPO and SnMP in PAH
SnMP successfully inhibited HO-acti vity in both EPO+SnMP and SnMP to levels as mea-
sured in CON (Figure 3A). In contrast, SnMP did not decrease HO-1 mRNA levels (Figure 
3B), which confi rms its functi on in inhibiti ng HO-acti vity and not HO-1 transcripti on. SnMP 
diminished the benefi cial eff ects of EPO on pulmonary vascular remodeling, leading to 
an increase in wall thickness of intra-acinar pulmonary vessels to levels as measured in 
PAH (EPO+SnMP vs EPO, p=0.09, Figure 4A). Interesti ngly, SnMP treatment together with 
EPO resulted in a further increase in the number of circulati ng EPCs compared to EPO 
treatment alone (p<0.05, Figure 4B). Taken together, SnMP diminished the benefi cial 
eff ects of EPO on pulmonary vascular remodeling, despite further increasing the number 
of circulati ng EPCs.

Effects of SnMP in PAH
SnMP in the absence of EPO treatment aggravated pulmonary vascular remodeling to 
levels worse than seen in PAH: signifi cantly increased wall thickness (p<0.05) and occlu-
sion scores (p<0.05) of intra-acinar pulmonary vessels and increased wall-lumen rati o 
(p<0.05) of pre-acinar pulmonary arteries (SnMP vs PAH, Figure 4A, Table 2). Interesti ngly, 
SnMP treatment alone induced an increase in circulati ng EPCs to levels as observed in 
PAH+EPO (SnMP vs PAH p=0.09, Figure 4B). Taken together, SnMP worsened pulmonary 
vascular remodeling, despite increasing the number of circulati ng EPCs.

Effects of EPO on EPC homing factors and markers of infl ammation 
In order to investi gate the eff ects of EPO on factors involved in the homing of circulati ng 
EPCs to the diseased vessel endothelium, we studied 2 sti muli required for EPCs to home 
to diseased vascular walls: vascular endothelial growth factor (VEGF) and its 2 receptor 
subtypes (VEGF-R1, VEGF-R2) and stromal cell derived factor-1 (SDF-1).6,16 Since infl am-
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matory processes are involved in the pathophysiology of PAH and since HO-acti vity has 
potent anti -infl ammatory properti es,17 we also measured monocyte chemoatt ractant 
protein-1 (MCP-1) levels, a major infl ammatory marker, in order to study the eff ects of 
EPO and SnMP on infl ammatory processes in PAH.

Pulmonary VEGF and VEGF-R2 mRNA expression levels were decreased and SDF-1 
levels were increased in PAH. Aft er EPO treatment, these mRNA levels were unchanged 
(Figure 5A, 5B). Interesti ngly, EPO treatment together with SnMP tended to increase 
mRNA expression levels of VEGF-R2 and SDF-1, whereas SnMP alone did not alter these 
mRNA levels. Regarding infl ammati on, MCP-1 mRNA expression levels were signifi cantly 
increased in PAH rats, compared to CON (Figure 5C). EPO treatment with or without 
SnMP did not infl uence these levels. Taken together, EPO did not infl uence EPC homing 
factors or markers of infl ammati on.

Figure 5. VEGF-R2, SDF-1 ad MCP-1 mRNA expression levels
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phyrin; VEGF-R2, vascular endothelial growth factor receptor 2; SDF-1, stromal cell derived factor-1; MCP-1, 
monocyte chemoatt ractant protein-1. mRNA expression levels relati ve to 36B4 mRNA levels. * p<0.05, PAH vs 
CON, EPO+SnMP vs PAH
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DISCUSSION

In this experimental study of fl ow-associated PAH, the EPO induced improvements in 
pulmonary vascular remodeling were not mediated by pulmonary HO-acti vity, but were 
accompanied by increased numbers of circulati ng EPCs. Interesti ngly, inhibiti on of HO-
acti vity by SnMP, alone or in combinati on with EPO treatment, also resulted in increased 
numbers of circulati ng EPCs. However, despite increasing the number of circulati ng EPCs, 
inhibiti on of HO-acti vity worsened the pulmonary vascular remodeling. 

Heme oxygenase activity
In this study, HO-1 mRNA and HO-acti vity levels were augmented in untreated PAH. EPO 
treatment resulted in a further increase of HO-1 mRNA levels, as described previously 
in experimental models of kidney failure and myocardial infarcti on.7,8,18 However, an im-
portant new fi nding of the current study was that EPO did not lead to a further increase 
in HO-acti vity levels, obviously a more specifi c assessment for the functi on of HO. The 
lack of a further increase in HO-acti vity suggests that in our PAH model, HO-acti vity was 
already maximally increased and could not be increased further by EPO. Since pulmonary 
vascular remodeling improved aft er treatment with EPO, we could not demonstrate that 
these benefi cial eff ects of EPO were mediated via inducti on of HO-acti vity. 

Although HO-acti vity did not appear to be a downstream eff ector in the benefi cial 
eff ects of EPO, HO-acti vity itself did appear to be an essenti al protector against the pro-
gression of PAH, since inhibiti on of HO-acti vity caused severe deteriorati on of pulmonary 
vascular remodeling. These protecti ve eff ects of HO in PAH may be based on its potent 
anti -infl ammatory characteristi cs. 

Infl ammatory processes have been observed to contribute to the progression of PAH.17 
HO plays an essenti al role in these processes, via the producti on of iron and the anti -
oxidant bilirubin.9,10 In our untreated PAH rats, HO-acti vity was increased, in line with 
previously reported increased HO-1 mRNA levels in experimental monocrotaline induced 
PH.19 The increased HO-acti vity may refl ect an intrinsic protecti ve response to increased 
infl ammati on in PAH. Indeed, in our untreated PAH rats, we observed signs of increased 
infl ammati on involving highly increased levels of MCP-1, a monocyte chemoatt ractant 
and marker for infl ammati on, analogous to studies in humans with PAH.20 In our study, 
inhibiti on of HO-acti vity did not lead to further increased levels of MCP-1, suggesti ng 
already maximally increased infl ammati on in PAH. Taken together, our fi ndings empha-
size the important protecti ve eff ects of HO-acti vity against the progression of pulmonary 
vascular remodeling in PAH and suggests the development of PAH therapy targeted at 
HO-acti vity. 

Endothelial progenitor cells
We observed decreased numbers of circulati ng EPCs in untreated PAH, consistent with 
recent reports in humans with idiopathic and systemic-to-pulmonary shunt associated 
PAH.21,22 Since EPCs appear able to incorporate into damaged endothelium and poten-
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ti ally repair this endothelium, the shortage of circulati ng EPCs in PAH may contribute to 
the progression of pulmonary  endothelial dysfuncti on and pulmonary vascular remodel-
ing. Indeed, in our study, EPO treatment led to restored numbers of circulati ng EPCs and 
improved pulmonary vascular remodeling, suggesti ng EPC mediated benefi cial eff ects of 
EPO in PAH. 

EPCs have been located in diseased pulmonary vessel walls of experimental models of 
untreated hypoxia and monocrotaline induced PH.23,24 Furthermore, the incorporati on of 
EPCs into this diseased pulmonary endothelium has been suggested to improve pulmo-
nary vascular remodeling.2 However, such improvements have been observed only aft er 
administrati on of geneti cally modifi ed and functi onally enhanced EPCs.25,26 Improve-
ments in PAH and its pulmonary vascular remodeling aft er EPO treatment, together with 
the demonstrati on of increased numbers of nati ve EPCs into the diseased pulmonary 
vascular bed, sti ll needs to be demonstrated. Nevertheless, our current fi ndings do sup-
port the potenti al therapeuti c role of EPO, via EPCs, in PAH. 

Interesti ngly, in the present study, not only EPO treatment but also inhibiti on of HO-ac-
ti vity induced an increase in the number of circulati ng EPCs. However, despite increased 
numbers of circulati ng EPCs, the pulmonary vascular remodeling deteriorated. This fi nd-
ing suggests that the mobilized EPCs were unable to home to the diseased pulmonary 
endothelium either due to intrinsic abnormaliti es or due to the absence of EPC homing 
sti muli. Decreased functi on and homing of EPCs to the damaged pulmonary vasculature 
has been observed previously in humans with PAH.21,22 The inability of EPCs to home due 
to intrinsic abnormaliti es is in line with observati ons that inhibiti on of HO-acti vity leads 
to dysfuncti onal EPCs27 and that HO promotes EPCs to home,28-30 indicati ng that HO is 
essenti al for EPCs to functi on normally. Therefore, in our study, EPCs in rats treated with 
an HO-acti vity inhibitor may have lost their ability to home resulti ng in further increased 
mobilizati on of dysfuncti onal EPCs from the bone marrow.

The inability of EPCs to home can also be caused by a lack of homing factors required 
for EPCs to mobilize towards diseased vascular walls. In our study, VEGF, a well-known 
homing factor, was decreased in untreated PAH, consistent with reports in humans.21 
However, SDF-1, another homing sti mulus, was increased in our PAH group, and was 
even further increased aft er inhibiti on of HO-acti vity. This may be the result of dysfunc-
ti onal EPCs not responding to homing sti muli causing a compensatory increase in SDF-1.

The design of this study did not allow us to demonstrate the incorporati on of EPCs 
within the pulmonary vascular bed and therefore it is not possible to assess the fate of 
the increased number of circulati ng EPC’s aft er EPO and HO-inhibiti on. Secondly, the 
design did not allow assessing early eff ects of EPO on HO acti vity. HO acti vity may have 
been aff ected prior to 3 weeks aft er EPO treatment. However, this study is the fi rst to 
investi gate HO enzyme acti vity in PAH, a more refi ned method for studying the eff ects 
of HO.

