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Abstract 

This doctoral thesis aims to investigate the demographics, treatment patterns and prognosis of 

paediatric pulmonary hypertension (PH) and the emerging group of children and adults with PH in the 

setting of repaired congenital heart disease (CHD). I have conducted three studies, each with a distinct 

focus. 

The first is a retrospective, longitudinal study of ten CHD centres across the UK that assesses the 

clinical characteristics and treatment patterns of adults with a Fontan-type circulation receiving 

pulmonary vasodilators. I have compared treated patients with a matched cohort of Fontan patients 

who are not receiving pulmonary vasodilator therapy, complemented by an expert survey to determine 

current practice and the goals of therapy. 

In the second study, I created a 20-year national UK registry of paediatric PH and derived estimates of 

incidence and prevalence for all groups of paediatric PH in different age categories. I determined the 

natural history of paediatric PH and performed survival analysis. I then focused on patients with CHD 

and described the changes in demographics, with a substantial increase in patients with previously 

repaired CHD, who now form the largest PAH-CHD subgroup. 

The third study focuses on this latter group of repaired PAH-CHD. I highlighted the heterogeneity in 

terms of severity and onset of PAH. I identified prognostic markers and variables associated with PH 

resolution and developed a novel risk score for predicting adverse clinical outcomes in this group. 

This score will form the basis for the risk stratification of this high-risk population, to inform 

prognostication and guide treatment.  
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1. Literature review 

1.1. Definitions and classifications 

1.1.1. Definition of pulmonary hypertension 

Pulmonary hypertension (PH) is defined as a mean pulmonary arterial pressure (mPAP) ≥25 mmHg at 

rest as assessed by right heart catheterisation, although a lower threshold of >20 mmHg based on 

normal ranges in healthy subjects was proposed during the 6th World Symposium on PH (WSPH) in 

2018 and was adopted in the 2022 ESC/ERS guidelines.(Galiè et al., 2016; Simonneau et al., 2019; 

Kovacs et al., 2009) 

PH can be pre-capillary, post-capillary, or combined (pre- and post-capillary) based on the mean 

pulmonary artery (PA) wedge pressure and pulmonary vascular resistance (PVR). The definitions set 

out in Figure 1.1 below have been used throughout this thesis. The 2022 ESC/ERS PH guidelines 

adopted a revised PVR cut-off of 2 WU as this threshold was more prognostically relevant based on 

available data.(Kovacs et al., 2009; Wolsk et al., 2017)  

Figure 1.1: Haemodynamic definitions of pulmonary hypertension. 

 
From Constantine et al., Cardiology Clinics. 2020 with permission.(Constantine, Dimopoulos & Opotowsky, 
2020) Acronyms: mPAP, mean pulmonary arterial pressure; PAWP, pulmonary artery wedge pressure; PH, 
pulmonary hypertension; PVR, pulmonary vascular resistance; TPG, transpulmonary pressure gradient. 
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Distinguishing between these different forms of PH is important for prognostication and management. 

Post-capillary PH is the most common type encountered in patients with congenital heart disease 

(CHD), usually because of long-standing systemic ventricular systolic or diastolic dysfunction, 

outflow tract obstruction, valve disease, or pulmonary vein obstruction. When isolated, post-capillary 

PH reflects a passive backward transmission of raised left atrial pressure, indicated by a PA wedge 

pressure (PAWP) >15 mmHg and a “normal” PVR <2 WU. In a minority of patients, this passive 

process of raised mPAP triggers a “reactive” process of pulmonary vasoconstriction, endothelial 

dysfunction, and vascular remodelling leading to a rise in PVR ≥2 WU in the setting of a raised 

PAWP, which characterises combined pre- and post-capillary PH. In other patients, combined pre- 

and post-capillary PH is due to co-existing pre- and post-capillary causes. In children, and especially 

in conditions with variable pulmonary blood flow e.g., PAH-CHD, it is widely accepted that PVR 

should be indexed to body surface area and a indexed PVR (PVRi) ≥3 WU.m2 used to determine the 

presence of PVD.(Rosenzweig et al., 2019; Humbert et al., 2022)  

PH is a physiological entity that is associated with a broad range of cardiopulmonary and systemic 

diseases, including CHD, which has led to the emergence of international classification systems of 

PH, which have been iterated several times in response to our growing understanding of the genetic 

and pathobiological mechanisms contributing to PH. 

1.1.2. The international classification of pulmonary hypertension 
The clinical classification of PH recognises five major groups according to clinical presentation, 

pathophysiological mechanisms, haemodynamics and treatment strategy (Table A1 in Appendix 

1).(Galiè et al., 2016; Simonneau et al., 2019) The genetic basis of certain forms of PH is currently 

being established, and genetic causes/contributors to PH enter the clinical classification in various 

forms: The most straight-forward case is that of PH-causing genes e.g., Bone Morphogenetic Protein 

Receptor type 2 gene (BMPR2), classified as heritable PAH. Additionally, PH can be related to 

certain genetic syndromes, e.g., Down syndrome, where PH may have multiple causes, including 

CHD, bronchopulmonary dysplasia, and developmental lung disease in term newborns, thought to be 

secondary to the underlying syndrome. The current clinical classification handles these genetic 

contributors variably. In addition, the classification includes several clinical entities that are specific 

to infancy or early childhood, e.g., persistent pulmonary hypertension of the newborn (PPHN; see 

Section 1.5):  

• Group 1 PH is pulmonary arterial hypertension (PAH) and includes a constellation of clinical 

conditions that are associated with pre-capillary PH with similar pathophysiological features and 

response to PAH therapies acting on three signalling pathways: the prostacyclin, endothelin-1, 

and nitric oxide. This group includes patients with PAH related to CHD (PAH-CHD), along with 
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patients with idiopathic PAH (IPAH), PAH associated with connective tissue disease, and 

portopulmonary hypertension.  

• Group 2 is composed of patients with post-capillary PH, the usual mechanism of mPAP elevation 

being a rise in left atrial pressure due to “left-sided” or systemic heart disease. This form of PH is 

commonly encountered in CHD, e.g., in patients with a systemic right ventricle, including after 

atrial switch repair who are at risk of developing systemic right ventricular dysfunction, 

atrioventricular valve regurgitation and pulmonary venous pathway obstruction. 

• Group 3 includes patients with pre-capillary PH where the pathophysiological driver is chronic 

hypoxia. In adults, this is most commonly secondary to acquired lung disease, e.g., interstitial 

lung disease, while in children developmental lung diseases predominate, including 

bronchopulmonary dysplasia, lung hypoplasia secondary to congenital diaphragmatic hernia, etc.. 

PH due to hypoxia in the absence of lung disease may be secondary to sleep-related hypoxaemia 

or hypoventilation syndromes, which are occur frequently in patients with CHD. PAH therapies 

have limited benefit in these patients and are not licenced for use in group 3 PH. Infants with 

developmental lung diseases, however, are commonly treated with a combination of supportive 

measures, e.g., supplemental oxygen therapy, and PAH therapies. PAH therapies may be 

considered for selected infants with bronchopulmonary dysplasia, although controlled trial data 

are lacking.(Hilgendorff et al., 2016) 

• Group 4 comprises patients with chronic thromboembolic PH (CTEPH) and other forms of PA 

obstruction, including congenital PA stenoses. The mechanism of PH in this setting may be 

secondary to obstruction, or increased flow to the unobstructed lung segments, which may trigger 

PAH-like changes. PAH therapies are used in patients pre- and post-surgical management of 

CTEPH but are not indicated in the setting of CHD with PA obstructions. 

• Group 5 is composed of patients with multifactorial and/or unclear causes of PH. In the latest 

iteration of the PH classification, PH associated with complex CHD has been added to this group, 

and includes people with univentricular physiology (unoperated and after palliative Glenn or 

Fontan-type surgery), scimitar syndrome, and segmental PH.  

CHD can cause or contribute to PH in multiple PH groups (Table 1.1), and several mechanisms of PH 

can co-exist in a single patient.  

Table 1.1: Clinical classification of pulmonary hypertension in congenital heart disease. 

PH Grouping according to the 
International classification and 
6th WSPH 

Subgroup 

Group 1 
PAH 

(A) Eisenmenger syndrome 
(B) PAH associated with systemic-to-pulmonary shunt 
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(C) PAH and co-incidental / small defect 
(D) PAH following corrective surgery / defect closure 

Group 2 
Post-capillary PH  

Left heart disease (systemic ventricular dysfunction, valve 
disease, other obstructive lesion) 
Pulmonary vein stenosis 
 Isolated 
 Associated to BPD, prematurity 
Cor triatriatum (sinister) 
Obstructed total anomalous pulmonary venous return 
Mitral/aortic stenosis (including supra/subvalvar) 
Coarctation of the aorta 

Group 4 
CTEPH and other PH related to 
obstruction of PAs 

PA obstruction: 
 Congenital 
 Related to previous surgery 

Group 5 
Multifactorial PH, complex CHD 

Segmental PH 
 Isolated pulmonary artery of ductal origin 
 Absent pulmonary artery 
 Pulmonary atresia with VSD and MAPCAs 
 Hemitruncus 
Single ventricle 
 Unoperated 
 Operated (Fontan) 
Scimitar syndrome 

Based on the updated clinical classification of pulmonary hypertension from the “Proceedings of the 6th 
WSPH”.(Simonneau et al., 2019; Rosenzweig et al., 2019; Constantine, Dimopoulos & Opotowsky, 2020) BPD, 
broncho-pulmonary dysplasia; CHD, congenital heart disease; CTEPH, chronic thromboembolic pulmonary 
hypertension; MAPCA, major aorto-pulmonary collateral artery; PAH, pulmonary arterial hypertension; PH, 
pulmonary hypertension; VSD, ventricular septal defect.   
 

PAH-CHD has been the focus of the research in this area, in part because these patients may benefit 

from PAH therapies. PAH-CHD itself is a broad group with its own classification. 

1.2. Pulmonary arterial hypertension associated with congenital heart disease 
The clinical sub-classification of PAH-CHD advocated by the 5th WSPH in 2013 and adopted by the 

2015 and 2022 European guidelines for the diagnosis and treatment of pulmonary 

hypertension(Simonneau et al., 2013; Galiè et al., 2016) includes four major categories:  

A. Eisenmenger syndrome 

B. PAH associated with prevalent systemic-to-pulmonary (left-to-right) shunts 

C. PAH with small or co-incidental defects  

D. PAH after defect correction.  
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This classification captures the clinical, physiological and pathobiological differences between 

different patients with PAH in the context of CHD with a congenital shunt. Groups A and B PAH-

CHD, i.e., Eisenmenger syndrome and PAH associated with a prevalent left-to-right shunt sit on a 

single pathophysiological spectrum, with Eisenmenger syndrome at the extreme end. In both, PAH is 

thought to be the result of significant left-to-right shunting leading to volume and pressure overload of 

the pulmonary circulation. Over time, this leads to pulmonary vasoconstriction, endothelial 

dysfunction, and pulmonary vascular remodelling, and causes pulmonary vascular disease (PVD). In 

some patients, especially in the context of a large post-tricuspid shunt such as a ventricular septal 

defect (VSD) or patent ductus arteriosus (PDA), there is progression to severe PVD, with near or 

supra-systemic PH. The shunt becomes bidirectional or predominantly right-to-left (pulmonary-to-

systemic) and desaturated mixed venous blood bypasses the pulmonary circulation, directly entering 

the systemic circulation and causing cyanosis. The confluence of CHD with a large shunt, severe PVD 

and longstanding cyanosis defines Eisenmenger syndrome. In patients with Eisenmenger syndrome, 

defect repair is avoided at all costs, as this is associated with short- and long-term mortality.  

