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Pulmonary hypertension

Pulmonary hypertension (PH), defined as a mean pulmonary arterial pressure of 25 mmHg or 
more, is a symptom that can be caused by many diseases.1 The diseases that can cause pul-
monary hypertension are classified according to a clinical classification that was established 
and updated during successive World Symposia on pulmonary hypertension.2-5 According to 
these clinical classifications there are five diagnostic groups of pulmonary hypertension: 1) 
pulmonary arterial hypertension 2) pulmonary hypertension based on left heart disease 3) 
pulmonary hypertension associated with hypoxia and / or lung disease 4) chronic thrombo-
embolic disease 5) other or multifactorial disease (table 1).5

Pulmonary arterial hypertension (Group 1 PH)

Pulmonary arterial hypertension (PAH), is a progressive pulmonary vascular disease with a det-
rimental prognosis. Pulmonary arterial hypertension is characterized by pulmonary vascular 
remodelling that includes adventitial thickening, medial hypertrophy, and intimal proliferation 
with the formation of concentric laminar intimal fibrosis and plexiform lesions.6-8 The vascular 
remodelling results in pulmonary vascular wall thickening and occlusion of small pulmonary 
arteries, which combined with vasoconstriction, inflammation and thrombosis increases pul-
monary vascular resistance and pressure. This increased right ventricular afterload leads to an 
increased ventricular work load, eventually leading to right ventricular failure and death.

Pulmonary arterial hypertension can be idiopathic, heritable or associated with underlying 
diseases.  The associated diseases that can cause PAH include congenital heart disease (PAH-
CHD), connective tissue disease, HIV-infection, portal hypertension or schistosomiasis.

Idiopathic PAH (IPAH) is defined as PAH without an identifiable cause. Heritable or familial 
PAH (HPAH) is currently defined as PAH with an identified genetic mutation associated with 
PAH, such as BMPR-2, ALK-1, endoglin, calveolin-1, TBX-4 and SMAD9 mutations, or with a 
familial occurrence of the disease without an identified mutation.1,9-13

For PAH associated to congenital heart diseases, it is important to realise that in congenital 
heart disease PAH develops, ranging from flow-associated early reversible disease to progres-
sive and irreversible PAH.14 In congenital heart disease, a left to right shunt initially causes 
flow associated pulmonary hypertension due to volume overload of the pulmonary arterial 
system whether or not combined with pressure overload. This increased pulmonary blood 
flow induces increased vascular wall shear stress and disturbed flow, leading to pulmonary 
vascular remodelling. In case of early correction of the shunt-defect, this condition is revers-
ible. However, if the shunt defect is not corrected, the pulmonary vascular remodelling will 
progress into advanced, irreversible vascular disease (PAH-CHD).14 Eventually the pulmonary 
arterial pressure rises to exceed the systemic pressure, which will lead to a reversal of the 
shunt into right-to-left shunting, resulting in hypoxemia and cyanosis. This condition is 
named the Eisenmenger syndrome.1,15
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Diagnosis and Treatment

Pulmonary hypertension can be suspected in patients with symptoms that can be related to 
PH, or because of known risk factors or familial presentation. A chest X-ray, ECG and echocar-
diography can be used to detect the disease. Classification of the disease is then performed 

Table 1: Clinical classification of pulmonary hypertension (Nice, 2013)5

1. Pulmonary arterial hypertension (PAH)

1.1. Idiopathic PAH

1.2. Heritable PAH (HPAH)

1.2.1. BMPR-2 mutation

1.2.2. ALK-1, ENG, SMAD9, CAV1, KCNK3 mutation

1.2.3. Unknown

1.3. Drug and toxin induced

1.4. Associated with:

1.4.1. Connective tissue disease

1.4.2. HIV infection

1.4.3. Portal hypertension

1.4.4. Congenital heart diseases

1.4.5. Schistosomiasis

1’. Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis (CPH)

1’’ Persistent pulmonary hypertension of the newborn (PPHN)

2. Pulmonary hypertension due to left heart disease

2.1. Left ventricular systolic dysfunction

2.2. Left ventricular diastolic dysfunction

2.3. Valvular disease

2.4. Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies

3. Pulmonary hypertension due to lung diseases and/or hypoxia

3.1. Chronic obstructive pulmonary disease

3.2. Interstitial lung disease

3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern

3.4. Sleep disordered breathing

3.5. Alveolar hypoventilation disorders

3.6. Chronic exposure to high altitude

3.7. Developmental lung diseases

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1. Hematologic disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy

5.2. Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis

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

5.4. Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental PH

BMPR = bone morphogenic protein receptor type II; CAV1 = caveolin-1; ENG = endoglin; HIV = human im-
munodeficiency virus; PAH = pulmonary arterial hypertension.
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using multiple diagnostic modalities (figure 1).1,16,17 A right heart catheterization should be 
performed to confirm the diagnosis.