In conclusion, in this in vivo model of fl ow-associated PAH we observed benefi cial ef-
fects of EPO on advanced pulmonary vascular remodeling which was not mediated by 
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further increased inducti on of HO-acti vity at day 28, but was accompanied by increased 
mobilizati on of EPCs. In untreated PAH we observed increased levels of HO-acti vity. Inter-
esti ngly, inhibiti on of HO-acti vity by SnMP, alone or in combinati on with EPO treatment, 
also resulted in increased numbers of circulati ng EPCs. However, despite these increased 
numbers of circulati ng EPCs, inhibiti on of HO-acti vity worsened the pulmonary vascular 
remodeling. These data suggest that HO is necessary for EPCs to home to the diseased 
pulmonary vascular bed in PAH. HO-acti vity, essenti al in the regulati on of infl ammatory 
processes, appeared to be an important protector against development of PAH.
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During the past decades there has been great progress in the understanding of the patho-
biology and treatment of pulmonary hypertension (PH) and especially pulmonary arterial 
hypertension (PAH), leading to the development of several new PAH drugs. Furthermore, 
the general acceptance of the clinical classifi cati on of PH has allowed improvements in 
standardizati on of diagnosis and treatment of PAH. Importantly, most clinical and all epi-
demiological data on PAH has been derived from studies in adults. These results cannot 
be simply extrapolated to children with the disease, since children with PH and PAH have 
been reported to present with age-group specifi c disease enti ti es and clinical courses. 
The main aim of this thesis was to extend the available data on children with diff erent 
types of PAH and PH, regarding epidemiological features, clinical course and eff ects of 
new PAH drugs. With this data, insight into the disease in children can be gained and 
recommendati ons for improvements in disease management can be given.

For discussing the major fi ndings of this thesis in an integrated way, these will be ad-
dressed regarding various topics on paediatric PAH, with a parti cular focus on possible 
directi ons for future research.

Epidemiology of paediatric PAH
PAH is a rare disease. Historically, incidence rates for the idiopathic form of the disease 
(iPAH) were esti mated to be 1-2 cases per million adults.1 Recently, larger more sys-
temati c epidemiological studies in adults esti mated similar annual incidences of iPAH, 
ranging between 1 - 3.3 cases per million.2,3 The same registries reported the prevalence 
of iPAH in adults to be 5.9 - 25 cases per million.2,3 Although known to be a rare disease 
in children as well, incidence and prevalence rates of paediatric PAH, including iPAH, 
are unknown. In chapter 3, we performed a nati onwide study in order to evaluate these 
epidemiological features of PAH in children. During the 15-year study period, we ob-
served annual incidence rates for iPAH (23% of all PAH diagnoses) of 0.7 cases per million 
children. The prevalence for iPAH averaged 4.4 cases per million children. Both incidence 
and prevalence rates of iPAH in children were lower than reported in adults.

In the same epidemiological study, the majority of children with PAH (72%) had PAH-
CHD, with annual incidence and prevalence esti mated to be 2.2 and 15.6 per million. 
Interesti ngly, these incidence and prevalence rates were higher than reported previously 
in adults (incidence 0.4 - 2.2, prevalence 1.7 - 12 per million adults).2,3 In comparing these 
numbers, it is important to take into account which registries were used for identi fy-
ing these pati ents. In contrast to the majority of studies in adults which used specifi c 
PAH registries, we used general paediatric cardiology and general medical registries to 
identi fy pati ents with a diagnosis of PH. Since not all adults with PAH-CHD are referred to 
the PAH expert centres, this will give an underrepresentati on of the disease.2,3 In fact, in 
our cohort of paediatric PAH pati ents referred to the Dutch expert centre for paediatric 
PAH (chapter 4), we also observed relati vely fewer PAH-CHD pati ents. Both PAH-CHD 
and iPAH were equally represented in that study. This equal distributi on of iPAH and 
PAH-CHD has also been observed in other paediatric PAH populati ons from specialized 
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PAH centres,4 possibly refl ecti ng a similar referral bias for PAH-CHD within paediatric 
PAH registries.

Paediatric PAH-CHD appeared to represent a heterogeneous group of diagnoses. Both 
chapters 3 and 4 illustrate this. In these studies, PAH-CHD was represented by diagnoses 
including classic Eisenmenger syndrome with unrestricti ve post-tricuspid shunts, Eisen-
menger syndrome with pre-tricuspid shunts, accelerated forms of PAH-CHD, PAH-CHD 
with CHD and abnormal development of the pulmonary vasculature (such as scimitar 
syndrome), PAH-CHD aft er shunt closure and PAH-CHD without systemic-to pulmonary 
shunt. While most research in PAH had mainly been focussed on iPAH, in the past years 
PAH-CHD has gained more att enti on. Recently, it has been more generally recognized 
that PAH-CHD represents a heterogeneous group of diseases. Indeed, the latest clinical 
classifi cati on of PH (dati ng from 2009) has been updated by the inclusion of 4 clinical 
classes of PAH-CHD: 1 Eisenmenger syndrome and end-stage irreversible pulmonary vas-
cular disease; 2 PAH associated with systemic-to-pulmonary shunt and mild to moderate 
pulmonary vascular disease; 3 PAH associated with small hemodynamically insignifi cant 
defects in which the clinical picture is similar to that seen in iPAH; and 4 PAH aft er cor-
recti ve cardiac surgery.5

Diagnosis of paediatric PAH
In studying the epidemiology and outcome of paediatric PAH it is important to keep in 
mind which diagnosti c process occurred prior to assigning the diagnosis. Most studies 
on children with PAH, have focussed on their outcome aft er treatment, with thorough 
informati on on the diagnosti c process prior to treatment lacking.6-8 Chapter 4 illustrated 
that accurately diagnosing PAH in children according to the clinical classifi cati on of PH 
is complex. In the diagnosti c process of PAH, elevated pulmonary arterial pressure is 
diagnosed using cardiac catheterisati on followed by further diagnosti c work-up in order 
to identi fy possible associated underlying conditi ons for the PAH. In our experience, 
paediatric pati ents with suspected PAH presented with multi ple associated conditi ons 
and syndromal geneti c defects. These associated conditi ons included various CHD, 
with various circulatory physiologies, and obstructi ve breathing disorders. Importantly, 
almost half of these associated conditi ons were not explanatory for the PAH. Therefore, 
an acti ve search for additi onal causes for PAH should be part of the diagnosti c work-up 
of paediatric PAH and these should be evaluated for their explanatory role for the PAH 
before making the subgroup diagnosis of PAH.

The complex diagnosti c process together with the rareness of the disease stresses the 
need for diagnosis of children with PAH in specialized centres. In the Netherlands, this 
has been achieved by initi ati ng the Network for Diagnosis and Treatment Paediatric PAH. 
This recommendati on for centralizing the management of pati ents with PAH has also 
been included into the offi  cial internati onal guidelines for diagnosis and treatment of 
adults with PAH.9,10 The centralized diagnosis and treatment of children with PAH has 
been introduced in other countries as well.11
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Outcome of paediatric PAH
The questi on arises what the importance is of observing and diagnosing these diff er-
ent subgroups of PAH. Diff erent subgroups of PAH are associated with diff erent disease 
courses and survival.12 In adults with PAH, those with iPAH generally have worse survival 
than PAH-CHD, consisti ng of Eisenmenger syndrome.13-15 In the nati onwide epidemio-
logical study (chapter 3), overall survival for paediatric PAH-CHD also was bett er than for 
iPAH. However, survival for PAH-CHD diff ered signifi cantly depending on the subgroup. 
Indeed, classic Eisenmenger syndrome, PAH-CHD with pre-tricuspid shunt defects, and 
PAH-CHD with abnormal development of the pulmonary vasculature showed bett er 
survival compared to iPAH. In contrast, pati ents with accelerated forms of PAH-CHD and 
pati ents with PAH-CHD with no shunt or aft er shunt closure did not show bett er survival 
than iPAH.

Importantly, compared to reports in adults, the observed paediatric survival rates of 
classic Eisenmenger syndrome were worse (median survival 11.4 years in children vs 30-
40 years in adults). This observati on is supported further by the study in chapter 7, which 
illustrates worse survival in children than adults with PAH-CHD, all treated with second 
generati on drugs. Here, it is important to bear in mind that the survival rates of adults 
with PAH-CHD are derived from pati ents who have survived into adulthood. Obviously 
excluded are the paediatric pati ents who died during childhood, including for example 
those with accelerated forms of PAH-CHD.

Syndromes and genetic defects in paediatric PAH
In both the epidemiological study as the PAH referral registry cohort (chapters 2 and 3) 
we observed a high prevalence (about 40%) of syndromes and syndromal abnormaliti es. 
The majority included Down syndrome. Other geneti c anomalies in our series of PAH 
included Noonan, velocardiofacial and Jacobson syndrome and various geneti c defects 
associated with dysmorphic features. Besides these known syndromes and geneti c 
defects, we observed an important number of pati ents with “unclassifi ed’ dysmorphic 
features and/or psychomotor retardati on.

So, what can we learn from these epidemiological and clinical observati ons? The 
observati on that diff erent subgroups of PAH behave diff erently is important, not only 
for disease management but also for gaining more insight into the mechanisms of the 
disease. In other words, fi nding answers to why these subgroups behave diff erently may 
give us leads to new molecular pathways involved in the disease which may subsequently 
be targeted with therapy.

The various presentati ons and clinical courses of the described subgroups of PAH-CHD 
are illustrati ve. In pati ents who develop PAH aft er closure of their shunt defect, pulmo-
nary vascular disease evidently has progressed beyond a certain point of no return prior 
to closure of the defect. The questi on is, when this point of no return has been reached, 
and more importantly why this point of no return is reached at an earlier moment in 
some pati ents than in others. This questi on is especially relevant, since in our series the 
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majority of children with PAH aft er shunt closure had undergone surgery at an early age 
which generally precludes development of PAH (half of these pati ents were 6 months 
or younger). The posed questi on also applies to children with accelerated presentati ons 
of PAH-CHD, who reach this point of no return at extremely young age (fi rst weeks to 
months of life). Why do they develop PAH-CHD at such a young age?