In patients with PAH-CHD associated with a prevalent left-to-right shunt, the progression to 

Eisenmenger syndrome may be avoided by repairing the congenital heart defect. If the PVD is mild 

and repair is performed early (before PVD is irreversible), there may be resolution post-operatively. 

Indeed, transient post-operative PAH-CHD is one of the most common forms of PH in paediatric 

registries.(Berger et al., 2012) Deciding on the “operability” of a shunt lesion is not straightforward, 

however, and current guidelines set different criteria regarding which patients would benefit from 

repair.(Galiè et al., 2016; Baumgartner et al., 2021; Stout et al., 2018) Ultimately, these criteria are 

arbitrary and many patients fall into a “grey zone” where decision-making is based on exert opinion 

and individual assessment in centres with expertise in both PH and CHD. 

Unlike Eisenmenger syndrome and PAH-CHD with prevalent left-to-right shunts, PAH with small 

defects cannot be explained within this flow-mediated paradigm, and therefore have an IPAH-like 

phenotype, where other genetic and yet unknown factors may contribute to the development of the 

disease. A “small” defect in adults is defined, somewhat arbitrarily, as an atrial septal defect (ASD) 

<2 cm or a VSD <1 cm, and this distinction is even more subjective in infants and young children. 

Previously large VSDs can also be partially covered by accessory tricuspid valve tissue, necessitating 

careful echocardiographic evaluation before labelling patients with PAH with co-incidental CHD.  

PAH can also occur in CHD after defect correction (post-operative or group D PAH-CHD). Unlike 

the other groups described above, this form of PAH-CHD is defined based on the presence or absence 

of previous intervention to reduce or abolish a shunt related to CHD. This is also a heterogenous 

group that includes patients with:  

a. Pre-operative PAH 
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a. with PAH persisting following defect closure 

b. in whom PAH recurs after a variable period following defect closure (following an 

initial post-operative period with no evidence of PAH)  

b. No pre-operative PAH, in whom PAH develops de novo, months or years after defect closure.  

While there is a growing body of literature regarding patients with Eisenmenger syndrome, relatively 

little is known about group D PAH-CHD. Registry data of survival in PAH-CHD indicate that post-

operative PAH-CHD may resemble IPAH in terms of right ventricular maladaptation and may have a 

worse prognosis compared to other types of PAH-CHD.(Manes et al., 2014; Alonso-Gonzalez et al., 

2015; van Loon et al., 2011; del Cerro Marín et al., 2014)   

In addition to the four groups of PAH-CHD described above, there are patients with CHD who 

develop pre-capillary PH outside of this classification: 

1. PAH-CHD, in the absence of a significant shunt lesion, after early definitive surgical repair, 

including patients with transposition of the great arteries (in the absence of a VSD) following 

arterial or atrial switch operations.(Simonneau et al., 2013)   

2. Pre-capillary PH complicating certain types of complex CHD was moved to group 5 in the 

2018 WSPH. This includes patients with segmental PH, commonly in the setting of 

pulmonary atresia with VSD and major aorto-pulmonary collateral arteries (MAPCAs), and 

scimitar syndrome.(Dimopoulos et al., 2018b) Moreover, patients with unrepaired 

univentricular physiology in the absence of pulmonary stenosis usually develop PVD and 

Eisenmenger-like physiology from a young age, and most experts consider these patients as 

part of the spectrum of Eisenmenger syndrome. Pulmonary vasculopathy in the setting of 

palliated univentricular physiology after Fontan-type surgery are a special population who 

have garnered attention, as they rarely meet the definition of PAH, but even a small rise in 

PVR can have a significant detrimental effect (see Section 1.4.).  
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1.3. Special populations: Repaired PAH-CHD 

1.3.1. Definitions: the spectrum of group D PAH-CHD 

PAH may occur in patients who have undergone CHD repair due to an incomplete or failed repair, 

e.g., in the instance of dehiscence of a VSD patch with an associated large residual shunt. PAH also 

occurs, however, in patients who have had successful, “full” or “corrective” surgery. The diagnosis of 

group D PAH-CHD, as set out in the guidelines and used throughout this body of work, requires the 

absence of a significant residual haemodynamic shunt lesion which could contribute to the 

development of PAH. This includes the presence of additional, unrepaired shunt lesions which were 

not diagnosed (as in the early era of CHD surgery) or intentionally left open at the time of 

intervention. Residual, small shunts and fenestrated repairs are usually included within the definition 

of group D PAH-CHD.  

As set out above (see Section 1.2), PAH may be present or absent prior to defect repair. After defect 

correction, experts have distinguished cases of early, “transient” PH from disease which has a 

progressive course arising at any point following repair. The concept of transient PH following defect 

repair ties into the concept of operability of congenital shunts. Some investigators have described this 

situation of operability as flow-related PAH, referencing the state of increased mPAP caused by 

increased pulmonary blood flow in the presence of a normal or mildly elevated PVR and normal 

PAWP.(van Loon et al., 2011) These haemodynamics are coupled with early pulmonary vascular 

changes on histology (Heath-Edwards histological grades I and II, Figure 1.2).(Heath et al., 1958) 

When the shunt is abolished and pulmonary blood flow is normalised, this early stage of pulmonary 

vascular disease is potentially reversible. The presence of transient PH is not felt to contribute 

significantly to morbidity and mortality in CHD, and some investigators have attempted to separate 

this group from “progressive” PAH following CHD repair by defining transience. For example, in the 

seminal report of the national Spanish registry for Pediatric PH (REgistro de pacientes con 

HIpertensión Pulmonar PEDiátrica or REHIPED), del Cerro Marín and colleagues excluded transient 

forms of PH including “early postoperative PH that resolves over weeks or months”.(del Cerro Marín 

et al., 2014) The definition, prevalence, resolution and prognostic impact of transient PH remains 

elusive, however. 
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Figure 1.2: Health-Edwards histopathological classification of pulmonary hypertension. 

 
From Dimopoulos and Constantine, modified from (Dimopoulos, Orchard & Angelini, 2017; Heath et al., 
1958). Pulmonary Hypertension in Adults with Congenital Heart Disease in the book Pediatric Cardiology: 
Fetal, Pediatric, and Adult Congenital Heart Disease, 1st Edition, Springer 2022 (submitted). 

1.3.2. Epidemiology of group D PAH-CHD 
PAH is a common complication of CHD, affecting between 4 and 10% of patients across their life 

span. Estimates of the epidemiology of PAH to date have relied on information from large clinical or 

administrative datasets, including information from the non-invasive assessment, e.g., by 

echocardiography. Limited data have been published on the incidence of group D PAH-CHD, and 

studies have differed in their enrolment criteria, methods of surveillance or assessment of PH, and 

length of follow-up. One of the first estimates of the prevalence of PH following simple shunt repair 

came from a cross-sectional analysis of the Euro Heart Survey database on adult CHD, which 

reported a prevalence of group D PAH-CHD following secundum ASD repair of 12%, also occurring 

in 13% of patients following VSD intervention.(Engelfriet et al., 2007) More recently, Lammers and 

colleagues reported on data from the German National Register on adults with CHD, where there was 

a prevalence of PH of 3% in patients with corrected, simple lesions. The risk of PH increased 

significantly with age at follow-up and age at repair. The presence of PH was a marker of adverse 

prognosis (hazard ratio for mortality 13.4, 95%CI: 4.4-40.6, p<0.0001). The assessment of PH in 

these studies included non-invasive, echocardiographic diagnosis based on an estimated systolic PA 

pressure ≥40 mmHg. Further characterisation of PH and confirmation of precapillary PH or PAH, 

which requires cardiac catheterisation in line with international guidelines, was not possible in these 

studies.(Galiè et al., 2016) In an analysis of the adult PH Spanish registry, post-operative PAH 

accounted for almost one quarter of PAH-CHD cases.(Alonso-Gonzalez et al., 2015) In paediatric 
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registries, group D PAH-CHD has accounted for between 15 and 45% of all PAH-CHD.(Berger et al., 

2012; van Loon et al., 2011; Haworth & Hislop, 2009) When transient PH following CHD repair is 

included in studies, this has been described as one of the most common forms of PH in children, 

occurring in 21.9 cases per million, and second only to PPHN.(van Loon et al., 2011)  

1.3.3. Demographic changes over time  
The incidence and prevalence of Eisenmenger syndrome in developed countries is declining as a 

result of timely diagnostic and therapeutic measures.(Hjortshøj et al., 2017) Concurrently, there is 

circumstantial evidence that PAH after defect correction is becoming more common, as the number of 

patients with repaired CHD continues to rise.(Engelfriet et al., 2007) Investigations into the 

prevalence of PAH-CHD have been attempted in recent years. In one contemporary Dutch registry, 

the majority of PAH-CHD patients belonged to the repaired subgroup, with a PH prevalence of 5.7% 

following shunt closure.(van Riel et al., 2014) More recently, the same group observed that the 

prevalence of PAH rose to >15% 50 years after CHD repair.(Van Riel et al., 2015) Data from the 

German National Register estimated a PAH prevalence of 3% in patients following simple shunt 

repair.(Diller et al., 2018) However, these estimates are based on non-invasive echocardiographic 

assessment of systolic pulmonary arterial pressure, hence do not follow the diagnostic criteria of the 

European Society of Cardiology (ESC)/ European Respiratory Society (ERS) guidelines requiring 

cardiac catheterisation.(Galiè et al., 2016) To date, the National Audit of Pulmonary Hypertension 

Great Britain has not provided in depth information on PAH-CHD subgroups.(National Audit of & 

Pulmonary Hypertension Project Board, 2023) Moreover, not all patients are under specialist follow-

up, making accurate assessment of the prevalence of repaired PAH-CHD difficult. 