The treatment for pulmonary arterial hypertension can be grouped into supportive therapy 
(including diuretics, oxygen therapy, oral anticoagulants and digoxin), first and second gen-
eration PH specific drugs, and surgical interventions.1,15,16

The first generation PH specific therapy consists of calcium channel blockers. Calcium channel 
blockers serve as pulmonary vasodilators that are effective only in a small subset of patients 
with IPAH/HPAH that show positive response upon an acute pulmonary vasodilator response 
test during right heart catheterization.18,19

PAH targeted therapies (second generation drugs) were introduced in the past decades. PAH 
targeted therapies are designed to targeted three specific pathways that were shown to play 
an important role in the development of the PAH specific pulmonary vascular remodelling: 
the endothelin, nitric oxide and prostacyclin pathway (Figure 2).

The therapies related to these pathways are respectively endothelin receptor antagonists 
(bosentan, ambrisentan, macitentan), 5-phosphodiesterase inhibitors (sildenafil, tadala-
fil, vardenafil), soluble guanylate cyclase (sGC) stimulators (Riociguat) and prostacyclin 
analogues (epoprostenol, beraprost, iloprost, treprostinil, selexipag).1 These therapies are 
believed to exert pulmonary vascular dilatation and have anti-proliferative effects that can 
delay and maybe even reverse the pulmonary vascular remodelling in PAH. These targeted 
therapies can be given as mono-therapy, or as combination therapy so multiple pathways 
can be targeted simultaneously. It was long practice to start on mono-therapy and escalate 
to combination therapy at the moment of clinical deterioration. The last years this treatment 
strategy has evolved into a goal-oriented therapy that warrants earlier therapy escalation, 
upon not reaching a treatment goal (a certain improvement in clinical condition) instead of 
waiting for clinical deterioration.1,15,21,22 It is thought that by striving to clinical improvement, 
eventual outcome can be improved.

In patients that (eventually) fail to show sufficient response to maximal triple combination 
therapy, surgical interventions should be considered. Of the surgical interventions (heart) 
lung transplantation is the most radical but also most important therapeutic option that 
should be considered once medical therapies fail.1 As an alternative or bridge to transplanta-
tion, surgery to create a right to left shunt can be considered in patients with suprasystemic 
PAH that does not respond to PAH targeted therapy. The goal of such a shunt is to increase 
cardiac output in order to improve symptoms and quality of life.23 A right to left shunt can be 
achieved by balloon atrial septostomy, creating a shunt at the atrial level.1 Based on recent 
experience in pediatric PAH a Potts shunt, providing a right to left shunt at arterial level, has 
been suggested to improve symptoms and outcome for children with drug-refractory PAH.24
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Figure 1: Pulmonary Arterial Hypertension Diagnostic Work-Up

AVT = acute vasodilator testing; CHD = congenital heart disease; CT = computed tomography; CTA = com-
puted tomography angiography; CTD = connective tissue disease; CTEPH = chronic thromboembolic pul-
monary hypertension; CXR = chest radiography; DLCO = diffusing capacity of the lung for carbon monox-
ide; ECG = electrocardiogram; HPAH = heritable pulmonary arterial hypertension; PA = pulmonary artery; 
PAH = pulmonary arterial hypertension; PAPm = mean pulmonary artery pressure; PAWP = pulmonary ar-
tery wedge pressure; PCH = pulmonary capillary hemangiomatosis; PEA = pulmonary endarterectomy; PFT 
= pulmonary function test; PH = pulmonary hypertension; PVOD = pulmonary veno-occlusive disease; PVR 
= pulmonary vascular resistance; RHC = right heart catheterization; RV = right ventricular; V/Q = ventila-
tion/perfusion; WU = Wood units. Derived from Ivy et al.16
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Paediatric pulmonary arterial hypertension

PH can present itself at any age. There are important similarities, but also differences between 
PAH at the paediatric and adult age. For instance incidence and prevalence of iPAH and 
PAH-CHD in children differ from those in adults.23,24 There are age-specific disease entities 

Figure 2: Targets for Current or Emerging Therapies in Pulmonary Arterial Hypertension.