The ti me point at which the point of no return is reached appears associated with 
the type of CHD and its circulatory physiology. For developing PAH in CHD, increased 
pulmonary blood fl ow with or without increased pulmonary pressures is a prerequisite.16 
This is the case in CHD with systemic-to-pulmonary shunts, such as VSDs (post-tricuspid) 
and ASDs (pre-tricuspid). The locati on of the shunt defect, pre-tricuspid (with increased 
pulmonary blood fl ow) or post-tricuspid (with increased pulmonary blood fl ow and pres-
sure), is associated with the pace of development of PAH. For example, the majority of 
pati ents with unrestricti ve shunts at post-tricuspid level will develop advanced, irrevers-
ible PAH during the fi rst years of life. In contrast, of the pati ents with an equally large 
shunt at pre-tricuspid level only 10-20% of the cases will develop advanced PAH at the 
adult age of 30-40 years.17,18

In the case of CHD without systemic-to-pulmonary shunt (such as coarctati on of the 
aorta), and therefore insuffi  cient hemodynamic explanati on for development of the 
PAH, additi onal associated conditi ons may play a role. This is also the case in children 
with PAH in the presence of a pre-tricuspid shunt, which is very rare.17 In these pati ents, 
other associated conditi ons for PAH, such as obstructi ve breathing disorders, should be 
excluded. If these are not detected, additi onal geneti c defects may be playing a role. 
For example, it may be possible that besides the CHD, geneti c mutati ons associated 
with PAH, such as BMPR2, are present.19 The co-occurrence of both may also explain 
the accelerated development of PAH in certain pati ents with CHD and the development 
of PAH despite adequate closure of the shunt at young age in other pati ents. Indeed, in 
adults with iPAH and BMPR2 mutati ons an accelerated presentati on of iPAH at earlier 
age with more severe disease has been observed, compared to iPAH pati ents without 
BMPR2 mutati ons.20

The co-existence of a syndrome with geneti c defects may also be associated with the 
accelerated or increased risk of development of PAH, as for example in Down syndrome. 
The increased incidence of PH in pati ents with Down syndrome is well known. As de-
scribed in chapter 4, these pati ents may have diff erent potenti al causes for PH, such 
as CHD, upper airway obstructi on and pulmonary hypoplasia.21-25 Furthermore, pati ents 
with Down syndrome may have increased suscepti bility for pulmonary vascular disease 
in the absence of such associated conditi ons.21,23 Besides Down syndrome, we observed 
various other syndromes, including Noonan, velocardiofacial and Jacobson syndrome. 
These syndromes are not known to be associated with increased suscepti bility for devel-
opment of PAH,26-29 although cases with PAH have been reported.26

Of parti cular interest, again, is the previously described subset of pati ents with ac-
celerated PAH-CHD. Interesti ngly, all these pati ents had syndromes or syndromal 
abnormaliti es. These syndromes included Down syndrome, 1p36 deleti on syndrome 
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and children with “unclassifi ed” dysmorphic features and/or psychomotor retardati on. 
In these pati ents, a failure of postnatal adaptati on and remodelling of the pulmonary 
vascular bed may have contributed to this accelerated presentati on of PAH and CHD. 
This suggests a higher suscepti bility for PAH in this specifi c pati ent group, as seen in 
Down syndrome. Of further interest, is the observati on that most of the pati ents with 
“unclassifi ed” dysmorphic features had iPAH. This suggests that in these pati ents there 
may be unidenti fi ed geneti c defects which may underlie both the PAH as the syndromal 
abnormaliti es. 

This takes us back to the questi on why certain pati ents with CHD develop PAH at an 
earlier age than others. The exact answer to this questi on is unknown. However, most 
likely, interplay between hemodynamic factors and additi onal (currently unidenti fi ed) 
geneti c defects associated with PAH development may explain the diff erent disease 
courses. The circulatory physiology of the CHD is associated with the rate of progres-
sion of the PAH. Therefore, the CHD needs to be assessed regarding the presence of 
a systemic-to-pulmonary shunt, and the locati on, size and repair status of this shunt. 
In cases in which the circulatory physiology of the CHD cannot explain the disease 
course, concomitant geneti c defects, with or without syndromal abnormaliti es, may be 
present. Detailed documentati on of these clinical associati ons in combinati on with the 
developments in geneti c analysis techniques such as genome-wide arrays, may lead to 
the identi fi cati on of unidenti fi ed geneti c mutati ons leading to increased suscepti bility for 
PAH via pathways that are currently unknown.

Treatment of paediatric PAH
With the introducti on of second generati on PAH drugs the outcome of adults with PAH 
has improved.30-32 Several controlled and non-controlled studies evaluati ng diff erent sec-
ond generati on drugs have been reported. Although the controlled trials obviously are 
methodologically superior to uncontrolled trials for determining the eff ects of the PAH 
drugs, most are limited by their short-term follow-up (maximally 6 months). Longer-term 
follow-up in these studies raises ethical issues regarding the placebo treated pati ents. 
Therefore, non-controlled trials remain indispensable for evaluati ng longer follow-up.

Also in children with PAH, improvements in outcome with various second generati on 
PAH drugs have been observed in several non-controlled studies.6-8,11,33 However, most 
of these studies are restricted by the inclusion of mainly iPAH pati ents and by relati vely 
short-term follow-up.

In chapters 5, 7 and 8 we evaluated the short and long-term outcome of children with 
PAH, both iPAH and PAH-CHD, who were treated with one or more second generati on 
drugs. For evaluati ng the eff ects of therapy we evaluated several outcome variables, 
including World Health Organisati on functi onal class (WHO class), 6-minute walk dis-
tance (6MWD) and N-terminal pro-brain natriureti c pepti de (NT-proBNP). We observed 
improvements in WHO class, 6MWD and NT-proBNP aft er short-term follow-up (up to 
1 year aft er start of second generati on drugs). Aft er longer follow-up, however, these 
improvements declined to baseline values (chapters 5, 7 and 8). In the subgroup of 
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pati ents with PAH-CHD, this decline was most pronounced in the children compared 
to adults, possibly due to more severe disease in the paediatric age-group (chapter 7). 
Interesti ngly, the improvements for WHO class lasted longer, a similar fi nding reported 
previously in adults with PAH-CHD treated with bosentan.34 The use of quality of life 
questi onnaires may be valuable for further objecti fying this fi nding and how the PAH 
pati ent experiences his or her disease.35

The 6MWD is the most commonly used test to evaluate exercise capacity in pati ents 
with PAH. However, for performing the test a certain level of cooperati on and mental 
capacity is needed. This test is, therefore, not suitable for young children (aged <5 
years) and pati ents with Down’s syndrome, as illustrated in chapter 8. In evaluati ng the 
eff ects of PAH treatment in children and pati ents with Down’s syndrome, additi onal 
(non-invasive) tests, such as NT-proBNP, are needed in order to substi tute or provide 
additi onal informati on to the 6MWD. 

In our experience, the overall survival in children with PAH has improved since the in-
troducti on of second generati on drugs, just like in adults. However, this improved survival 
appeared mainly driven by pati ents for whom second generati on drugs became available 
during their disease course, and not by pati ents for whom second generati on drugs were 
available already at diagnosis. In fact, survival rates in these latt er cases were not bet-
ter than those prior to the availability of second generati on drugs. This very important 
observati on questi ons whether the improvements in survival should be fully ascribed 
to the new drugs. Instead, PAH pati ents who survived without second generati on drugs 
may represent a selecti on of PAH pati ents with relati vely milder disease associated with 
a relati vely favourable prognosis, independent of the use of PAH drugs.

Taken together, our experience in the treatment of paediatric PAH suggests that more 
aggressive, goal-oriented treatment strategies, resulti ng in more frequent and earlier 
use of combinati on therapy, should be considered. Indeed, in adults with PAH a more 
aggressive, “goal-oriented” treatment approach is currently being proposed. Such an 
approach recommends adding new drugs not only in case of clinical worsening, but 
also in case of failure to reach preset treatment goals, leading to earlier instalment of 
combinati on therapy.31

The long-term att enuati on of the benefi cial eff ects with monotherapy as seen in 
humans, is similar to what is seen in experimental animal models for PAH. In our ex-
perience with experimental fl ow-associated PAH, we observed benefi cial eff ects on 
various, but not all outcome measures aft er treatment with second generati on drugs. 
In this experimental model, treatment with prostanoids resulted in improvement in sur-
vival and hemodynamics, without obvious eff ects on pulmonary vascular remodeling.36,37 
Treatment with erythropoieti n, as described in chapter 9, improved pulmonary vascular 
remodelling without improving hemodynamics. Taken together, these results suggest 
benefi cial, but insuffi  cient eff ects of monotherapy on PAH. This experimental fi nding 
corroborates the general tendency to start combinati on therapy in humans with PAH 
in whom eff ects using monotherapy are insuffi  cient. Since multi ple pathophysiological 
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pathways are implicated in the development of PAH, the use of combinati on therapy is a 
natural next step in the management of the disease.

For gaining more insight into the disease, for evaluati ng the eff ects of therapy and 
for subsequently improving the management of the disease, larger pati ent studies are 
needed. Since PAH is a rare disease both in adults and children, nati onal and interna-
ti onal collaborati on could facilitate this. Currently, two such collaborati ve initi ati ves are 
ongoing: a large nati onal prospecti ve registry on PAH in adults in the USA (the REVEAL 
registry)38 and a large internati onal prospecti ve registry on PAH and PH in children (the 
TOPP registry). Both initi ati ves are aiming to evaluate the epidemiological and clinical 
course aspects of PAH on a large scale in adults and children, respecti vely. 

“Transient” PAH and non-PAH PH diagnoses in paediatrics
Transient forms of PAH accounted for more than 80% of paediatric PH reported in the 
nati onwide epidemiological study (chapter 3). These forms of PAH included persistent 
pulmonary hypertension of the neonate (PPHN)39,40 and fl ow-PAH, both typical for the 
paediatric age-group. Discriminati on of these pati ents is essenti al, since their clinical 
course and prognosis diff ers signifi cantly from that of progressive forms of PAH, such as 
iPAH and PAH-CHD. PPHN represents neonates with problems of postnatal adaptati on 
and remodelling of the pulmonary vascular bed. Flow-PAH is important to disti nguish 
since this represents pati ents with early reversible stages of PAH associated with 
systemic-to-pulmonary shunts in whom PAH resolves aft er closure of the shunt.
PH associated with chronic lung disease of prematurity and congenital diaphragmati c 
hernia represented non-PAH PH diagnoses characteristi c for the paediatric age-group. 
Importantly, all these pati ents were diagnosed neonatally and cardiologic follow-up ap-
peared to be limited. However, the epidemiological study was not designed to evaluate 
these pati ents during their follow-up. Therefore, more specifi c follow-up data on these 
pati ents is required in order to establish to which level PH complicates their disease 
course beyond the neonatal period.