1.3.4. Pathophysiology of group D PAH-CHD 

Flow-mediated vascular remodelling in the setting of CHD with an open shunt (see Section 1.2 

above) is likely a major determinant in the development of group D PAH-CHD. This hypothesis is 

supported by the frequent observation that lesions involving a large post-tricuspid shunt, e.g., a 

complete atrioventricular septal defect (AVSD), large aortopulmonary window or truncus arteriosus, 

which are associated with the greatest volume and pressure load (shear stress) on the pulmonary 

circulation, lead to PVD more frequently and earlier in life.(Haworth, 1984) Furthermore, more 

advanced pulmonary vascular changes and more severe disturbances to pulmonary haemodynamics 

are found in older children with congenital heart defects. A “point of no return” with respect to the 

reversibility of PVD has been described, with pulmonary vascular changes more likely to be 

reversible if CHD repair occurs at an earlier age with less advanced disease.(Wagenvoort, 

Wagenvoort & Draulans-Noë, 1984)  

Several observations of this patient cohort suggest that there are multiple modifiers influencing the 

development of post-operative PAH-CHD beyond the size, location, and age of a congenital shunt: 
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• Subsets of children with CHD who developed PAH in early life have been identified, in 

whom the pulmonary circulation does not remodel following birth and histological changes in 

the lung, such as intimal proliferation, occur too soon to be significantly influenced by 

cumulative shear stress on the pulmonary vasculature.(Hall & Haworth, 1992) 

• PAH has been documented in children with CHD despite timely and full repair of the shunt. 

• PAH may not be present (or evident) post-operatively and can manifest late, sometimes many 

years, after CHD repair. Manes and colleagues, for example, reported a median time from 

repair to PAH diagnosis of 16.9 years.(Manes et al., 2014) This cannot be explained purely by 

pre-existing PAH or the presence of residual shunts, and points to an additional predisposition 

to PAH, which may be triggered by the earlier presence of a shunt. 

• There is emerging evidence of the role of genetics in the development of post-operative PAH-

CHD. Rare variants in the SOX17 and SOX18 genes have been associated with cases of PAH-

CHD, the former contributing to approximately 3.2% of cases in one study.(Zhu et al., 2018; 

Shi et al., 2022) In another small study, missense mutations in one of the commonest PH-

causing genes, BMPR2, were identified in around one in 20 patients with heterogenous forms 

of PAH-CHD, although the role of BMPR2 in PAH-CHD remains unclear.(Roberts et al., 

2004)  

1.3.5. PAH therapy in group D PAH-CHD 
PAH therapies are now well established for the treatment of PAH. Most double-blind, randomised 

controlled trials (RCTs) of PAH therapies included small numbers of patients with repaired CHD, 

together with IPAH and PAH related to connective tissue disease, due to the phenotypic similarities of 

these patients. Thus, although underpowered for formal subgroup analyses,(Simonneau et al., 1999; 

Galiè et al., 2008, 2009; Ghofrani et al., 2013; Simonneau et al., 2008; Barst et al., 2005; Tapson et 

al., 2012, 2013; Pulido et al., 2013a; Jing et al., 2013; McLaughlin et al., 2015; Galiè et al., 2015; 

Noel, Kido & Macaulay, 2017) these trials have allowed the use of PAH therapies in group D PAH-

CHD patients. There is also mounting evidence of the benefit of PAH therapies in other forms of 

PAH-CHD, such as in Eisenmenger syndrome, both from observational and open-label 

studies(Schulze-Neick et al., 2005; Gatzoulis et al., 2005; Christensen et al., 2004; Apostolopoulou et 

al., 2005; Diller et al., 2013) and RCTs,(Mukhopadhyay et al., 2011; Iversen et al., 2010a; Singh et 

al., 2006; Galiè et al., 2006) including evidence from a retrospective analysis of a survival benefit 

versus conventional therapy.(Dimopoulos et al., 2010) Combination or early sequential therapy is also 

effective in the PAH-CHD population.(Iversen et al., 2010b; D’Alto et al., 2012) Despite the evidence 

supporting the use of PAH therapies in repaired PAH-CHD, our institutional experience suggests that 

there may be underutilisation of PAH therapies in these patients. This may reflect the limited RCT 
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evidence for some PAH therapies and the differing licence indications for PAH therapies in PAH-

CHD. 

1.3.6. Risk stratification and outcomes in group D PAH-CHD 
No single variable provides sufficient diagnostic or prognostic information to serve as a goal of 

therapy. The 2015 PH guidelines proposed an individualised prognostic evaluation and risk 

assessment for PAH patients based on expert consensus.(Galiè et al., 2016) This included information 

on functional status (progression of symptoms, World Health Organisation [WHO] functional class, 

6-minute walk distance [6MWD], cardiopulmonary exercise testing) and right ventricular function 

(clinical signs of right heart failure, N-terminal pro b-type natriuretic peptide [NT-proBNP] plasma 

concentration, markers on cardiac imaging). The goal is to reach a low-risk profile as early as possible 

and reassess this at each follow-up visit. Simplified risk assessments based on these guidelines have 

been validated in large-scale European registry studies, both at diagnosis and initial follow-

up.(Boucly et al., 2017; Kylhammar et al., 2017; Hoeper et al., 2017, 2018) In these studies, a 

combination of invasive and non-invasive criteria were used, but changes in risk category were 

determined mainly by changes in the non-invasive parameters functional class and 6MWD. Validation 

in a CHD cohort is lacking. This is due to insufficient numbers of PAH-CHD in these studies as well 

as the inherent heterogeneity of the CHD population. Validation of a simple, non-invasive risk 

assessment tool in patients with PAH after repair of CHD is urgently needed. 

Indeed, this PAH-CHD subgroup is thought to have the worst prognosis of all the PAH-CHD groups. 

For example, 5-, 10- and 20-year survival rates in a contemporary Italian cohort of 83% (95% CI 66-

92%), 65% (95% CI 43-80%), and 36% (95% CI 12-62%), respectively, significantly lower to that of 

adults with Eisenmenger syndrome (p=0.0001).(Manes et al., 2014) In the Dutch cohort, repaired 

CHD patients receiving a diagnosis of PAH had a significantly lower ten-year survival compared to 

matched CHD patients without PAH (odds ratio: 3.5; 95% CI: 1.2 - 10.0; p = 0.02).(Van Riel et al., 

2015) Studies to date exploring the differences in survival between post operative PAH-CHD and 

other subgroups, have been based on smaller retrospective cohorts and have been underpowered or 

have relied mainly on non-invasive assessment of PAH.(Haworth & Hislop, 2009; Manes et al., 2014; 

Engelfriet et al., 2007) Even prognostic markers, that are well described in Eisenmenger syndrome, 

have not been assessed in Group D PAH-CHD. Furthermore, given the excess morbidity and 

mortality in group D PAH-CHD, investigating the patterns of use and the efficacy of PAH therapies in 

this patient group is of great interest.  
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1.4. PH after surgery for univentricular heart disease: the Fontan population 

1.4.1. The pulmonary circulation after a Fontan-type repair 

The Fontan procedure and its derivatives represent an operative strategy aimed at abolishing cyanosis 

and chronic volume overload in patients with univentricular physiology, by connecting the systemic 

veins directly to the pulmonary circulation.(Fontan & Baudet, 1971) This has been one of the major 

successes of CHD surgery, leading to improved long-term outcomes and a reduction in late 

complications, especially using the total cavo-pulmonary connection (TCPC).(de Leval et al., 1988; 

d’Udekem et al., 2007) The formation of a Fontan-type circulation, while greatly improving clinical 

outcomes, creates a physiologically delicate situation by placing the systemic and pulmonary 

circulations in series without a subpulmonary ventricle or pump. Therefore, problems anywhere along 

the circuit may have a significant adverse impact on cardiac haemodynamics and the cardiac output 

(Figure 1.3). 

Figure 1.3: Post-Fontan complications related to the pulmonary circulation and 

therapeutic options.  

 
The arrow at the top of the figure shows the path of blood through the Fontan circulation, from desaturated 
blood returning to the heart from the caval veins, via the surgical pathway (including or excluding the right 
atrium), pulmonary arterial tree, across the pulmonary vascular bed and to the systemic ventricle via the 
pulmonary veins. Complications can arise at any point in this course. Systematic and meticulous assessment is 
required to identify treatable causes, including endothelial dysfunction that may benefit from pulmonary 
vasodilator therapy. From Constantine et al. Managing the Pulmonary Circulation in the book Univentricular 
Congenital Heart Defects, Springer 2022 (submitted). Acronyms: Ao, aorta; PA, pulmonary artery; TV, 
tricuspid valve. 

1.4.2. Pulmonary vascular resistance and cardiac output 
The Fontan repair interposes the pulmonary circulation between the systemic venous return and the 

single ventricle. This creates a neoportal system where blood drains from one capillary bed (systemic) 

to another (pulmonary) capillary bed before returning to the heart. This setup, without active 
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generation of a right-sided cardiac output, means that blood flow from the systemic veins, across the 

pulmonary capillary bed, and into the systemic ventricle, requires a passive gradient. The systemic 

venous pressure must be high enough to overcome the resistance in the Fontan circuit and total 

pulmonary resistance. To function well, the Fontan circulation therefore requires a moderately 

elevated systemic venous resistance and a low PVR, as well as efficient flow dynamics within the 

surgical pathway without obstructions to flow, preserved systemic ventricular contractility and 

diastolic properties, and no significant haemodynamic residua, e.g., atrioventricular valve 

regurgitation. 

As Fontan patients age, increased impedance in the Fontan pathway and the pulmonary circulation 

often creates a bottleneck that reduces ventricular preload and limits the ability to effectively increase 

cardiac output on exertion (reduced preload reserve), manifesting as exercise intolerance. Thus, in 

most cases, inadequate preload or preload reserve is the main determinant of cardiac output rather 

than reduced ventricular contractility, heart rate or afterload, although specific clinical situations can 

cause changes in physiology by altering any of these variables (Figure 1.4).(Gewillig & Brown, 2016; 

Gewillig et al., 2010; Veldtman et al., 2017) A raised PVR directly limits preload by reducing the 

already limited pulmonary blood flow in Fontan patients, and is therefore a critical determinant of 

Fontan function. 

Figure 1.4: Determinants of cardiac output in patients with a Fontan circulation. 