Three major pathways involved in abnormal proliferation and contraction of the smooth-muscle cells of the 
pulmonary artery in patients with pulmonary arterial hypertension are shown. These pathways correspond 
to important therapeutic targets in this condition and play a role in determining which of four classes of 
drugs — endothelin-receptor antagonists, nitric oxide, phosphodiesterase type 5 inhibitors, and prostacyclin 
derivatives — will be used. At the top of the figure, a transverse section of a small pulmonary artery (<500 
µm in diameter) from a patient with severe pulmonary arterial hypertension shows intimal proliferation and 
marked medial hypertrophy. Dysfunctional pulmonary-artery endothelial cells (blue) have decreased produc-
tion of prostacyclin and endogenous nitric oxide, with an increased production of endothelin-1 — a condition 
promoting vasoconstriction and proliferation of smooth-muscle cells in the pulmonary arteries (red). Current 
or emerging therapies interfere with specific targets in smooth-muscle cells in the pulmonary arteries. In ad-
dition to their actions on smooth-muscle cells, prostacyclin derivatives and nitric oxide have several other 
properties, including antiplatelet effects. Plus signs denote an increase in the intracellular concentration; mi-
nus signs blockage of a receptor, inhibition of an enzyme, or a decrease in the intracellular concentration; and 
cGMP cyclic guanosine monophosphate. Derived from Humbert et al.20
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that present foremost during childhood, such as persistent pulmonary hypertension of the 
newborn, early stage PAH associated with congenital heart disease and PH associated with 
disorders of lung development. Due to age specific symptoms related to children’s develop-
mental stage, such as failure to thrive and feeding problems, the presentation of the disease 
may differ between children and adults. And furthermore, the initially reported outcome 
of PAH among children is worse than that of adult PAH patients, with an untreated median 
survival of paediatric IPAH/HPAH that is estimated to be 0.8 years versus 2.8 years in adult 
patients.25

Dutch National Network for Paediatric Pulmonary Hypertension

In the Netherlands the diagnosis and treatment of paediatric pulmonary hypertension is 
performed within the national network for paediatric pulmonary hypertension with national 
coverage. Within this network there are ten participating centres, including one national 
referral centre for paediatric pulmonary hypertension. All patients suspected of pulmonary 
hypertension due to PAH, chronic thrombo-embolic disease or due to unclear or multifacto-
rial mechanism (classification group 1, 4 and 5) are referred to the national referral centre for 
the diagnostic right heart catheterization, initiation of treatment and standardized follow-up. 
Due to the intensive cooperation between the participating centres, with national coverage, 
all Dutch children with PAH are seen and treated at the national referral centre, which results 
in a national cohort of paediatric PAH patients. All data concerning the diagnosis, treatment 
and follow up of these patients are registered in the Dutch national paediatric pulmonary 
hypertension patient registry.24,26

Unmet needs in paediatric pulmonary arterial hypertension

The current data on pulmonary hypertension, as described above, came from studies per-
formed in adult pulmonary hypertension patients. However, due to the differences between 
paediatric and adult PAH and the fact that children are not simply small adults, data on PAH 
derived from adult patients are not directly applicable for paediatric PAH patients. Therefore, 
specific paediatric data on PAH is necessary to understand the disease, optimize treatment 
and improve outcome in children. This paediatric data is lacking, leading to a large number of 
unmet needs in paediatric PAH, including a lack of data on the epidemiology, determinants 
of outcome and treatment strategies. In order to shape a better future for children with PAH, 
we need to address these unmet needs.