Studies on the eff ects of second generati on drugs on children with transient forms of 
PAH and non-PAH PH are already being reported: bosentan treatment in children with 
PPHN41, sildenafi l treatment in children with PPHN and infants with PH associated with 
chronic lung disease of prematurity.42 Also in adults, PH associated with other diseases 
than PAH is gaining interest, as for example PH in the presence of chronic obstructi ve 
disease and left -heart disease.43 Like in adults, the awareness of PH beyond PAH in chil-
dren needs to be extended in order to evaluate the true clinical burden and necessity for 
treatment of these other groups of PH. 
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SUMMARY 

Pulmonary hypertension (PH), defi ned by a mean pulmonary arterial pressure of ≥25 
mmHg, is a hemodynamic conditi on which can occur in the setti  ng of various underlying 
conditi ons, as summarized by the clinical classifi cati on of PH (Table 1, Chapter 1). One 
of these conditi ons is pulmonary arterial hypertension (PAH), which is a rare progressive 
and life-threatening pulmonary vascular disease. PAH can occur idiopathically (iPAH) 
or associated with underlying conditi ons such as congenital heart defects (PAH-CHD). 
One group of PAH-CHD is represented by the Eisenmenger syndrome. During the past 
decades there has been increased understanding of the pathobiology of PAH in parti cu-
lar, leading to the development of several second generati on PAH drugs (prostanoids, 
endothelin receptor antagonists, 5-phosphodiesterase inhibitors). At the same ti me, the 
clinical classifi cati on of PH has undergone several modifi cati ons in order to categorize 
the various underlying conditi ons for PH and PAH in a pathophysiologically and clini-
cally coherent manner. The general acceptance of this clinical classifi cati on has allowed 
improvements in standardizati on of diagnosis and treatment of PAH. 

PH and PAH can occur at both the adult and paediatric age. However, most clinical and 
all epidemiological data on PAH has been derived from studies in adults. These results 
cannot be simply extrapolated to children with the disease, since children with PH and 
PAH have been reported to present with age group specifi c disease enti ti es and clinical 
course. Paediatric PAH is rare and therefore, data is limited. The main aim of this thesis 
was to extend the available data on children with PH, regarding epidemiological features, 
clinical course and eff ects of new therapies. With this data insight into the disease in 
children can be gained and recommendati ons for improvements in disease management 
can be given.

In Chapter 2 we reviewed PAH-CHD, one of the most common forms of PAH among 
children. This chapter discusses the heterogeneous character of this group of PAH in chil-
dren. PAH-CHD is unique from other subgroups of PAH, in that a reversible stage of the 
disease can be discerned. Thus, PAH-CHD represents a spectrum with the Eisenmenger 
syndrome (and irreversible pulmonary vascular disease) at the severe end and, at the 
other end, young paediatric pati ents in whom repair of the CHD leads to preventi on or 
regression of the early stage of PAH (fl ow-PAH, as illustrated in Chapter 3). The wide 
variety of CHD and their diff erent circulatory physiology also make PAH-CHD a hetero-
geneous disease. Furthermore, the clinical course of PAH-CHD among children may be 
complicated by accelerated forms of PAH-CHD as well as the presence of multi ple other 
conditi ons associated with PAH, such as obstructi ve breathing disorders and/or geneti c 
anomalies. The clinical presentati on and disease course of these groups of children are 
illustrated further in Chapters 3 and 4. Regarding supporti ve treatment and the eff ects 
of PAH drugs, PAH-CHD demands specifi c considerati ons, which are summarized in this 
chapter and illustrated further in Chapters 5, 7 and 8.

Chapter 3 describes nati onwide data on the epidemiological features of paediatric PH 
in the Netherlands encompassing a 15-year period. This study illustrates that paediatric 
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PH is characterized by age group specifi c disease enti ti es. The great majority of these 
comprised transient forms of PAH (>80%), represented by persistent pulmonary hyper-
tension of the neonate (PPHN, 47%) and fl ow-PAH (34%). Other paediatric age-group 
specifi c diagnoses included PH associated with chronic lung disease of prematurity (2%) 
and congenital diaphragmati c hernia (4%). Progressive PAH accounted for 5% of all pa-
ti ents, with iPAH (23%) and PAH-CHD (72%) representi ng the most common subgroups. 
PAH-CHD consti tuted a heterogeneous group of diagnoses, including Eisenmenger 
syndrome, accelerated forms of PAH-CHD and PAH-CHD persisti ng or developing aft er 
closure of the shunt defect. Syndromes and syndromal abnormaliti es were common, 
especially in pati ents with progressive PAH (39%). 

Annual incidence rates for all PH diagnoses averaged 63.8 cases per million children. 
For PAH-CHD and iPAH, annual incidence rates and point prevalence averaged, respec-
ti vely, 2.2 and 15.6 (PAH-CHD) and 0.7 and 4.4 (iPAH) cases per million children. The 
incidence rates for PAH-CHD declined over the years. Compared to adults, incidence 
and prevalence rates for paediatric PAH-CHD were higher. In contrast, these rates for 
paediatric iPAH were lower. Survival for all PAH-CHD subgroups together was bett er than 
for iPAH. However, specifi c subgroups showed worse or similar survival compared with 
iPAH. Survival of children with Eisenmenger syndrome appeared to be worse than in 
adults with the disease.

Chapter 4 describes the clinical presentati on of a cohort of paediatric pati ents 
with suspected PAH, seen within the Dutch “Network for Diagnosis and Treatment of 
Paediatric PAH”. This chapter focuses on the extensive diagnosti c process needed for 
adequately determining the explanatory role of associated conditi ons for the PAH and 
for determining the subgroup diagnosis of PH. In this study, almost 75% of children with 
suspected PAH had one or more underlying conditi ons. However, these associated condi-
ti ons, which included CHD, obstructi ve breathing disorders and connecti ve ti ssue disease 
were not always explanatory for the PAH. In 25% of the children in whom an associated 
conditi on was identi fi ed, this conditi on was not primarily explanatory for the PAH. Forty-
three % of the CHD and 53% of obstructi ve breathing disorders were not explanatory for 
the P(A)H. Ulti mately, about half of the children were classifi ed as iPAH and the other 
half as PAH-CHD. Interesti ngly, geneti c syndromal abnormaliti es co-occurred in 43% of 
all pati ents, a similar number as observed in Chapter 3.

The pati ents with PAH described in Chapter 4 are studied further regarding their 
outcome and the eff ects of PAH drugs on their outcome in Chapter 5. This chapter 
describes that with the introducti on of second generati on drugs the overall survival of 
these children with PAH improved compared to calculated historical survival. In order 
to analyze the survival further, we divided the pati ents into 3 study groups based on 
their ti me of diagnosis in relati on to the availability of second generati on drugs. The 
improved survival appeared to be mainly driven by pati ents for whom second generati on 
drugs were not available at ti me of diagnosis, but became available during their disease 
course. In contrast, pati ents for whom second generati on drugs were already available at 
ti me of diagnosis did not show improved survival. Initi ati on of second generati on drugs 
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induced clinical and laboratory improvements during short-term follow-up, but these 
improvements declined in the longer term, a similar fi nding as in Chapter 7. Both invasive 
hemodynamic assessments as non-invasive assessments (World Health Organisati on 
functi onal class, 6-minute walk distance and the serum markers NT-proBNP and uric 
acid) were predictors for survival. The results of this study suggest that in paediatric 
PAH more aggressive treatment strategies, resulti ng in more frequent and earlier use of 
combinati on therapy, should be considered.

In the determinati on of the prognosis and appropriate treatment course of pati ents 
with PAH, acute pulmonary vascular response to vasodilator challenge plays a central 
role. However, there has been discussion on how to defi ne this response and on its ap-
plicability in diff erent PAH pati ent groups. Chapter 6 highlights that the prevalence of 
acute pulmonary vascular response to vasodilator challenge diff ers depending on the 
used criteria. Importantly, in contrast to what was generally acknowledged, this study 
could not demonstrate a higher prevalence of response in children than in adults. Fur-
thermore, this study demonstrates that the currently used criteria (based on a decline in 
mean pulmonary arterial pressure) are not applicable to pati ents with PAH-CHD and un-
restricti ve post-tricuspid shunt. Instead, criteria based on the rati o between pulmonary 
and systemic vascular resistance and the rati o between pulmonary and systemic blood 
fl ow may be more suitable for the identi fi cati on of responders in this group of pati ents. 

In Chapters 7 and 8 studies are described which specifi cally evaluate the treatment ef-
fects of the dual endothelin receptor blocker bosentan, in children and adults with PAH-
CHD. Both studies describe improvements in 6-minute walk distance and functi onal class 
during short-term follow-up. However, on the long-term these improvements gradually 
returned to baseline value. This long-term att enuati on appeared to be more profound in 
the children. Furthermore, survival for the children was worse than for the adults with 
PAH-CHD. In Chapter 8, half of the adult pati ent group had Down’s syndrome. In these 
pati ents, 6-minute walk distance could not be performed fully adequately. Therefore, 
its use in this pati ent group is questi onable and the value of additi onal, non-invasive 
assessments needs to be evaluated further in these pati ent groups.

Despite the improvements in outcome with second generati on PAH drugs, PAH remains 
a progressive and incurable disease. Therefore, further unravelling and understanding 
of the pathobiology of the disease is necessary in order to develop new medicati ons 
and improve treatment. In Chapter 9 we studied the eff ects and possible downstream 
mechanisms of erythropoieti n (EPO) treatment in an experimental rat model of fl ow-
associated PAH. EPO treatment has been observed to improve pulmonary vascular 
remodelling in PAH. In order to test the hypothesis that EPO improves this pulmonary 
vascular remodelling through inducti on of heme oxygenase (HO) acti vity and mobiliza-
ti on of endothelial progenitor cells (EPCs), we treated rats with fl ow-associated PAH with 
EPO with and without a potent HO-acti vity inhibitor, ti n mesoporphyrin (SnMP). HO is an 
enzyme which protects against oxidati ve stress and infl ammati on through the produc-
ti on of its reacti on products (ferrous iron, carbon monoxide and biliverdin). This study 
showed that the improvements in pulmonary vascular remodelling by EPO were not 
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mediated by increased acti vati on of HO, but were accompanied by increased numbers of 
circulati ng EPCs. Interesti ngly, inhibiti on of HO-acti vity by SnMP, alone or in combinati on 
with EPO treatment, also resulted in increased numbers of circulati ng EPCs. However, 
despite increasing the number of circulati ng EPCs, inhibiti on of HO-acti vity worsened the 
pulmonary vascular remodelling. This indicates that both EPO and HO have benefi cial 
eff ects on PAH. Furthermore, our data suggests that HO may be required for EPCs to 
home to the diseased pulmonary vascular bed.