 

From Constantine et al. “The Failing Adult Fontan Patient” in the book “Univentricular Congenital Heart 
Defects”, Springer 2022 (submitted). Acronyms: ACE, angiotensin converting enzyme; AV, atrioventricular; 
CoA, coarctation of the aorta; HR, heart rate; PA, pulmonary artery; PVR, pulmonary vascular resistance. 
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1.4.3. Pulmonary vasculopathy in a Fontan-type circulation 
Even a small rise in PVR is poorly tolerated in the setting of a Fontan-type circulation. A small 

elevation in PVR reduces ventricular filling and causes a chronically low cardiac output state. In 

response to the rising pulmonary resistance, the central venous pressure rises to excessive levels, 

creating the conditions for “Fontan failure”.(Egbe et al., 2017) This clinical constellation of 

symptoms, signs and extra-cardiac complications should prompt careful assessment of 

haemodynamics to confirm a raised PVR and treat or exclude other reversible causes e.g. Fontan 

pathway obstruction. Catheterisation in Fontan patients is less than straightforward, however, due to 

difficulties accessing the venous system and the presence of multiple sources of pulmonary blood 

flow in many patients, e.g., those with a TCPC in whom systemic venous blood reaches the 

pulmonary circulation via a Glenn connection (superior vena cava to right PA) and the extracardiac 

conduit or lateral tunnel from the inferior vena cava to the right PA. Furthermore, even in the presence 

of pulmonary vasculopathy with a raised PVR, most patients with a Fontan-type circulation do not 

fulfil the formal definition of PH (mPAP >20 mmHg) due to the lack of a subpulmonary ventricle and 

low pulmonary blood flow, and in the presence of veno-venous collaterals offloading the pulmonary 

circulation (see Section 1.2).(Gewillig & Goldberg, 2014; Rychik, 2010; Khambadkone et al., 2003; 

Mori et al., 2016; Agnoletti et al., 2017) Even so, PVD is not uncommon in patients with a Fontan 

circulation, especially in older patients, patients with an older-style atriopulmonary (AP) Fontan 

repair, and those with a greater degree of functional limitation.(Egbe et al., 2017) Evidence of 

persistent PVD has been found in patients with late, but not early, Fontan failure who underwent 

transplantation, further supporting the concept of progressive changes to the pulmonary vasculature 

over time in patients after Fontan-type repair.(Mitchell et al., 2004) 

The mechanisms underlying the development and progression of PVD in the Fontan population are 

incompletely understood. There is evidence from animal models and in vitro experiments implicating 

endothelial dysfunction due to non-pulsatile pulmonary blood flow.(Henaine et al., 2013) The 

development of subclinical microthrombi in the Fontan circulation has also been hypothesised based 

on increased thrombogenicity following Fontan surgery, especially in patients with an AP Fontan with 

a severely dilated right atrium.(Alsaied et al., 2015) This is compounded by the effects of age on the 

pulmonary vasculature, with incrementing PA pressures and mean total pulmonary resistance (mPAP 

/ pulmonary blood flow) causing a steady elevation in PVR.(Kovacs et al., 2009)  

1.4.4. Pulmonary vasodilators for Fontan patients: Literature review and rationale 
The mounting evidence of pulmonary vasculopathy in patients with a Fontan-type circulation has led 

to growing interest in the use of pulmonary vasodilators in this cohort. Data on PVR and its 

responsiveness to inhaled nitric oxide was reported in children catheterised at a median of 9 [0.08-15] 

years after Fontan surgery. Although baseline PVRi was not significantly elevated (2.1±0.8 WU.m2), 
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it fell by >20% on inhalation of nitric oxide. As supplemental nitric oxide has no significant effect on 

pulmonary vascular tone in normal subjects, these data further support the presence of PVD in Fontan 

patients.(Khambadkone et al., 2003; Brett et al., 1998) Giardini et al. published the initial experience 

with oral pulmonary vasodilator therapy in Fontan patients >16 years old, testing the acute impact of 

sildenafil citrate on cardiopulmonary exercise parameters versus controls in a non-blinded fashion. 

Sildenafil increased resting and peak exercise pulmonary blood flow index and cardiac index, without 

influencing oxygen saturation on exercise.(Giardini et al., 2008)  

Following on from this trial, several studies of oral pulmonary vasodilator therapy have been 

conducted,(Table 1.3) including a number of double-blind RCTs.(Agnoletti et al., 2017; Takahashi et 

al., 2003; Ovaert et al., 2009; Hirono et al., 2010; Goldberg et al., 2011; Schuuring et al., 2013; 

Rhodes et al., 2013; Hebert et al., 2014; Goldberg et al., 2020) These have mainly tested the effect of 

therapy on exercise parameters and have provided mixed results, with some suggesting a small 

improvement in exercise capacity. The largest trial to date was the Fontan Udenafil Exercise 

Longitudinal (FUEL) study: this RCT of the phosphodiesterase-5 (PDE-5) inhibitor udenafil versus 

placebo in adolescent Fontan patients, did not meet its primary endpoint of an improvement in peak 

oxygen uptake (VO2). Udenafil therapy was, however, associated a significant improvement in 

submaximal exercise performance, including VO2, minute ventilation to carbon dioxide production 

(VE/VCO2) slope and work rate measured at the ventilatory anaerobic threshold.(Goldberg et al., 

2020)  

Current international guidelines state that pulmonary vasodilators may be used to improve exercise 

capacity in adult Fontan patients (class IIa recommendation), but most studies to date have employed 

strict inclusion/exclusion criteria, selecting patients who are on the better end of the spectrum in terms 

of functional status.(Stout et al., 2018) The ability to undergo cardiopulmonary exercise testing 

(CPET) was a requirement for entry into many studies, and patients with a peak VO2 <50% predicted 

were excluded from the FUEL study. In contrast, Fontan patients who develop PVD are more likely to 

be older, have an AP Fontan operation and a greater degree of functional impairment.(Egbe et al., 

2017) Kempny et al. have previously shown in a large population of adults Fontan patients that the 

average peak VO2 in this cohort is 59% of predicted.(Kempny et al., 2012) Hence, excluding patients 

with a peak VO2 of <50% from the current study may have excluded Fontan patients with significant 

functional limitation, who would perhaps have benefitted the most from udenafil. Moreover, unlike in 

most CHD cohorts, peak VO2 was not related to outcome in Fontan patients, therefore, using this 

parameter as the primary endpoint has functional but unlikely prognostic implications.(Diller et al., 

2010) Anecdotal evidence from specialist centres suggests that pulmonary vasodilators are only used 

in Fontan patients with significant exercise intolerance or other indications e.g. Fontan failure 

refractory to other therapy. Published data on the real-world use of pulmonary vasodilator therapies in 

Fontan patients, including prescription patterns, indications, and efficacy, is urgently needed.  
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Table 1.3: Evidence-base for pulmonary vasodilators in patients after Fontan-type surgery. 

Trial Agent Study type Age 
range 

Subjects  
n (n 

treated) 

Major inclusion 
criteria 

Parameters Headline result 

Hebert(Hebert et al., 
2014) 

Bosentan Double-blind 
RCT 

12-29 77 (36) CPET available CPET Improved pVO2 

Schuuring(Schuuring 
et al., 2013) 

Bosentan Open label RCT 18-56 42 (42) 5 tertiary centres, no 
inclusion criteria 

Exercise 
capacity, cardiac 

output, BNP, 
functional class 

Non-significant 

Hirono(Hirono et al., 
2010) 

Bosentan Open label pre-
Fontan 

0.6-5 28 (8) mPAP >18 mmHg 
and/or PVRi ≥3 

WU.m2 

Haemodynamics, 
NYUPHFI 

Improved mPAP and PVR 

Goldberg(Goldberg 
et al., 2011) 

Sildenafil Double-blind 
RCT 

<18 28 (28) CPET available CPET Improved ventilatory 
efficiency 

Giardini(Giardini et 
al., 2008) 

Sildenafil RCT 16-32 27 (18) Stable for ≥3 months CPET Improved pVO2 

Takahashi(Takahashi 
et al., 2003) 

Beraprost Open label pre-
Fontan 

3-18 20 (7) mPAP >20 mmHg 
and/or PVR>3 WU 

PVR Decrease in PVR 

Rhodes(Rhodes et 
al., 2013) 

Iloprost Double-blind 
RCT 

12-47 18 (12) CPET available CPET Improved pVO2 

Ovaert(Ovaert et al., 
2009) 

Bosentan Open label 4-34 30 (20) “Failing” Fontan Oxygen 
saturation at rest 
and on exercise 

Non-significant, 
heterogeneity 

Cedars(Cedars et al., 
2016) 

Ambrisentan Double-blind 
crossover RCT 

18-35 19 (10) Clinical stability, no 
recent surgery, CPET 

available 

CPET, quality of 
life (SF-36) 

Improved pVO2, no 
change in SF-36 

Agnoletti(Agnoletti 
et al., 2017) 

Bosentan/ 
macitentan 

Case series Children 
and 

(24) PVRi ≥2 WU.m2 
without active plastic 

Functional class, 
haemodynamics, 

Improved functional class, 
reduced PVR no 
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adults† bronchitis, PLE or 
biopsy-confirmed 

cirrhosis 

CPET improvement in pVO2 in 
adults 

Goldberg(Goldberg 
et al., 2020) 

Udenafil Double-blind 
RCT 

15.5±2* 400 (200) pVO2 ≥50% predicted CPET, MPI, 
reactive 

hyperaemia 
index, BNP 

No improvement in pVO2 

*Age given as mean ± standard deviation.  

†Age reported separately for children (median 9.0[IQR 6.2-12.0] years), adolescents (16.5[15.0-17.0]), and adults (25.5[18.0-31.7]).  

Abbreviations: BNP, b-type natriuretic peptide; CPET, cardiopulmonary exercise test; mPAP, mean pulmonary artery pressure; MPI, myocardial perfusion index; NYUPHFI, 
New York University Pediatric Heart Failure Index; pVO2, peak oxygen uptake; PVR(i), pulmonary vascular resistance (index); RCT, randomized controlled trial; SF-36, 36-
item short form. 
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1.5. Considerations in Paediatric PH 

1.5.1. Pulmonary hypertension in early life, definitions, and aetiologies of PH in 

children 
In the normal fetal circulation, PVR is maintained at near-systemic levels to facilitate the passage of 

blood from the PA across the ductus arteriosus into the descending aorta. Circulatory changes at birth, 

caused by interruption of placental blood flow and respiration, are accompanied by a fall in PVR 

towards adult levels shortly after birth. Most of the physiological changes of this transitional period 

are completed with hours of birth, and a disturbance of this process and failure of PVR to fall 

appropriately may be related to a range of aetiologies, including prematurity, commonly manifesting 

as PPHN. PPHN is the commonest form of PAH in childhood and is becoming more common, at least 

partly in relation to the improved survival of extremely premature infants, in whom the prevalence of 

PPHN is 8.1% (95% CI: 7.7-8.6%).(Nakanishi et al., 2018) It has recently been associated with 

perinatal events, such as pre-eclampsia, which lead to abnormal pulmonary vascular growth and 

function, and may increase the risk of PAH in later life. 