Epidemiology

Epidemiologic data on paediatric PAH is scarce. Despite recent data from a few large cohorts 
of children with PAH including a national epidemiologic study, a review that provides an 
overview of the epidemiology, clinical presentation, characterization and outcome of paedi-
atric PAH is still missing.23,24,27-29



General introduction 17

Determinants of outcome

The outcome of PAH can be improved by recognizing patients with more progressive disease 
that have a poor prognosis, so that they can be treated more intensively. In order to identify 
patients with worse disease we need to know and understand the determinants of outcome 
of PAH. These determinants of outcome are parameters that can be used to predict a patient’s 
prognosis and help set and evaluate the course of treatment. Data on prognostic parameters 
however is currently largely lacking for paediatric PAH. Several parameters will be focused on 
specifically.

Acute vasodilator response testing is an important factor in the evaluation of pulmonary arterial 
hypertension. In adult PAH patients, acute vasodilator response defined by the Sitbon-criteria 
has been shown able to identify patients that have improved outcome when treated with cal-
cium channel blocker therapy.18 Acute vasodilator response according to the Sitbon-criteria 
has therefore been adopted by the successive international guidelines for the diagnosis and 
treatment of pulmonary hypertension to select adult patients for calcium channel blocker 
therapy.1,15 For children with PAH, however, the value of acute vasodilator response testing is 
unclear. Based on the hypothesis that PAH presenting in childhood differs from the disease 
in adults, specific acute vasodilator response criteria were proposed for children by Barst and 
her colleagues.29-31 Using these criteria a higher prevalence of acute responders was found in 
children with PAH then those reported for adult patients.30-32 However, large cohort studies 
on the prevalence of acute vasodilator response in paediatric PAH and studies comparing the 
prevalence of acute response between adult and paediatric patients using uniform response 
criteria are lacking. Furthermore, the ability of acute vasodilator response to predict outcome 
and select patients with a sustained response to long term CCB therapy is still unclear in 
children.

Pulmonary vascular dynamics represent the pulsatile components of the right ventricular af-
terload. Currently only static components of the right ventricular afterload, such as the mean 
pulmonary arterial pressure (mPAP), and pulmonary vascular resistance (PVRi), are used as 
parameters to determine a patients disease severity. Although these parameters have been 
proven valuable, they do not provide a full representation of the right ventricular afterload 
since they ignore its pulsatile components.33,34 The pulsatile components of the right ventric-
ular afterload are represented by indices of pulmonary arterial stiffness, including pulmonary 
arterial compliance, distensibility, elastic modulus, stiffness index and stiffness coefficient.35 
Promising studies in adult PAH patients focus on the pulmonary arterial capacitance, which is 
an invasively measured representation of pulmonary arterial compliance.36,37 Several studies 
in paediatric PAH have described the use of echocardiographic measurements combined 
with invasive pressure measurements to determine pulmonary arterial pulsatility and dis-
tensibility.38,39 Furthermore the analysis of continuous pulmonary arterial pressure - diameter 
relationships has been suggested, comparable to those used to determine systemic arterial 
stiffness in adult systemic hypertension.40-44 However, so far these parameters have been in-
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sufficiently studied in paediatric PAH, impeding their use in the clinical evaluation of children 
with PAH.

The six-minute walk distance (6-MWD) has been commonly used as an endpoint in treatment 
efficacy studies among adult PAH patients.1,45-47 It has been shown to be related to param-
eters representing disease severity, such as WHO-functional class, and has been suggested 
to be a predictor of outcome. The 6-MWD is therefore included as a parameter in the risk 
assessment that guides treatment of adult PAH patients.1 Whether the 6-MWD can be used 
for this purpose in children with PAH is unclear, since the 6-MWD has been poorly studied in 
paediatric PAH.48,49

Echocardiography is an important and widely available tool used to detect pulmonary hyper-
tension. In adult PAH patients it has also gained a role in the evaluation of disease severity. 
Several echocardiographic markers were shown to be related to outcome in adult PAH pa-
tients.46,50-52 Therefore, the international guidelines for diagnosis and treatment of pulmonary 
hypertension have included echocardiographic parameters to guide therapeutic decisions.1 
In children however, data on the prognostic ability of echocardiographic parameters is 
scarce.16 Therefore it is unknown whether these parameters are useful in assessing disease 
severity and outcome in children with PAH and whether these parameters can be used to 
guide their treatment.

Haemoptysis is a known complication of PAH. It has been suggested that haemoptysis is a 
determinant of a poor prognosis, even in patients that were hemodynamically stable. The 
occurrence and prognostic implications of haemoptysis in paediatric PAH is however still 
unknown.