In Chapter 10 the main fi ndings of this thesis are discussed in a broader perspecti ve 
with a parti cular focus on possible future studies.
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NEDERLANDSE SAMENVATTING

Men spreekt van pulmonale hypertensie (PH), ofwel hoge bloeddruk in de longslagaders, 
als de gemiddelde druk in de longslagaders ≥25mmHg is. PH is een hemodynamische toes-
tand die kan voorkomen bij verschillende onderliggende aandoeningen, zoals pulmonale 
arteriële hypertensie (PAH), linkszijdige hartafwijkingen, longziekten en/of hypoxemie 
(zuurstoft ekort in het bloed) en trombo-embolische ziekte. Deze aandoeningen worden 
in 5 groepen geclassifi ceerd door de Klinische Classifi cati e van PH (Tabel 1, Hoofdstuk 1).

PAH (Groep 1 van deze classifi cati e) is een zeldzame en levensbedreigende longvaat-
ziekte. Deze ziekte kenmerkt zich door abnormale groei van de cellen in de wanden 
van de grote en, vooral, heel kleine longslagaders, hetgeen leidt tot toename van de 
weerstand en druk in de longslagaders. Uiteindelijk zal hierdoor de rechter ventrikel, die 
het bloed naar de longen pompt, falen. PAH kan ontstaan ten gevolge van allerlei onder-
liggende aandoeningen, zoals congenitale hartafwijkingen met een toegenomen longcir-
culati e, zoals ventrikel septum defecten, (PAH-CHD). PAH kan ook zonder onderliggende 
aandoeningen voorkomen; in dat geval spreekt men van idiopati sche PAH (iPAH). In de 
afgelopen jaren is de kennis over de moleculaire mechanismen die ten grondslag liggen 
aan het ontstaan van PAH enorm gegroeid. Dit heeft  geleid tot de ontwikkeling van een 
aantal nieuwe medicijnen (prostacycline derivaten, endotheline receptor antagonisten 
en 5-fosfodiësterase remmers).

PH en PAH kunnen zowel op de volwassen als de kinderleeft ijd voorkomen. Echter, de 
meeste klinische en alle epidemiologische studies over PAH betreff en volwassenen met 
de ziekte. Deze kennis kan niet zomaar toegepast worden op kinderen met de ziekte, 
omdat kinderen zich presenteren met leeft ijdsspecifi eke diagnoses en ziektebeloop. 
PAH op de kinderleeft ijd is zeldzaam en daarom is er relati ef weinig over bekend. Het 
doel van dit proefschrift  was om de kennis over PAH en andere vormen van PH op de 
kinderleeft ijd uit te breiden, met betrekking tot de epidemiologie, het ziektebeloop en 
de eff ecten van nieuwe medicati e. Met deze gegevens kan het inzicht in deze ziekte op 
de kinderleeft ijd vergroot worden en kunnen adviezen gegeven worden voor verbeterin-
gen in de diagnosti ek en behandeling van deze kinderen. 

In Hoofdstuk 2 geven we een overzicht over PAH-CHD, een van de meest voorkomende 
vormen van PAH bij kinderen. Dit hoofdstuk benadrukt het heterogene karakter van deze 
subgroep van PAH. PAH-CHD onderscheidt zich van andere subgroepen van PAH doordat 
er een reversibele fase in de ziekte te onderscheiden is. PAH-CHD is een verzamelnaam 
voor een spectrum van ziekten met het Eisenmenger syndroom (en irreversibele 
longvaatziekte) aan de ene kant en aan de andere kant jonge kinderen bij wie correcti e 
van het CHD de vroege vorm van PAH kan voorkomen (fl ow-PAH, zoals beschreven in 
Hoofdstuk 3). De diverse CHD en hun verschillende circulati es zorgen er ook voor dat 
PAH-CHD een heterogene ziekte is. Bovendien kan het ziektebeloop van PAH-CHD bij 
kinderen gekenmerkt worden door vervroegde vormen van PAH-CHD, alsook de aan-
wezigheid van meerdere andere aandoeningen geassocieerd met PAH, zoals obstruc-
ti eve ademhalingsproblemen en of geneti sche afwijkingen. De klinische presentati e en 
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het ziektebeloop van deze groep kinderen worden verder beschreven aan de hand van 
een cohort kinderen in Hoofdstukken 3 en 4. Pati ënten met PAH-CHD behoeven ook 
specifi eke aandacht wat betreft  hun behandeling. Dit wordt in dit hoofdstuk samengevat 
en verder beschreven in Hoofdstukken 5, 7 en 8.

Hoofdstuk 3 beschrijft  de epidemiologie van pediatrische PH in heel Nederland ge-
durende een periode van 15 jaar. Deze studie laat zien dat pediatrische PH bestaat uit 
verschillende diagnoses specifi ek voor deze leeft ijdsgroep. De meerderheid van deze 
diagnosen (>80%) bestonden uit passagère vormen van PAH, waaronder persisterende 
pulmonale hypertensie van de neonaat (PPHN, 47%) en fl ow-PAH (34%). Andere diagno-
ses specifi ek voor de kinderleeft ijd waren PH geassocieerd met bronchopulmonale dys-
plasie (2%) en congenitale hernia diafragmati ca (4%). Vijf procent van alle pati ënten had 
progressieve PAH, dat voor het grootste deel bestond uit iPAH (23%) en PAH-CHD (72%). 
PAH-CHD bestond uit een heterogene groep diagnoses, waaronder het Eisenmenger 
syndroom, versnelde vormen van PAH-CHD en PAH-CHD na correcti e van het CHD. 
Syndromen en syndromale afwijkingen kwamen vaak voor, vooral onder de pati ënten 
met PAH (39%).

De jaarlijkse incidenti e van alle PH diagnoses was gemiddeld 63,8 gevallen per miljoen 
kinderen. Voor PAH-CHD en iPAH, was de incidenti e en prevalenti e, respecti evelijk, 2,2 
en 15,6 (PAH-CHD) en 0,7 en 4,4 (iPAH) gevallen per miljoen kinderen. De incidenti e van 
PAH-CHD daalde over de jaren. Vergeleken met volwassenen waren de incidenti e en 
prevalenti e voor pediatrische PAH-CHD hoger, maar voor pediatrische iPAH lager. De 
overleving voor alle PAH-CHD subgroepen samen was beter dan de overleving voor iPAH. 
Echter, specifi eke subgroepen van PAH-CHD vertoonden slechtere of gelijke overleving 
vergeleken met iPAH. De overleving van kinderen met het Eisenmenger syndroom was 
slechter dan voor volwassenen met deze ziekte.

Hoofdstuk 4 beschrijft  de klinische presentati e van een cohort kinderen met een 
verdenking op PAH, gezien binnen het Netwerk voor Diagnosti ek en Behandeling van 
PAH op de Kinderleeft ijd. Dit hoofdstuk benadrukt het uitgebreide diagnosti sche proces 
dat nodig is om de oorzakelijke rol van geassocieerde aandoeningen voor de PH te onder-
zoeken en vervolgens de juiste PH subdiagnose te stellen. In deze studie had bijna 75% 
van de kinderen met een verdenking op PAH één of meer geassocieerde aandoeningen. 
Echter, deze aandoeningen, waaronder CHD, obstructi eve ademhalingsstoornissen en 
auto-immuun ziekten, waren niet alti jd de oorzaak voor de PAH. Bij 25% van de kinderen 
met een geassocieerde aandoening was deze aandoening niet de oorzaak voor de PAH. 
Drie-en-veerti g procent van de CHD en 53% van de obstructi eve ademhalingsstoornissen 
waren niet primair de oorzaak voor de P(A)H. Uiteindelijk werd bij ongeveer de helft  
van de kinderen de diagnose iPAH en bij de andere helft  de diagnose PAH-CHD gesteld. 
Opmerkelijk was dat geneti sche syndromale afwijkingen gezien werden in 43% van alle 
pati ënten, een vergelijkbare bevinding als in Hoofdstuk 3.
De kinderen met PAH beschreven in Hoofdstuk 4 worden verder bestudeerd in Hoofd-
stuk 5 voor wat betreft  hun ziektebeloop en overleving en de eff ecten van nieuwe 
therapieën hierop. Dit hoofdstuk beschrijft  dat sinds de invoering van de nieuwe PAH 
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medicijnen de overleving van deze kinderen met PAH verbeterd is. Om deze overleving
nader te bestuderen, verdeelden we de pati ënten in 3 groepen, afh ankelijk van het mo-
ment waarop hun diagnose gesteld was ten opzichte van de beschikbaarheid van deze 
nieuwe medicijnen. Het bleek dat de verbeterde overleving voornamelijk te zien was 
in de groep pati ënten die geen beschikking hadden tot medicijnen bij hun diagnose, 
maar pas later ti jdens hun ziektebeloop. Pati ënten die wel al ten ti jde van hun diagnose 
beschikken hadden tot deze medicijnen hadden geen verbeterde overleving. Na start 
van deze medicijnen, werden op de korte termijn verbeteringen gezien in klinische en 
laboratorium parameters. Echter, na langere follow-up daalden deze verbeteringen, een 
vergelijkbare bevinding als in Hoofdstuk 7. Zowel invasief gemeten hemodynamische vari-
abelen als niet-invasief gemeten variabelen (functi onele klasse, 6-minuten loopafstand
en de serum markers NT-proBNP en urinezuur) waren voorspellers voor overleving. De 
resultaten van deze studie suggereren dat agressievere behandelstrategieën (met vaker 
en vroeger starten van medicati e) nodig zijn in de behandeling van kinderen met PAH.