Even in the absence of pathology, it may take two to three months after birth to achieve PA pressures 

similar to the adult, hence, definitions of childhood PH included the requirement that the patient is >3 

months of age.(Rosenzweig et al., 2019) Apart from this qualification (which is somewhat arbitrary 

given that many younger infants have signs of “impending” PH), haemodynamic definitions of PH are 

shared between children and adults (see Figure 1.1 in Section 1.1.1). Many of the features of neonatal 

and paediatric PVD, however, differ significantly from those in adults, relating to aetiology, 

epidemiology, and clinical presentation. Some paediatric PH subtypes and their related diseases are 

important to acknowledge for PH investigators, not least because they may co-exist with PAH, 

including PAH-CHD, and therefore could influence the natural history and therapeutic strategy.(del 

Cerro Marín et al., 2014) In neonatal life, injury or arrest of the developing foetal and neonatal lung 

vasculature play an integral role in the development of PH. Perinatal factors such as pre-eclampsia, 

intrauterine growth restriction, or fetal infection, interact with genetic, epigenetic, and environmental 

factors, causing disruption of vascular signalling pathways and impairment of pulmonary vascular 

development.(Mourani & Abman, 2015) The importance of genetic factors is revealed by the frequent 

association of childhood PH with genetic syndromes, e.g., Down syndrome, and PH-causing gene 

mutations, e.g., BMPR2; genetic syndromes were identified in 17% of cases of PH in the PPHNet 

registry and 38% in the Spanish PH registry.(del Cerro Marín et al., 2014; Abman et al., 2021)  

Developmental lung disorders describe a group of diseases commonly associated with neonatal or 

infant PH. These frequently coexist with paediatric cardiovascular disease, including CHD. The most 

common form is bronchopulmonary dysplasia, a disorder of prematurity characterised by abnormal 
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alveolar and vascular development. This is clinically defined as an oxygen requirement for at least 28 

days from birth, until 36 weeks of maternal postmenstrual age.(Jobe, 1999) The prevalence of PH 

related to developmental lung disease and bronchopulmonary dysplasia has been increasing, in 

parallel to advances in care and the improved survival of extremely premature babies, born between 

23- and 26-weeks’ gestation.(Mirza et al., 2014) The reported prevalence, however, has been 

extremely variable, likely due to differing enrolment strategies between registries. Most registries of 

paediatric PH, for example, have focused on PAH, often with a requirement for cardiac 

catheterisation; as infants with group 3 PH rarely undergo cardiac catheterisation, this may have 

resulted in an under-ascertainment of cases. The presence of bronchopulmonary dysplasia, however, 

has significant implications on the management of preterm infants with CHD, increasing peri-

operative mortality and prolonging hospital stay.(McMahon et al., 2005) Most studies in PH, to date, 

have not performed complete phenotyping, overlooking multiple contributory causes and the possible 

change in phenotype with age. 

1.5.2. Incidence and prevalence of paediatric PH 
The majority of studies on the epidemiology of paediatric PH have focused on PAH, reporting an 

annual incidence between 2.4 and 16.7 cases per million children and a prevalence of 3.7 to 397 cases 

per million children (Table 1.4).(van Loon et al., 2011; del Cerro Marín et al., 2014; Wijeratne et al., 

2018; Pektas, Pektas & Kula, 2016; Fraisse et al., 2010; Li et al., 2017; Kwiatkowska et al., 2020) 

Only one study has so far provided estimates for groups 2-4 PH, none reporting on group 5 PH. The 

wide range of these estimates can be partly explained by the type of data used in the study. 

Investigators have used information from one of two sources to estimate incidence and prevalence: 

national non-systematic registries, or claims/administrative databases. Each of these data sources have 

their own limitations, which can affect calculations e.g., the number of subjects with PAH enrolled in 

administrative/claims databases tends to be much larger than curated national registries (median 

[range] 1198 [695-2079] vs. 111 [50-154] children). Conversely, the phenotyping in clinical 

registries, where data have been entered for a specific purpose by clinicians or researchers, generally 

allow deeper phenotyping of cases with a lower risk of false positives entering the cohort. This 

limitation may offer an explanation for the higher estimates of adult PAH in US and South Korean 

administrative/claims databases compared to their national registry data.(Frost et al., 2011; Chung et 

al., 2015; Song et al., 2018; Kirson et al., 2011) 

Claims or administrative databases usually use diagnostic and procedural codes. The systems of 

international classification used for the purpose of coding diagnosis in primary care or hospital 

admissions often lag clinical classifications, which better reflect current thinking about 

pathophysiology and disease complexity. Indeed, International Classification of Diseases (ICD-10) 

codes used by most of these databases do not reflect the contemporary classification of PH, but rather 

separate PH into primary (ICD-10 code I27.0) and secondary (ICD-10 code I27.2) disease, 
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terminology which was overhauled almost 20 years ago. The combined database of the Netherlands 

used by van Loon et al. used an even older classification system (ICD-9).(van Loon et al., 2011) 

Incomplete ascertainment of cases based on medical insurance coverage is another limitation of 

estimates derived from claims databases. 

A single study has reported incidence of PAH by paediatric age group.(Li et al., 2017) Li and 

colleagues reported an extremely wide range of annual incidence of PAH declining with age, from 

109.5 (95% CI: 73.9-156.4) per million in infants to 1.0 (95% CI 0.2-2.8) per million in the 12-18 

year age bracket. This highlights the importance of tracking epidemiology across age groups to 

capture the broad differences in the frequency and possible aetiologies of disease. Indeed, many forms 

of PAH e.g., PAH-CHD with a prevalent left-to-right shunt, are much more common in early 

childhood and there are certain diagnoses which are purely diseases of infancy, e.g., PPHN. Beyond 

group 1 PH, PH due to developmental lung disease is, by definition, a problem of early life, whereas 

CTEPH is extremely rare in childhood.(Leber, Beaudet & Muller, 2021) 

In the UK, PH epidemiology has been estimated for adults based on single-centre registry data and 

can also be calculated using information from the annual UK PH audit.(Hurdman et al., 2012; 

National Audit of & Pulmonary Hypertension Project Board, 2023) In childhood disease, Moledina et 

al. calculated incidence and prevalence estimates, including regional incidence, for IPAH using data 

from the UK National PH Service in 2010.(Moledina et al., 2010) From a small cohort of 68 patients 

followed-up in the national referral centre, they showed that incidence is significantly lower than in 

adults.  

National epidemiological data for childhood PH across all diagnostic groups and for different age 

groups has not been published to date. Such information, if derived from a large, well-characterised 

cohort, would help to direct structuring of national workforce and commissioned services, as well as 

alert adult PH clinicians to the expected characteristics of patients transitioning from paediatric to 

adult care. Comparisons of PAH epidemiology between countries or regions could be used as a guide 

to assess if certain areas may be under-diagnosing this rare disease. This could be used to direct 

international resources, such as study grants and charitable funding. 
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Table 2.4: Details of publications estimating the incidence and prevalence of pulmonary arterial hypertension in children. 

Study Study type Country/ 
region 

Period of 
study 

n 
subjects 

Incidence 
(ppm) 

Prevalence 
(ppm) 

Type of 
prevalence 

estimate 

Report by 
age group 

PH groups 
reported 

Wijeratne 
(Wijeratne et 
al., 2018) 

Administrative 
database 

Canada 1993-2012 1198 12* 397 Point prevalence No 1-4, overall 
PH 

Li (Li et al., 
2017) 

Claims database 
(CCE) 

USA 2010-2013 695 4.8 28.2 Period prevalence Yes 1 (transient/ 
persistent) 

Pektas (Pektas, 
Pektas & Kula, 
2016) 

Administrative 
database 

Turkey 2009-2013 2079 16.7* – – No Primary/ 
secondary PH 

van Loon (van 
Loon et al., 
2011) 

National registry Netherlands 1991-2005 154 3 20 Point prevalence No 1, overall PH 

del Cerro 
Marín (del 
Cerro Marín et 
al., 2014) 
(REHIPED) 

National registry Spain 2009-2012 142 2.6 14 Point prevalence No 1 (PAH, 
idiopathic, 

PAH-CHD) 

Kwiatkowska 
(Kwiatkowska 
et al., 2020) 
(BNP-PL) 

National registry Poland 2018 80 2.4 11.6 Period prevalence 
(6 month) 

No 1 

Fraisse 
(Fraisse et al., 
2010) 

National registry France 2005-2006 50 – 3.7 Period prevalence No 1 (PAH, 
idiopathic) 
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*Derived estimates from Leber et al.(Leber, Beaudet & Muller, 2021)  

Abbreviations: BNP-PL, Polish Registry of PH; CCE, Commercial Claims and Encounters database (MarketScan); PH, pulmonary hypertension; ppm, patients per million. 
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1.5.3. Transient forms of PH and disease resolution 
Transience of PH describes the phenomenon that occurs in specific aetiologies of PH, where there is 

clinical and haemodynamic resolution of disease after a pathophysiological driver is treated or 

removed. International practice guidelines do not discuss resolution of PH, with the exception of 

PPHN.(Galiè et al., 2016) There is no strict definition for “transient” PH, although there is a 

consensus among the PH community that acute illness causing PH is a separate entity, and is usually 

excluded from studies. Indeed, PH is commonly detected in the setting of an acute intercurrent 

disease, with an expectation this will improve over time. Conditions causing hypoxia without 

underlying lung disease, e.g., tracheobronchomalacia or obstructive sleep apnoea, can cause 

pulmonary vasoconstriction and an elevated mPAP correlated to the degree of hypoxia.(Marrone et 

al., 1994; Schafer et al., 1998) Early histological features of PVD, such as muscularisation of 

previously non-muscularised blood vessels and smooth muscle hypertrophy of the pulmonary arteries, 

have been documented in chronic, intermittent hypoxia without any of the more advanced changes 

associated with PVD, such as plexiform lesions, localised dilatation lesions, pulmonary siderosis or 

necrotizing arteritis.(Stenmark, Fagan & Frid, 2006; Campen, Shimoda & O’Donnell, 2005; Fagan, 

2001) Elimination of the cause of hypoxia, e.g., by adenotonsillectomy in the management of upper 

airway obstruction, usually leads to resolution without the need for specialist PH involvement or PAH 

therapies. Hence, cases of acute PH are typically not included in cohorts of childhood PH. 

Some forms of PH due to chronic, rather than acute disease also resolve, sometimes years after 

diagnosis. The archetypal example is PH associated with bronchopulmonary dysplasia, the 

commonest cause of developmental lung disease related to prematurity. PH in bronchopulmonary 

dysplasia carries an increased risk of mortality of up to 40% in the first two years of life,(Arjaans et 

al., 2018) with limited evidence of the benefit of PAH therapy in this disease. With optimal 

respiratory and nutritional care, however, as well as time to allow somatic and lung growth, two-thirds 

of children with this form of PH experience resolution.(Altit et al., 2019)  

Transience is also described in group 1 PH, with three main diagnostic entities: 

• PPHN, which is the final common pathway of a diverse range of perinatal diseases and is 

inversely related to gestational age. It is a common cause of transient PH, with a reported 

annual incidence of 30.1 per million children.(van Loon et al., 2011) 

• PAH-CHD with a prevalent left-to-right shunt resolving in the early post-procedural after 

defect repair, referred to as “flow-mediated” PAH by some investigators (see Section 1.2).  