Treatment strategies

The survival of PAH has significantly improved since the introduction of the PAH targeted 
therapies.48 However, although improved, survival rates for paediatric PAH are still very 
much unfavourable. An aggressive therapeutic approach with either upfront or sequential 
combination therapy, using goal-oriented therapy, as has been suggested for adult PAH 
patients, may further improve outcome of paediatric PAH.1 However, evidence supporting 
goal-oriented therapy is limited in children. First of all, not every determinant of outcome 
is qualified to be a treatment goal. Due to a lack of paediatric data, it is unclear whether 
treatment goals that have been suggested for adult PAH patients are also suitable to be used 
as treatment goals for children with PAH. Furthermore, it has not yet been shown whether 
escalation of therapy to combination therapy has the same positive effect on outcome in 
children with PAH as suggested in adult PAH patients.

Aims and outline of this thesis

The main aim of this thesis is to provide data that can help resolve the current unmet needs 
of paediatric PAH. More specifically to provide data on the epidemiology, determinants of 
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outcome and treatment strategies in paediatric PAH that can eventually help us improve the 
outcome of the disease in infants and children.
Specific aims of the thesis  were:
1. To provide an overview of the epidemiology, clinical characterization, presentation, 

disease course and outcome of pulmonary hypertension in children
2. To determine the prevalence of responders to acute pulmonary vasodilator testing in 

children with PAH compared to adults
3. To study global current clinical practice of acute pulmonary vasodilator testing in children 

with PAH and its effect on subsequent treatment strategies.
4. To study the predictive value of the different available criteria for acute AVT-response 

with regard to outcome and effect of CCB treatment
5. To investigate the prognostic value of invasively measured pulmonary vascular dynamics 

in paediatric PAH
6. To develop a method that can be used to refine indices of pulmonary arterial stiffness 

using continuous pulmonary arterial pressure to cross-sectional area relationships.
7. To find determinants of outcome that can help predict a patients prognosis and can serve 

as treatment goals in a goal-oriented combination therapy treatment strategy.
8. To investigate the effectiveness of sequential combination therapy in children with PAH.

Chapter 2 provides a review of the current epidemiology, clinical characterization, presenta-
tion and outcome of paediatric pulmonary hypertension.

Chapter 3a describes the challenges of comparing literature on acute vasodilator response 
testing, and our opinion on how to move forward by consequently using standardized cri-
teria.

Chapter 3 describes the prevalence of acute vasodilator response in the Dutch cohort of 
paediatric PAH patients compared to a cohort of adult patients to determine potential dif-
ferences in the occurrence of AVT-response between children and adults. Furthermore, we 
studied the association of AVT-response with transplant-free survival.

Chapter 4 describes the current clinical practice of acute vasodilator response testing, anal-
ysed within the large international cohort of patients from the TOPP registry. Furthermore it 
provides data on the occurrence, prognostic value, and relation to therapy of acute vasodila-
tor response.

In Chapter 5 we show the data of a study that aimed to determine the prognostic value of 
invasively measured pulmonary arterial compliance and pulmonary stroke volume in paedi-
atric PAH.

Chapter 6 studies traditional and new indices of pulmonary arterial stiffness derived from 
pulmonary arterial area-pressure loops.



20 CHAPTER 01

Chapters 7-9 provide data on determinants of outcome in paediatric PAH, including echocar-
diographic parameters (chapter 7), the 6-minute walking distance, transcutaneous saturation 
and heart rate obtained during the 6-minute walk test (chapter 8), and haemoptysis (chapter 
9).

Chapter 10 is a prospective standardized follow-up study that evaluates longitudinally col-
lected parameters in order to identify which determinants of outcome may serve as treat-
ment goals for paediatric PAH.

Chapter 11 describes the effectiveness of therapy escalation using sildenafil add-on therapy 
in patients that deteriorated on bosentan mono-therapy.

Chapter 12 describes the differences in outcome of paediatric PAH between three large 
pulmonary hypertension treatment centers. The differences between the patient cohorts 
of these centers were used to identify parameters and treatment strategies associated with 
improved outcome.

In Chapter 13 the findings of this thesis are summarized and discussed.
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