Bij het bepalen van de prognose en de juiste behandeling van pati ënten met PAH 
speelt de acute respons op pulmonale vasodilatati e een centrale rol. Er is echter enige 
onduidelijkheid over hoe (met welke criteria) deze acute respons te defi niëren en over de 
toepasbaarheid van deze test bij pati ënten met verschillende typen van PAH. Hoofdstuk 6 
toont aan dat de prevalenti e van zo’n acute respons verschilt per gebruikt criterium. 
Bovendien kon deze studie, in tegenstelling tot eerdere studies, niet aantonen dat de 
prevalenti e van zo’n respons vaker voorkomt bij kinderen dan volwassenen. Verder 
toonde deze studie aan dat de huidige criteria voor het bepalen van zo’n respons niet 
toepasbaar zijn op pati ënten met PAH-CHD en een niet-restricti eve (onbelemmerde) 
post-tricuspidale shunt. In deze laatste groep pati ënten zouden andere criteria, geba-
seerd op de verhouding tussen pulmonale en systeem vaatweerstand en de verhouding 
tussen pulmonale en systemische bloeddoorstroming bruikbaar kunnen zijn voor de 
identi fi cati e van pati ënten met een respons.

In Hoofdstukken 7 en 8 worden studies beschreven die specifi ek de eff ecten van de 
duale endotheline receptor antagonist bosentan evalueren in kinderen en volwassenen 
met PAH-CHD. Beide studies beschrijven verbeteringen in 6-minuten loopafstand en 
functi onele klasse op korte termijn na start van de medicati e. Op de langere termijn, 
echter, daalden deze verbeteringen en daalden de waarden tot waarden gezien bij start 
van de medicati e. Deze daling was het grootst in de kinderen. Ook de overleving van 
de kinderen was slechter dan bij de volwassenen met PAH-CHD. In Hoofdstuk 8, had 
de helft  van de volwassen pati ënten het syndroom van Down. Deze pati ënten konden 
de 6-minuten looptest niet adequaat verrichten. Daarom is de waarde van het gebruik 
van deze test in deze pati ënten groep onzeker en dient de bruikbaarheid van andere 
niet-invasieve meti ngen onderzocht te worden. 

Ondanks de verbeteringen in de uitkomsten van pati ënten met PAH sinds de beschik-
baarheid van de nieuwe medicijnen, blijft  PAH een ernsti ge progressieve en ongenees-
lijke ziekte. Daarom is het van belang onderzoek naar de pathobiologie van de ziekte 
voort te zett en, zodat nieuwe medicijnen ontwikkeld kunnen worden en de behandeling 
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verder verbeterd kan worden. In Hoofdstuk 9 onderzochten wij de eff ecten en down-
stream mechanismen van erytropoieti ne (EPO) in een experimenteel ratt enmodel voor 
fl ow-geassocieerde PAH. EPO blijkt in experimentele PAH verbeteringen te geven in de 
longvaatafwijkingen. Om te onderzoeken of EPO deze gunsti ge eff ecten bewerkstelligt 
via de inducti e van heme oxygenase (HO) acti viteit en de mobilisati e van endotheliale 
progenitor cellen (EPCs), behandelden wij ratt en met fl ow-geassocieerde PAH met EPO 
met of zonder een krachti ge HO acti viteits remmer, ti n mesoporfyrine (SnMP). HO is een 
enzym dat beschermt tegen oxidati eve stress en ontsteking, via de producti e van zijn af-
braakproducten (ijzer, koolmonoxide en biliverdine/bilirubine). Deze studie toonde aan 
dat de verbeteringen in longvaatafwijkingen na EPO toediening niet gepaard gingen met 
een verhoogde HO-acti viteit, maar wel met een toename van het aantal circulerende 
EPCs. Opvallend was dat remming van HO-acti viteit met behulp van SnMP, alleen of in 
combinati e met EPO, ook resulteerde in een toename van het aantal circulerende EPCs. 
Echter, ondanks het doen toenemen van het aantal circulerende EPCs, leidde remming 
van HO acti viteit tot verslechtering van de longvaatafwijkingen. Dit suggereert dat zowel 
EPO als HO gunsti ge eff ecten hebben in PAH. Bovendien, suggereren deze data dat HO 
nodig zou kunnen zijn om EPCs het aangedane longvaatbed te laten opzoeken.

In Hoofdstuk 10 worden de belangrijkste bevindingen van dit proefschrift  besproken 
en in een breder perspecti ef geplaatst en worden aanbevelingen gedaan voor vervolg-
onderzoek.

N
ed

erlan
d

se
 sam

envattin
g

LVL.indd   190LVL.indd   190 18-03-10   13:5418-03-10   13:54



191

 

SINOPSIS EN ESPAÑOL

Se considera hipertensión pulmonar (HP), o aumento de la presión sanguínea en las ar-
terias pulmonares, cuando la presión arterial pulmonar media se eleva ≥25 mmHg. La HP 
es una condición hemodinámica que puede aparecer en el contexto de otras patologías 
asociadas, como hipertensión arterial pulmonar (HAP), defectos de la parte izquierda 
del corazón, enfermedades de los pulmones y/o hipoxemia (bajos niveles de oxígeno 
en la sangre) y enfermedades tromboembólicas. Estas enfermedades asociadas están 
clasifi cadas en la Clasifi cación Clínica de Hipertensión Pulmonar (Tabla 1, Capítulo 1).

La HAP (Grupo 1 de esta clasifi cación) es una enfermedad rara, progresiva y grave. 
Se caracteriza por el crecimiento anormal de las células en las paredes de las arterias y 
arteriolas pulmonares. Como consecuencia, las arterias pulmonares se angostan y se blo-
quean, resultando en un aumento de la resistencia y de la presión pulmonar. Finalmente, 
conduce al fallo del ventrículo derecho, que impulsa la sangre hacia los pulmones. La 
HAP puede aparecer como consecuencia de varias patologías, como defectos congénitos 
del corazón (DCC) con fl ujo sanguíneo aumentado a las arterias pulmonares, como la 
comunicación interventricular (HAP-DCC). Cuando la HAP ocurre sin causa conocida, se 
llama hipertensión arterial pulmonar idiopáti ca (HAPi). Durante los últi mos años, se ha 
aumentado el conocimiento sobre los mecanismos moleculares subyacentes de la HAP. 
Consecuentemente, se han desarrollado varios medicamentos nuevos (prostaciclinas, 
antagonistas de la endotelina y inhibidores de la fosfodiesterasa-5)

La HP y la HAP pueden afectar adultos y jóvenes (o niños). Sin embargo, la mayoría 
de las investi gaciones clínicas y epidemiológicas se han hecho con adultos. Ese cono-
cimiento no se puede simplemente uti lizar en jóvenes con la enfermedad, porque se 
han reportado jóvenes que se presentan con diagnósti cos y cursos de la enfermedad 
tí picos del grupo etario. La HAP pediátrica es rara, por lo cual se sabe relati vamente 
poco de esta enfermedad en jóvenes. El objeti vo de esta tesis es expandir la información 
disponible sobre la HAP y la HP pediátrica, respecto a la epidemiologia, el curso de la 
enfermedad y los efectos de los medicamentos nuevos. Con estos datos se puede llegar a 
comprender mejor esta enfermedad en jóvenes y se pueden dar recomendaciones para 
mejorar el manejo de la enfermedad.

En el Capítulo 1 se reseña la HAP-DCC, una de las formas de HAP más comunes entre 
jóvenes. Este capítulo trata del carácter heterogéneo de ese grupo de HAP en jóvenes. La 
HAP-DCC es única si se le compara con otras formas de HAP, porque se puede identi fi car 
un periodo reversible en el curso de la enfermedad. La HAP-DCC representa un espectro 
en el que el síndrome de Eisenmenger (y la enfermedad pulmonar vascular irreversible) 
se encuentra por una parte en estado terminal y, por otra, hay pacientes en sus primeros 
años de vida en quienes la reparación del defecto congénito del corazón deriva en la 
prevención de la HAP-DCC (estos  pacientes son denominados como fl ow-HAP, como 
se muestra en el Capítulo 3). La variedad de los defectos congénitos del corazón y sus 
variadas fi siologías circulatorias también hacen de la HAP-DCC un grupo heterogéneo. 
Además, el curso de la enfermedad de HAP-DCC en jóvenes puede complicarse por 
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formas aceleradas y por la presencia de múlti ples condiciones asociadas, como enfer-
medades obstructi vas de la respiración y/o defectos genéti cos. La presentación clínica 
y el curso de la enfermedad están ilustrados con mayor detalle en los Capítulos 3 y 4. 
Respecto al tratamiento, la HAP-DCC necesita atención especial, lo que está resumido en 
este capítulo e ilustrado mas detalladamente en los Capítulos 5, 7 y 8.

El Capítulo 3 describe datos epidemiológicos sobre la HP pediátrica a escala nacio-
nal en los Países Bajos en un periodo de 15 años. Esta investi gación ilustra que la HP 
pediátrica está caracterizada por diagnósti cos tí picos por el grupo etario. La mayoría de 
estos diagnósti cos consti tuyó formas pasajeras de HAP (>80%), representado por la HP 
persistente del recién nacido (47%) y fl ow-HAP (34%). Otros diagnósti cos tí picos en el 
grupo etario pediátrico incluyeron la enfermedad pulmonar crónica de la prematuridad 
(2%) y la hernia diafragmáti ca congénita (4%). La HAP progresiva representó 5% de todos 
los pacientes, con iHAP (23%) y HAP-DCC (72%) abarcando los grupos más comunes. 
La HAP-DCC consti tuyó un grupo heterogéneo de diagnósti cos, incluyendo el síndrome 
de Eisenmenger, formas aceleradas de HAP-DCC y HAP-DCC persisti endo o apareciendo 
después de la corrección del defecto congénito del corazón. Síndromes genéti cos y 
anomalías sindromales eran comunes, en parti cular en los pacientes con HAP progresiva.

El índice anual de incidencia para todos los diagnósti cos de HP era un promedio de 
63,8 casos por un millón de jóvenes. Para la HAP-DCC y la HAPi, los índices anuales de 
incidencia y la prevalencia puntual eran, respecti vamente, 2,2 y 15,6 (HAP-DCC) y 0,7 y 
4,4 (HAPi) casos por un millón de jóvenes. Los índices anuales de incidencia de HAP-DCC 
bajaron con la edad. Comparado con adultos, los índices de incidencia y prevalencia de la 
HAP-DCC eran más altos. En contraste, estos índices de HAPi pediátrica eran más bajos. 
La sobrevivencia de todos los grupos de HAP-DCC juntos era mejor que la de HAPi. Sin 
embargo, subgrupos específi cos de HAP-DCC mostraban una sobrevivencia menor o 
similar comparados con HAPi. La sobrevivencia de jóvenes con el síndrome de Eisen-
menger parecía menor que en los adultos con la misma enfermedad.