• Drug- and toxin-induced PAH, which is a rare cause of PAH that has not featured in most 

multi-centre registry studies of paediatric PH. The largest study to date, the report from the 
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US-based Pediatric PH Network (PPHNet) registry, only described two (0.3% of the overall 

cohort) cases of PAH with this aetiology, without any additional information regarding cause 

or resolution.(Abman et al., 2021) Though rare, drugs or toxins are an important cause of 

PAH, as identification and cessation of the responsible compound is usually associated with 

resolution, hence, a potentially curable and “transient” form of PAH. An example of a 

pharmacological trigger of PAH that is almost exclusively encountered in early life is 

diazoxide, which has been used in the management of neonatal hypoglycaemia due to 

hyperinsulinism. This has led to a Food and Drug Administration (FDA) drug safety 

communication regarding the use of diazoxide, and has led to many centres performing 

echocardiographic surveillance for PH in treated infants.(Center for Drug Evaluation and 

Research, 2019)  

The proportion of cases of transient PH and resolution of disease in studies has depended on the 

clinical characteristics of the study population and enrolment criteria. The national experience from 

the Netherlands, reported by van Loon et al. in 2011,(van Loon et al., 2011) studied groups 1-4 PH 

and made a distinction, a priori, between transient and progressive PAH, assigning children with 

PPHN, PH crises (undefined in the methods, but presumably referring to PH in acute settings as 

described above), and “flow” PAH to the former group. The flow PAH group mainly consisted of 

operable PAH-CHD due to a prevalent systemic-to-pulmonary shunts, with a few cases of high 

cardiac output states e.g., due to arteriovenous malformations. Transient PAH made up four-fifths of 

the cohort under study. In a report from the multinational Tracking Outcomes and Practice in 

Pediatric PH (TOPP) registry published around the same time, Berger and colleagues required a 

catheter-based diagnosis of PH for study enrolment and excluded patients with PH due to left-sided 

CHD who had undergone defect repair, unless they had an increased PVR at least 12 months post-

operatively without any residual left-sided disease.(Berger et al., 2012) The high bar for inclusion set 

by the investigators meant that many cases of transient PH were likely missed. The Spanish national 

REHIPED registry excluded all transient forms of PH, which was defined as “hyperkinetic PH, PH 

crises, early postoperative PH that resolves over weeks or months, and PPHN”. Finally, in the recent 

study from the PPHNet registry, transient cases were not excluded and study enrolment did not 

require cardiac catheterisation.(Abman et al., 2021) The cohort was relatively young (median age of 

0.5 [0.1-3.6] years overall) and PH due to lung disease predominated. Resolution of PH, which the 

investigators defined as the cessation of PH-targeted medications, was common and was higher in 

group 3 than group 1 PH (resolution hazard ratio 3.1, 95%CI:2.6-3.7, p<0.001), but was substantial in 

both groups, with a five-year resolution rate of at least 40%. 

Beyond demonstrating variable interest in transient or resolving forms of PH, results from the studies 

assume that most PH that resolves will do so in a short period following defect repair or diagnosis. 

This hypothesis does not have a strong evidence base, and merits further investigation in a large 
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national paediatric cohort with broad inclusion criteria. A better understanding of clinical predictors 

and mechanisms of resolving PH may have implications for the future management of other PH 

groups. 

2. Aims of thesis 
I will conduct a series of studies which will advance our knowledge of the demographics, treatment 

patterns and prognosis of paediatric PH and the emerging group of children and adults with PAH in 

the setting of repaired CHD. I will assess patterns of therapy in paediatric PH and repaired PAH-

CHD. I will also assess current practice in terms of PAH therapy in adults with a Fontan-type 

circulation, in whom there is a clear discrepancy between real-world and available RCTs. I will 

provide an enhanced risk stratification model for children with repaired PAH-CHD, who cannot be 

effectively risk stratified using the guideline-approved tool.  

My objectives and related hypotheses are as follows: 

Objective 1 – Provide the first estimates of UK incidence and prevalence of all paediatric PH 

groups, from infancy to late adolescence, and assess the change in demographics of PAH-CHD over 

time.   

• Hypothesis 1a – Group 3 PH is the most common cause of PH in infancy and has been 

underrepresented in paediatric PH cohorts, whereas group 1 PH (PAH) predominates in 

adolescence. 

• Hypothesis 1b – The demographics of PAH-CHD in the UK have changed over time, with an 

increasing proportion of group D PAH-CHD. 

Objective 2 – Determine clinical outcomes in paediatric PH and group D PAH-CHD, including 

positive (resolution of PH) and adverse outcomes (death, heart/heart-lung transplantation). 

• Hypothesis 2a – Resolution of PH is not uncommon in paediatric PH and can be observed in 

different types of PH.  

• Hypothesis 2b – Resolution of PH in patients after repair of CHD can occur at different times 

after defect repair.  

• Hypothesis 2c – Despite widespread use of PAH therapy, the prognosis of paediatric PH remains 

guarded. 

Objective 3 – Develop a tailored risk stratification model in children with group D PAH-CHD to 

enhance prognostication.   

• Hypothesis 3 – A simplified risk assessment tool based on predictors of mortality can be 

developed specifically for children with group D PAH-CHD. 
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Objective 4 – Describe the patterns of use of pulmonary vasodilator therapies in paediatric PH and 

in adult Fontan patients in the UK.   

• Hypothesis 4a – In paediatric PH, PAH therapies are used broadly and are not restricted to group 

1 PH. 

• Hypothesis 4b – In patients with a Fontan-type circulation, pulmonary vasodilator therapies are 

reserved for a minority of patients with advanced disease, who are underrepresented in clinical 

trials.  

• Hypothesis 4c – UK experts use pulmonary vasodilator therapy in the UK in Fontan patients for 

more than just an improvement in exercise capacity, which has been the primary outcome of most 

RCTs in this field. 

This thesis has been structured into three main chapters to assess the above three cohorts and address 

my objectives: 

• In the first section of the results, I will focus on the use of PAH therapies in adults with a Fontan-

type circulation, which is a complex form of repaired CHD. I will conduct a multi-centre UK 

study to assess treatment patterns and clinical characteristics of adults with a Fontan-type 

circulation, comparing treated patients with a matched cohort of Fontan patients not on 

pulmonary vasodilator therapy. I will also survey expert physicians to determine the goals of 

therapy.  

• In the second section of the results, I will curate and analyse a national UK database of paediatric 

PH to permit the derivation of estimates of incidence and prevalence of all groups of paediatric 

PH in different age categories. I will use mortality data from this cohort of consecutive patients 

with long-term follow-up to determine survival for different paediatric PH groups. I will also 

identify children with PAH related to CHD to assess the changing demographics of this group 

over time.  

• In the third and final section of the results, I will identify all children with group D PAH-CHD to 

assess pre- and post-procedural characteristics, and to identify prognostic markers and variables 

associated with PH resolution. I will then develop and test a novel risk score for predicting 

adverse clinical outcomes in the group with established PAH.  
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3. Methods 

3.1. Clinical collaborators and research sites  
My PhD fellowship involved the collection of clinical data from centres caring for patients with PH 

related to CHD in England and Scotland. This included level one specialist adult and paediatric CHD 

surgical centres, and specialist PH centres (List A, Appendix 2).  

The first phase of data collection focused on a subgroup of Fontan patients in ten centres across the 

UK, with four “core” centres of collaborators belonging to the CHAMPION group Steering 

Committee (List B, Appendix 2). Disruptions to the ethical approval process, access to hospital sites 

and travel across the UK due to the COVID-19 pandemic meant that the second data collection phase 

needed to be concentrated in fewer centres or performed remotely.  

The second phase of data collection, therefore, focused on paediatric PH and PAH-CHD at Great 

Ormond Street Hospital for Children, benefitting from the expertise and close collaboration of Dr 

Shahin Moledina and Professor Vivek Muthurangu. In the UK, paediatric PH care is organised in a 

clinical network, which aims to standardise the diagnosis and management of paediatric PH, as well 

as facilitate data collection for the purpose of clinical audit and research. The Paediatric Pulmonary 

Hypertension Service UK was organised using a hub-and-spoke model, with Great Ormond Street 

Hospital for Children acting as the centre of the network in relation to several major centres of 

paediatric cardiology across the UK.(Haworth & Hislop, 2009)  

3.2. Ethics approvals 

3.2.1. PAH therapy in Fontan 
Ethical approval was secured from the NHS Health Research Authority (IRAS study ID 263589). 

This was a retrospective analysis based on anonymized data collected for routine clinical care and 

administrative purposes, hence individual informed consent was waived. The study was locally 

registered and approved at each study site.  

3.2.2. Paediatric PH 
This retrospective analysis was covered under ethics approval 17/LO/0008 and based on anonymized 

data collected for routine clinical care; hence individual informed consent was waived. 

3.3. Creation of a paediatric PH registry 
Paediatric PH care in the UK is centralised to ensure a sufficient caseload to maintain expertise in rare 

diseases, allow standardisation of treatment and facilitate data collection and audit. Lists of patients 

referred to the service have been maintained, in part to fulfil the requirement of annual data 
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submission to the National PH Audit.(National Audit of & Pulmonary Hypertension Project Board, 

2023) Numerous previous databases have been manually curated for the purpose of internal service 

audits and quality improvement. Details of patients referred for advice or a second opinion from the 

PH multi-disciplinary team are also kept. I combined these data sources to create list of consecutive 

patients referred to the PH service since its inception on 1st January 2001.  

The registry included patients of all ages seen in the PH service at Great Ormond Street Hospital for 

Children or in a shared care clinic across the UK. It also included patients who were reviewed by the 

PH service at least once, including telephone advice, or referred for a second opinion by the PH multi-

disciplinary team. Overseas and private patients were also included in the cohort, though they were 

excluded from estimates of epidemiology (see Section 3.5.2 below for inclusion and exclusion 

criteria). 

3.4. Study design 

3.4.1. Pulmonary vasodilator therapy in Fontan patients 

3.4.1.1. Survey methodology 

A survey of current practice across specialist centres was undertaken. Physicians from ten adult CHD 

or PH centres in the UK (all adult centres in Appendix 2, List A) were asked to answer a series of 

questions with regards to their centre’s practice in the treatment of Fontan patients with pulmonary 

vasodilator therapies. The aim of the survey was to determine their practice in the treatment of Fontan 

patients with pulmonary vasodilators, including prescription patterns, the role of catheterisation prior 

to therapy initiation, perceived indications, therapeutic targets, risks, and contraindications. The study 

population included clinicians specialising in CHD or PH, working across the UK within designated 

PH and tertiary CHD services. Demographic and practice characteristics were collected. The survey 

questions were designed by the CHAMPION Steering Committee (see Appendix 2, List B for details 

relating to the CHAMPION group and Appendix 3 for a full list of survey questions. The survey was 

electronically distributed using professional online survey software (SurveyMonkey, Paolo Alto, 

California, USA). An introductory email, followed by up to three reminder emails, were sent to 

survey participants. All responses were collated and anonymized prior to analysis. 