El Capítulo 4 describe la presentación clínica de una cohorte de pacientes pediátricos 
con una sospecha de tener HAP, que era observado dentro de la “Red Holandesa para 
el Diagnósti co y el Tratamiento de HAP Pediátrica”. Este capítulo expone el diagnósti co 
extenso necesario para determinar la función explicati va de las patologías asociadas a 
la HAP y para determinar el diagnósti co del subgrupo de HP. En esta investi gación, casi 
75% de los jóvenes con una sospecha de HAP, tenían una o más patologías asociadas. 
No obstante, esas patologías asociadas, que incluyen DCC, enfermedades obstructi vas 
de la respiración y enfermedades del tejido conecti vo no eran la explicación para la HP. 
En 25% de los jóvenes con una patología asociada, ésta no era la explicación de la HAP. 
43% de los defectos congénitos del corazón y 53% de las enfermedades obstructi vas de 
la respiración, no eran la explicación de la HP. Por últi mo, casi la mitad de los jóvenes 
estaba classifi cada como HAPi mientras que la otra parte se clasifi có como HAP-DCC. De 
modo interesante, síndromes genéti cos y anomalías sindromales occurrían en 43% de los 
pacientes, de forma similar que en el Capítulo 3.
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Los pacientes con HAP descritos en Capítulo 4, se investi gan más en el Capítulo 5, re-
specto a sus resultados de salud y los efectos de los medicamentos de HAP. Este capítulo 
describe que desde la introducción de los medicamentos nuevos, la sobrevivencia de los 
jóvenes con HAP ha mejorado, comparado con su sobrevivencia histórica calculada. A fi n 
de analizar la sobrevivencia con más profundidad, dividimos los pacientes en 3 grupos, 
con base en el momento del diagnósti co de HAP en relación con la disponibilidad de 
los medicamentos nuevos. La sobrevivencia parecía mejorar solamente en los pacient-
es para quienes los medicamentos nuevos no estaban disponibles en el momento del 
diagnósti co de la HAP, pero que sí los tenían disponibles después, durante el curso de 
su enfermedad. En contraste, los pacientes para quienes los medicamentos estaban 
disponibles ya en el momento de su diagnósti co, no mostraban mejor sobrevivencia. 
Después de iniciar el tratamiento con los medicamentos nuevos, se mejoraron las 
pruebas clínicas y laboratorias durante el seguimiento de los pacientes a corto plazo, 
pero se bajaron a largo plazo; una observación parecida se presenta en los Capítulos 7 
y 8. Tanto las pruebas invasivas hemodinámicas como las pruebas no invasivas (la clase 
funcional, la prueba de los 6 minutos de marcha y los indicadores séricos NT-proBNP, la 
fracción N-terminal de los pépti dos natriuréti cos cerebrales, y ácido úrico) predecían la 
sobrevivencia. Los resultados de esta investi gación sugieren que en la HAP pediátrica, 
serían necesarias estrategias de tratamiento más intensivo (lo que resultaría en el uso 
más frecuente de combinaciones de medicamentos).

En la determinación de la prognosis y el curso de tratamiento de pacientes con HAP, 
la reacción aguda pulmonar vascular a vasodilatadores representa un papel principal. 
No obstante, se han discuti do cómo defi nir esta reacción y su aplicabilidad en diferentes 
subgrupos de HAP. El Capítulo 6 destaca que la prevalencia de reacción aguda pulmonar 
vascular difi ere dependiendo en el criterio usado. En gran medida, en contraste con lo 
que se considera generalmente, esta investi gación no podría demostrar una prevalen-
cia de reacción más alta entre jóvenes que entre adultos. Además, esta investi gación 
demostró que los criterios usados no son aplicables a pacientes con HAP-DCC y una 
comunicación interventricular no restricti va al nivel post-tricuspidal. En cambio, en dicho 
subgrupo, el criterio basado en la relación entre la resistencia pulmonar y sistémica y 
en la relación entre el fl ujo sanguíneo pulmonar y sistémico, sería mas apropriado para 
identi fi car pacientes con reacción aguda pulmonar vascular.

En los Capítulos 7 y 8 se describen dos investi gaciones que evalúan específi camente 
los efectos de tratamiento de la antagonista de la endotelina bosentan, en jóvenes y 
adultos con HAP-DCC. Ambas investi gaciones ilustran mejoramientos en las pruebas de 
los 6 minutos de marcha y de la clase funcional. No obstante, después de un ti empo la 
mejoría disminuía gradualmente hasta valores basales (antes de iniciar tratamiento con 
los medicamentos). La atenuación a largo plazo parecía más profunda en los jóvenes. 
Además, la sobrevivencia de los jóvenes era peor que en los adultos con HAP-DCC. En 
el Capítulo 8, la mitad de los adultos tenían el síndrome de Down. Estos pacientes no 
pudieran hacer la prueba de los 6 minutos de marcha adecuadamente. Por lo tanto, 
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el uso de esta prueba en dichos pacientes es discuti ble, y el valor de otras pruebas no 
invasivas ti ene que ser evaluado aún más.

A pesar de las mejorías en la salud debidas a los medicamentos nuevos, la HAP sigue 
siendo una enfermedad progresiva e incurable. Por lo tanto, es necesario desentrañar 
con mayor profundidad la patobiología de la enfermedad para que se pueda desaro-
llar nuevos medicamentos y mejorar el tratamiento. En el Capítulo 9 investi gamos los 
efectos y los mecanismos de control de la eritropoyeti na (EPO) en un modelo de rata de 
HAP fl ujoasociado. Se han observado que la EPO mejora los cambios estructurales en el 
lecho vascular pulmonar. Para investi gar la hipótesis de que la EPO mejora esos cambios 
por la inducción de la acti vidad de la hemooxigenasa (HO) y por la movilización de las 
células progenitoras del endothelio (CPE), tratamos ratas con HAP fl ujoasociado con EPO 
con o sin un bloqueador potente de acti vidad HO, estaño mesoporfi rina (SnMP). La HO 
es una enzima que protege contra el estrés oxidati vo y la infl amación por la producción 
de sustancias de reacción (hierro, monóxido de carbono y biliverdina). Esta investi gación 
demuestra que los mejoramientos en los cambios estructurales en el lecho vascular 
pulmonar por la EPO, no eran inducidos por la acti vidad más alta de HO, pero sí estaban 
acompañados de mayor circulación de CPE. De modo interesante, la inhibición de la 
acti vidad de HO por SnMP, sola o en combinación con EPO, tambien resultaba en mayor 
circulación de CPE. No obstante, a pesar de incrementar la canti dad de CPE circulante, 
la inhibición de la acti vidad de HO empeoraba los cambios estructurales en el lecho 
vascular pulmonar. Esto indica que tanto la EPO como la HO ti enen efectos positi vos en 
la HAP. Además, estos datos sugieren que la HO es necesaria para que los CPE se dirijan 
al tejido vascular pulmonar dañado.

En el Capítulo 10 se debaten los resultados principales de esta tesis desde una per-
specti va más amplia, con un foco parti cular en investi gaciones posibles futuras. 
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DANKWOORD

Behalve de afsluiti ng van mijn promoti eonderzoek is dit tegelijk de afsluiti ng van mijn 
“Grunn periode”. Ondanks de vaak “wat drukke” laatste onderzoeksmaanden, ontstaat 
er bij promovendi juist ti jdens die periode een soort roze terugblik bril. De downs van 
het onderzoek lijken minder diepgelegen en je kunt je vooral de ups goed herinneren…
misschien maar goed ook. Mijn oprechte, en hopelijk niet al te veel door deze roze bril 
beïnvloede, dank wil ik uitbrengen aan iedereen die mijn periode in Groningen weten-
schappelijk producti ef, maar vooral heel leuk hebben gemaakt.

Allereerst natuurlijk Prof dr RMF Berger. Beste Rolf, alweer 9 jaar geleden startt e ik als 
student mijn wetenschappelijke stage bij jou en Michiel Dalinghaus in het Sophia Kinder-
ziekenhuis. Daar wisten jullie mij met veel humor in te wijden in de wereld van de kinder-
cardiologie. Na het afronden van mijn co-schappen en een jaar klinische werkervaring 
kwam ik bij jou, inmiddels professor in Groningen, terug voor promoti eonderzoek. Over 
de jaren heen heb ik veel van je geleerd rondom onderzoek doen en wetenschappelijke 
arti kelen schrijven. Bedankt daarvoor en vooral ook voor de hartelijke begeleiding!
Beste Michiel, jij bent niet betrokken geweest bij dit promoti eonderzoek, maar toch 
hoor jij ook een beetje op deze plek in het dankwoord. Ook jou wil ik bedanken voor de 
leerzame en hartelijke begeleiding voorafgaand aan mijn promoti eonderzoek.

Prof dr JL Hillege. Beste Hans, ondanks de voor jou soms wat kleine pati ënten aantallen 
kon ik alti jd bij jou terecht met vragen en discussie over de verschillende (stati sti sche) 
analyses. Dank voor je onmisbare hulp daarbij als whizzkid achter de computer!

Prof dr BJM Mulder. Beste Barbara, dank voor het delen van je positi eve kijk op zaken en 
je nutti  ge adviezen rondom de pati ënten studies. Na Mariëlle, kan ik mij nu voegen bij de 
Groningen-AMC / AMC-Groningen gepromoveerden! 

De betrokken (kinder)cardiologen. Beatrijs, bedankt voor het delen van je analyti sche 
denkwerk rondom het labexperimentele werk en je waardevolle adviezen rondom 
presentati es! Elke en Marc, dank voor de pretti  ge samenwerking rondom de pati ënten 
studies. Mariëlle, inmiddels in opleiding tot cardioloog, dank je wel voor de fi jne samen-
werking vanuit het AMC.

Voor het epidemiologische deel van mijn onderzoek heb ik veel door Nederland gereisd 
naar alle academische centra. Dank aan de kindercardiologen voor het wegwijs maken 
van mij in de locale pati ënten zoeksystemen en medische archieven: Nico Blom, Sally 
Clur, Tammo Delhaas, Derk-Jan ten Harkel, Livia Kapusta, Lennie van Osch, Lukas Ram-
meloo en Jan Strengers. Ook vooral bedankt aan alle secretaresses en database manag-
ers (onder andere Angela, Annemarie, Corry, Ellen, Evelien, Heidi, Linda, Margriet, Maria, 
Sandy, Ruby) voor de hulp daarbij en voor het alti jd vinden van een werkplek voor mij als 
ik weer eens langskwam!
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Saar en Olivia, bedankt voor de gezellige logeerplekken in Nijmegen en Leiden ti jdens 
mijn “on tour” periodes!

Max Brons, dank je wel voor je hulp bij het Groningse gedeelte van mijn epidemiologie 
studie. Marco “The Assmann” en Rene, dank voor jullie database ondersteuning. 
Monique en Brechtel, bedankt voor het telkens helpen zoeken van een gaatje in de 
agenda’s van Rolf en Hans.

Vanaf de aanvang van het labexperimentele deel van mijn onderzoek, verbreedde zich 
mijn horizon nog verder. Zo ging er voor mij een nieuwe (internati onale) wereld aan lab 
mensen, lab borrels en AIO weekenden open.
Anton, dank voor het meedenken over de opzet van de EPC bepalingen. Cheng, thank 
you for kindly introducing me into the world of cell culture. Azuwerus en Maaike, vooral 
jullie heb ik bij mijn eerste stappen op het lab onophoudelijk hulp gevraagd. Bedankt 
voor die hulp! Hisko, fi jn dat je alti jd open stond voor mijn vragen als arts beginnend 
op een lab! Dank aan Annemieke, Andre en Michel voor de microchirurgische onder-
steuning. De dierenlab medewerkers en vooral Ar, bedankt voor de fi jne ondersteuning 
rondom de diverse logisti eke labzaken! Dank aan Marti n, Bianca en vooral Christa voor 
het uitvoeren van de ti jdrovende hartcatheterisati es. Lili, thank you for helping me with 
the cardiac histology measurements. Janny en Bibiche, bedankt voor jullie ondersteun-
ing bij de moleculaire analyses! 
Dank ook aan de andere lab onderzoekers en analisten voor de leuke ti jd op en 
buiten het lab: Bo, Germaine, Irene, Jan, Jalmar, Linda, Liza, Marti n, Mei-Mei, Maggie, 
Peter, Silke, Willem-Peter. Mariusz, ben blij dat ik je kon verblijden om met mijn 
identi teit op het ESC congres rond te lopen. Anne-Magreet, Inge en Irma (echt lachen 
met jou!), de etentjes met jullie waren erg gezellig! Frank Wagenaar, dank je wel 
voor de samenwerking vanuit Nijmegen rondom de bewerkelijke HO meti ngen.

Het aantal onderzoekers op de kindercardiologie heeft  zich fl ink uitgebreid. Mirjam, mijn 
voorgangster, hartelijk bedankt voor je hulp ti jdens jouw desti jds drukke afrondende 
promoti e periode. Michael, “onze” eerste MD PhD-er. Super dat jij mijn Wenen en Cairns 
congres en appartement buddy was! Reinout, jij gaat volgens mij echt “the right ventricle 
guy” worden. Menno, van mijn student naar mijn opvolger. Het was heel pretti  g samen-
werken met jou! Dat wordt over een paar jaar een heleboel promoti efeestjes!

Ik heb veel geluk gehad met de studenten die betrokken zijn geraakt bij mijn onderzoek. 
Dank aan Michiel voor het mee opzett en van de eerste database. Merel, het was heel leuk 
en leerzaam om jou te begeleiden bij de 6-minuten loop test analyses. Op het lab: Hans, 
Saffl  oer en Nada. Hans en Saffl  oer, onlosmakelijk duo, bedankt voor jullie ondersteuning 
bij de longhistologie meti ngen en voor het levendig maken van het lab. De mestcel studie 
krijgt nog een mooi eind. Nada, de eindeloze EPC bepalingen had ik niet kunnen doen 
zonder jouw hulp! Bovendien kon ik mede dankzij jullie het grote labexperiment gewoon 
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starten in de periode aansluitend aan het overlijden van mijn vader en van mijn oma kort 
erna. Hartelijk dank voor jullie inzet ti jdens die periode!

Echt niet te vergeten zijn mijn kamergenoten! Annemieke, lekkere nuchtere Groningse. 
Berti ne, eerlijk en alti jd alles strak op orde. Deirdre, warmte en gezelligheid straalster. 
Karin, lekkere asserti eveling. Nicole, frisse jonge onderzoekster. Wat hebben wij veel 
ups en downs van elkaar met elkaar kunnen delen. Ik heb genoten van de golden years 
op onze kamer en daarbuiten! Mijn andere kelder- en Triade gebouw genoten Berber, 
Chris-Peter, “de Elises”, Hiltje, Ingrid, Jitti  e, Jose, Marieke, Marti jn, Michel, Paul, Tina, 
leuk om met jullie te ontspannen rondom lunch, thee en taart. Carianne, Mireille en Maxi 
bedankt ook voor de fi lmavonden en andere ontspanningsmomenten buiten het werk! 

Janyte en Egied, dank jullie wel voor de geweldige vormgeving van het boekje!

Dank aan mijn nieuwe collega’s op de klinische geneti ca, in het bijzonder Lutgarde Gov-
aerts en Robert-Jan Galjaard, voor het luisterend oor over en het begrip voor de “laatste 
loodjes” van het onderzoek!

Mijn paranimfen. Lieve Eryn, als “Westerlingen” gingen wij in dezelfde periode naar 
Groningen om onderzoek te doen. Naast de onderzoekswerkzaamheden in de kelder 
hebben we ook veel van de Groningse wereld daarbuiten gezien. Ben heel blij dat jij ook 
desti jds die verhuisstap hebt gemaakt! Lieve Naad, sinds onze middelbare school ti jd 
hebben we over de jaren heen al zo vaak lief en leed gedeeld. Heel fi jn dat je ook deze 
dag naast mij wil staan! Ik heb er veel zin in om over 2 weken in Utrecht en over 4 weken 
in Groningen trots naast jullie te staan!

Ten slott e, mijn familie en “homebase”.
Mi primita María Ángela, mil gracias por corregir mi español!
Lieve Jacques en Marleen, hartelijk dank voor de alti jd warme welkomsten bij jullie thuis!
Mijn broer”tje” Aldrin, I’m so happy you’re my, someti mes annoying, brother! (I know 
you would say the same about me.)
Dear mama, thank you for always, and I mean álways, being there for me; te quiero 
mucho! Dear papa, missing you, and will be, especially, on the defence day to come. This 
book isn’t quite on the quantum mechanics you loved, but I know you would be proud 
of me, as always.
Lieve Bas, dank je wel voor je steun op alle fronten! Onze vakanti es in Groningen en 
Rott erdam kunnen nu in uitgebreidere vorm verder in Rott erdam!
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ABBREVIATIONS

ANOVA  analysis of variance
AR  acute pulmonary vascular response to vasodilator challenge
ASD  atrial septal defect
BMI  body mass index
BMPR2  bone morphogeneti c protein receptor type 2
cAMP  cyclic adenosine monophosphate
cAVSD  complete atrioventricular septal defect
cGMP  cyclic guanosine monophosphate 
CHD  congenital heart defects
CHD-APV  CHD associated with abnormal development of pulmonary vasculature 

(e.g. scimitar syndrome)
CON  control group
95% CI   95% confi dence interval
CI  cardiac index
CTD  connecti ve ti ssue disease
CTEPH  chronic thromboembolic pulmonary hypertension
EPCs  endothelial progenitor cells
EPO  erythropoieti n
fl ow-PAH  pati ents with increased pulmonary blood fl ow (due to CHD) and PAH in 

whom PAH resolves aft er correcti on of the CHD
HO-1  heme oxygenase-1
HIV  human immunodefi ciency virus
HR  hazard rati o
iPAH  idiopathic pulmonary arterial hypertension
IVS  interventricular septum
LV  left  ventricle
MAPCAs  major aortopulmonary collaterals
MCP-1  monocyte chemoatt ractant protein type 1
mPAP  mean pulmonary arterial pressure
mRAP  mean right atrial pressure
mRNA  messenger ribonucleic acid
NO  nitric oxide
NT-proBNP serum N-terminal pro brain natriureti c pepti de 
O2  oxygen
PAH  pulmonary arterial hypertension
PAH-CTD PAH associated with connecti ve ti ssue disease
PAH-CHD  PAH associated with congenital heart defects (with systemic-to-

pulmonary shunt)
PAH-crisis acute PAH during an event of respiratory tract infecti on
PAP/SAP  pulmonary-to-systemic arterial pressure rati o
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PA-VSD  pulmonary atresia with ventricular septal defect 
PCH  pulmonary capillary hemangiomatosis
PCR  polymerase chain reacti on
PDA  patent ductus arteriosus
PDE-5  phosphodiesterase type 5
PH  pulmonary hypertension
PH-RSH  PH associated with disorders of respiratory system and/or hypoxemia 
PPHN  persistent pulmonary hypertension of the neonate
PVOD  pulmonary veno-occlusive disease
PVR/SVR  pulmonary-to-systemic vascular resistance rati o
PVRi  pulmonary vascular resistance, indexed
Qpi  pulmonary blood fl ow, indexed
Qp/Qs  pulmonary-to-systemic blood fl ow rati o
Qsi  systemic blood fl ow, indexed
RV  right ventricle
SD  standard deviati on
SDF-1  stromal cell derived factor-1
SDS  standard deviati on score
SEM  standard error of mean
SnMP  ti n mesoporphyrin
SVRi  systemic vascular resistance, indexed
TcSO2  trancutaneous oxygen saturati on
VEGF  vascular endothelial growth factor
VEGF-R1  vascular endothelial growth factor - receptor type 1
VEGF-R2  vascular endothelial growth factor - receptor type 2
VSD  ventricular septal defect
WHO class World Health Organizati on functi onal class
WU  Woods Units
6MWD  6-minute walk distance
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