3.4.1.2. UK Fontan registry 
I conducted a multi-centre, retrospective longitudinal analysis of the UK Fontan registry. I identified 

all patients aged 17 years or above with a Fontan-type circulation under active follow-up between 

2009 and 2019 in participating centres. I excluded patients who had not undergone complete Fontan 

repair i.e., with a superior cavo-pulmonary anastomosis or Glenn, or with an unrepaired univentricular 

circulation. Patients not on pulmonary vasodilator therapies were matched to those on pulmonary 
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vasodilators* in a 2:1 fashion, where possible, by age (within two years in 93.4%), sex and CHD 

centre responsible for care. Patients were classified based on the type of Fontan connection 

established: AP Fontan or its modifications (including the Björk modification), TCPC using a lateral 

tunnel, or extracardiac conduit.  

3.4.2. Paediatric PH registry 
I performed a retrospective analysis of the paediatric PH registry, which included consecutive PH 

patients presenting to the National Paediatric PH Service UK from 1st January 2001 to 1st January 

2021. The initial “screening” cohort included: i) patients referred to the specialist service with 

suspected or confirmed PH, ii) patients presenting to the PH service for regular surveillance with a 

disease associated with PH, a family history of heritable or IPAH, or who were genotype positive for 

a PH causing gene, iii) cases referred for a second opinion, and iv) cases requiring specialist inpatient 

review or advice. The screening cohort therefore included some patients in whom PH was excluded 

following specialist assessment. Criteria for inclusion into the analysis cohort were: age ≤18 years 

with a firm diagnosis of PH by cardiac catheterisation based on established haemodynamic criteria, or 

on non-invasive clinical assessment with signs of PH on echocardiography and a diagnosis 

established by the PH multi-disciplinary team.(Abman et al., 2015) I excluded a small number of 

patients who were incorrectly referred to the PH service (i.e., where a referral was redirected to a 

more appropriate team prior to assessment), and where there were no data available on the Electronic 

Patient Record. 

3.4.2.1. Repaired PAH-CHD 
Consecutive patients from the paediatric registry with PH related to CHD were included in the initial 

(pre-analysis) cohort. The analysis cohort was composed of patients <18 years of age with a diagnosis 

of PH made in our specialist service, before or after reparative surgery for CHD. PH was diagnosed at 

cardiac catheterisation based on established haemodynamic criteria or non-invasive clinical 

assessment with echocardiographic evidence of PH as per international PH guidelines.(Humbert et al., 

2022) Both incident (first review in the PH service within three months of the initiation of PAH 

therapy) and prevalent cases were included. The following patient groups were excluded: (A) PAH-

CHD in the absence of a prior shunt lesion e.g., transposition of the great arteries without VSD, (B) 

PH primarily due to left heart disease, lung disease, peripheral PA stenoses or abnormal arborisation 

of the pulmonary vasculature. This included repaired pulmonary atresia with VSD and MAPCAs, or 

similar morphology, and (C) univentricular physiology, including post-surgery with Glenn or Fontan.  

 
* The nomenclature ‘pulmonary vasodilator’ rather than ‘PAH therapy’ is used when applying this class of drugs 
to patients with a Fontan-type circulation as very few patients strictly fulfil the criteria of PAH (see Section 
1.4.3). 
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3.5. Data collection 

3.5.1. Pulmonary vasodilator therapy in Fontan patients 

I collected baseline data from the latest clinical assessment prior to starting pulmonary vasodilator 

therapy for the therapy group, and from a routine clinical assessment within 12-months for the 

matched, untreated group. This included detailed clinical characteristics, 12-lead ECG, trans-thoracic 

echocardiography, and laboratory test results. 6MWD or CPET, and EmPHasis-10 scores were 

available in only a small minority of patients and so these data could not be meaningfully analysed. I 

then collected follow-up data around 12 months from therapy initiation in the treated group or from a 

concurrent assessment in the untreated group. I gathered additional data on cardiac transplantation, 

admissions with acute decompensated heart failure, arrhythmia or protein losing enteropathy (PLE) 

and compared between groups. 

3.5.2. Paediatric PH  
I collated demographic and clinical characteristics from a manually curated clinical database, 

including anthropometric, laboratory and haemodynamic data, information on therapies and 

outcomes. To diagnose and allocate patients according to the 6th WSPH classification, I used data 

from the initial PH specialist assessment, which followed recommended investigations.(Rosenzweig 

et al., 2019) All patients had clinical evaluation, echocardiography, chest radiography and, where 

appropriate serology, liver ultrasound and computed tomography. In the few cases where additional 

diagnostic data became available affecting the PH classification, the diagnosis was updated e.g., 

following genetic results. Where available, each child was given a WHO functional classification, 

taken from the first clinical contact following assessment by the treating PH clinician, assigned in an 

age-appropriate manner.(Rosenzweig et al., 2019) I calculated height-for-age and weight-for-age Z-

scores according to the Centers for Disease Control and prevention 2000 growth charts, Down 

syndrome- and prematurity-specific growth charts (if born at <37 weeks’ gestation) as 

appropriate.(Flegal & Cole, 2013; Zemel et al., 2015; Fenton & Kim, 2013) I assigned each patient to 

a PH group: group 1 PH or PAH; group 2, PH associated with left heart disease; group 3, PH 

associated with lung disease and/or related to hypoxia; group 4, PH due to PA obstructions, and group 

5, PH with unclear and/or multifactorial mechanisms.(Galiè et al., 2016; Humbert et al., 2022) I then 

assigned a PH subgroup according to the 6th WSPH international classification system (see Appendix 

1 for the full PH classification).(Rosenzweig et al., 2019) I documented secondary and tertiary causes 

of PH where apparent. If a patient could be allocated to more than one group, I reviewed the case with 

the clinical lead and site Principal Investigator to reach a consensus. I captured changes in primary, 

secondary and tertiary diagnosis over time.  

I documented the presence of CHD, and for patients with CHD, I detailed diagnoses based on the 

National Institute for Cardiovascular Outcomes Research (NICOR) National Congenital Heart 
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Disease Audit (NCHDA) and fetal codes.(NCHDA, 2018) For children who underwent CHD surgery, 

I identified the main reparative surgery (where closure of the main shunt lesion was intended) and 

collated information from pre- and post-operative assessments. I classified anatomic lesions as low, 

moderate, or high risk of developing PH as previously described:(Feen et al., 2019) High-risk lesions 

included AVSD, aortopulmonary window, disconnected PA, truncus arteriosus, double outlet right 

ventricle, or VSD associated with tetralogy of Fallot or transposition of the great arteries. Moderate-

risk lesions included VSD and PDA, while I deemed ASD a low-risk lesion.  

Syndromic diagnoses were made by clinical geneticists following appropriate testing on a case-by-

case basis. Availability of clinical genetic testing for PAH genes for patients with IPAH or heritable 

PAH evolved over time. In the early part of the UK national PH experience, genetic testing was 

available on a research basis. Research findings were not used in clinical care and thus not available 

for this study. Since 2001, all patients with IPAH or heritable PAH are eligible for genetic testing 

using a 14-gene PH panel and genetic testing has been undertaken on a case-by-case basis.(Genomics 

England, 2021) I assigned a label of heritable PAH at the time of data collection, based on the 

presence of a positive family history and/or a confirmed causative genetic mutation. In the current 

analysis, I have included only results available on 1st January 2021. I collated and ordered all genetic 

abnormalities, including co-existing genetic syndromes, known pathogenic mutations in PH-causing 

genes, other monogenic disorders, variants of uncertain significance, and undiagnosed dysmorphic 

syndromes. An investigation into the pathogenicity and contribution of each disorder to the clinical 

PH presentation was beyond the scope of this work. 

I based the identification of co-morbidities on diagnosis by the treating PH specialist at time of 

assessment. I reported on all co-morbidities relevant to paediatric PH with a prevalence of >1% in the 

overall PH cohort.  

I manually reviewed all catheterisation data. In patients with repaired PAH-CHD, I used information 

from the pre-repair catheter closest to the date of main surgery. I also analysed data from the post-

repair catheter if this was performed ≥3 months after main surgical repair. Where mixed venous 

saturations required recalculation, I used the following formula: (superior vena cava + 2(inferior vena 

cava))/3. The method by which PVRi was calculated varied between centres. 

I defined resolution of PH as the absence of PH on invasive or non-invasive assessment following 

cessation of PAH therapy.  

3.6. Statistical analyses 
I performed all statistical analyses using R version 4.1.2.(R Core Team, 2021) Individual packages 

used in the statistical analysis are listed in Appendix 4. I assessed continuous variables for normality 

using Q-Q plots and the Shapiro-Wilk test and presented these as mean ± standard deviation or 
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median [inter-quartile range] for normally distributed and skewed data, respectively. I presented 

categorical variables as number and percentage, and percentages to 1 decimal place except for integer 

percentages (x.0), which I reported as integers along with variables usually handled as integers e.g., 

6MWD. Another exception is in the reporting of incidence and prevalence; there were several 

instances of an incidence <0.1/1 million population, thus I reported epidemiological data to two 

decimal places (or three significant figure for values >10).  

I made comparisons between groups using the Student’s t-test or Wilcoxon rank sum test for normally 

distributed and skewed continuous variables, respectively, and c2 test for categorical variables. I used 

Fisher’s exact test in the analysis of categorical variables when the c2 approximation was considered 

inadequate i.e., for small sample sizes, or where the data were extremely unequally distributed among 

the cells of the 𝑚 × 𝑛 contingency table. The denominator for percentages was the total number of 

patients with available data for each variable analysed. I did not impute missing data unless otherwise 

stated. I used a two-tailed p-value of <0.05 as the criterion for statistical significance unless otherwise 

specified. I reported p-values <0.0001 in this format. 

3.6.1. Analysis of pulmonary vasodilator therapy in Fontan patients 
I performed comparisons of changes in clinical variables from baseline to follow-up between the 

treated and untreated groups using a generalized linear model stratified by matched group for paired 

outcome data analysis. I treated New York Heart Association (NYHA) functional class as an ordinal 

categorical variable and assessed the difference between treatment groups with respect to functional 

class using conditional logistic regression analysis (clogit package), having set improvement to 

functional class I/II as the response variable. I stratified this regression analysis by matched group. I 

used the c2 test to compare the proportions of Fontan patients on PAH therapy between the centre 

with the greatest number of patients treated and the remainder as a pooled cohort.  

3.6.2. Analysis of UK paediatric PH registry data 
I calculated the overall incidence of PH and incidence of PH belonging to groups 1-5 for patients 

newly referred to the service over a 15-year period from 1st January 2005 using annual UK childhood 

population statistics by age group provided by the Office for National Statistics.(ONS, 2021) I 

calculated point prevalence for 2005 to 2019 by identifying non-overseas patients under active PH 

follow-up at the mid-year point and dividing by the mid-year population statistics. I averaged the 

results to provide an overall prevalence. I did not use the initial period (2001-2004) following the 

creation of the National paediatric PH service in the incidence and prevalence calculations as the 

referral rate grew rapidly during this nascent stage of the service.  

I compared sex ratios in PH for different age groups to the expected UK childhood sex ratio (using 

age- and sex-stratified population data from the Office for National Statistics)(ONS, 2021) using c2 
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test. I performed a test of age group * sex interaction to confirm that sex ratios vary by age group for 

the presence of incident PH in the UK population. 

I performed survival analysis in the incident PH group using a composite outcome of all-cause 

mortality, or lung or heart-lung transplantation. I censored patients at the first occurrence of any of the 

following: Alive on 1st January 2021, reached 18 years of age, transitioned to an adult PH service, 

emigrated from the UK, or lost to follow-up. I used the Kaplan-Meier method to generate survival 

curves. I assessed the relation between PH subgroup and transplant-free survival using univariable 

Cox proportional hazards regression analysis. I assessed differences between group 1 and 3 PH early 

in the time axis using weighted Log-rank extensions: the Gehan-Breslow-Wilcoxon and Peto-Peto 

tests.(Gehan, 1965; Breslow, 1970; Peto & Peto, 1972)  

Using the survival package, I performed competing risks analysis using a competing risks multistate 

model of the event of interest (death) versus the competing events of loss to follow-up, resolution of 

PH or discharge from PH service, transition to adult PH care, and lung or heart-lung 

transplantation.(Therneau & Grambsch, 2000) I used this competing risks analysis to estimate the 

median time to PH resolution (time at which half of patients experienced resolution) and generate 

“resolution by five years” statistics. 

3.6.3. Repaired paediatric PAH-CHD analyses 
I performed survival analysis in patients with PAH persisting or arising ≥3 months from the date of 

surgery and in the absence of a significant residual open shunt at the time of post-operative PH 

assessment. Patients entered the survival cohort on the date of repair if there was a history of pre-

operative PAH or on the date of the first post-operative assessment in the PH service in the absence of 

known pre-operative PAH. The clinical endpoint was a composite of all-cause mortality, and lung or 

heart-lung transplantation. I censored patients at the first instance of any of the following: Emigrated 

from the UK, lost to follow-up, resolved PH / discharged from the PH service, or alive and under 

active follow-up at the study end date (1st February 2022). Figure 3.1 displays the study design. 
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Figure 3.1: Schematic representation of the study design. 

 
Patients undergoing CHD repair meeting the inclusion criteria for entry into the analysis cohort were assessed. 
Patients with PH resolution within 3 months post-operatively or with haemodynamically significant residual 
shunts were excluded from survival analysis. The start time for the survival analysis (t) was at the time of 
surgery in the presence of pre-operative PH, or at first presentation to the PH service in the absence of pre-
operative PH. Events and censoring criteria are shown. Acronyms: CHD, congenital heart disease; PH, 
pulmonary hypertension. 

 
I evaluated the transplant-free survival differences in Kaplan-Meier survival curves using the Log-

rank test. I then used univariable Cox regression analysis to assess the relation between baseline 

clinical variables and transplant-free survival. After collinearity testing (collinearity indicated by a 

variance inflation factor <3), I tested significant univariable predictors in a risk model and excluded 

variables when not contributing to the overall area under the curve (AUC) or Akaike Information 

Criterion of the risk model. I did not perform stepwise multiple regression modelling because of the 

relatively low number of outcomes events in the development cohort. For the weighted model, I 

calculated weights based on the regression coefficient of a given variable from the univariable model 

divided by the lowest coefficient and rounded to the nearest integer. I used time-dependent Receiver-

Operating Characteristic (timeROC) to predict one-, three-, five-, and ten-year transplant-free 

survival.(Blanche, Dartigues & Jacqmin-Gadda, 2013) I performed sensitivity analysis after using 

multiple imputation by chained equations to account for missing data (package “mice”). The multiple 

imputation method using in this R package is based on Fully Conditional Specification. The risk 

model was re-calculated using the imputed data and pooled areas under the curve from timeROC 

analysis were calculated. Model calibration was performed using the D’Agostino-Nam test, a p-value 

>0.05 indicating adequate calibration. 

CHD repair First post-operative 
PH assessment

t = 0 if pre-operative PH
t = variable if no pre-operative PH

Operated
n=178

Survival analysis
n=152

Alive with PH at study end

Emigrated from UK / lost to follow-up

Resolved PH / discharged

Transplanted (lung or heart-lung)

Died

Excluded from survival analysis
• PH resolution within 3m post-op (n=10)
• Residual mod/large shunt (n=16)

n=29

n=4

n=34

n=6

n=79

t

Event Censoring
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3.7. Prior publications related to research contained within this thesis 
I have reported on some of the results of these studies, as well as review articles pertaining to the 

thesis introduction and literature review as follows: 

3.7.1. Publications relating to the project background 

• I have published information relating to the background of this study in the form of original 

investigations,(D’Alto et al., 2019; Wustmann et al., 2021; D’Alto et al., 2021) review 

articles,(Dimopoulos et al., 2023; Constantine, Dimopoulos & Opotowsky, 2020; Favoccia et 

al., 2019; Nashat, Constantine & Dimopoulos, 2020; Nashat et al., 2020; Barracano et al., 

2020; Brida et al., 2020; Constantine et al., 2020b; Constantine & Clift, 2020; Barradas-Pires, 

Constantine & Dimopoulos, 2021; Jansen et al., 2021) journal editorials,(Constantine & 

Dimopoulos, 2019; Barradas-Pires et al., 2021) and the following book chapters: 

o Five book chapters submitted as part of the book “Univentricular congenital heart 

defects” edited by Dimopoulos and Clift: Epidemiology of univentricular hearts, 

managing the pulmonary circulation, physiological testing, anticoagulation strategies 

in the single ventricle, and signs of Fontan failure. 

o “Pulmonary hypertension in adults with congenital heart disease” in the book 

“Pediatric cardiology: Fetal, pediatric, and adult congenital heart 

diseases”.(Dimopoulos & Constantine, 2023) 

o “Heart failure in adult congenital heart disease” in the book “Heart failure: an 

essential clinical guide”.(Constantine et al., 2022a) 

o The case chapter “Large ASD with Eisenmenger physiology” submitted to the book 

“CVI Atlas” by the Hellenic Society of Cardiology, edited by Dr E Nyktari.  

3.7.2. Publications relating to results (Chapters 1-3) 

• I have reported on results from the vasodilator therapy in Fontan study in the form of a 

research paper (original investigation in the Journal of the American Heart 

Association)(Constantine et al., 2022c) and an abstract.(Constantine et al., 2020a) 

• I have reported on results from the UK Paediatric PH Registry as a research paper (original 

investigation in the American Journal of Respiratory and Critical Care 

Medicine)(Constantine et al., 2022b) and an abstract.(Constantine et al., 2021d) 

• I have published my results from the study on paediatric repaired PAH-CHD in abstract 

form.(Constantine et al., 2021c, 2021b) 
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4. Chapter 1 

4.1. Chapter introduction 

4.1.1. Aims and structure of study 

I performed a retrospective longitudinal study of ten specialist CHD centres across the UK to assess 

the treatment patterns and clinical characteristics of adults with a Fontan-type circulation. I matched 

adults with a Fontan circulation not on pulmonary vasodilator therapy to those on therapy 2:1 (where 

possible) by age, sex, and CHD centre to facilitate the comparison of baseline characteristics and 

response to treatment. I also undertook a survey of expert physicians to determine their practice in the 

treatment of Fontan patients with pulmonary vasodilators. This study tests the following two 

hypotheses related to the use of PAH therapies in Fontan patients: 

• Hypothesis 4b – In patients with a Fontan-type circulation, pulmonary vasodilator therapies are 

reserved for a minority of patients with advanced disease, who are underrepresented in clinical 

trials.  

• Hypothesis 4c – UK experts use pulmonary vasodilator therapy in the UK in Fontan patients for 

more than just an improvement in exercise capacity, which has been the primary outcome of most 

RCTs in this field. 

4.2. Results 

4.2.1. Survey of UK physicians with expertise in PH and CHD 

I analysed responses from 16 UK physicians, across ten specialist PH or CHD centres, with expertise 

in managing adults with a Fontan-type circulation out of 20 recipients of the survey invitation 

(Appendix 3 lists the survey questions). Three-quarters of respondents had more than 100 Fontan 

patients under the care of their centre. Experts agreed that pulmonary vasodilators should be part of 

the management strategy of adults with the Fontan-type circulation, but generally reserved this type of 

therapy for specific indications. None of the experts surveyed felt that pulmonary vasodilator 

therapies should be used in all Fontan patients. The strongest indication for pulmonary vasodilator 

therapies in this patient group were PLE refractory to other therapy (class IIa/IIb recommendation in 

93.8%), followed by fluid overload despite diuretic therapy (class IIa/IIb in 81.3%), decreasing 

exercise capacity (68.8%), and two or more previous admissions with heart failure (56.2%, Table 

4.1). On direct questioning, only one quarter of experts felt that Fontan-associated liver disease was a 

strong indication for pulmonary vasodilator therapy.  
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Over two-thirds (69%) of respondents stated that they would not perform cardiac catheterisation in all 

patients prior to starting pulmonary vasodilators. When asked to rank the importance of 

haemodynamic parameters for patients with a Fontan-type circulation when considering pulmonary 

vasodilator therapy, most (81.3%) experts placed mPAP in the Fontan circuit as the single most 

important metric, whereas only 12.5% ranked PVR (by hybrid myocardial resonance imaging) more 

highly than mPAP. Imaging parameters, including systemic ventricular dysfunction or atrioventricular 

valve regurgitation, were considered strong contraindications to therapy by more than half (56%) of 

respondents. 

All specialists surveyed agreed that Fontan patients were not at particularly high risk of complications 

from pulmonary vasodilator therapy compared to IPAH or other PAH-CHD patients. However, 50% 

believed that liver dysfunction was of particular concern when starting an ERA in Fontan patients. All 

experts stated that they would initiate therapy with a PDE-5 inhibitor. The most critical factor 

affecting their choice of agent for first-line pulmonary vasodilator therapy was national 

commissioning policy (69%), followed by liver congestion (56%), regional or trust level policy, 

anaemia, or thrombocytopenia (43.8% each), and history of migraine (37.5%). Only 18.8% of the 

experts surveyed responded that cost, or systemic ventricular or atrioventricular valve dysfunction, 

would influence their choice of agent. One respondent commented that “personal experience and 

patient preference” would dictate their choice along with the above. 

The top ranked treatment endpoint for pulmonary vasodilator therapy in Fontan patients amongst UK 

experts was improvement of quality of life (43.8%), followed by control of heart failure or PLE 

(25%). An improvement in exercise capacity was ranked as a secondary aim by 50% of physicians 

responding to the survey.  

Table 4.1: Summary of indications of pulmonary vasodilator therapies in Fontan 

patients from expert survey by class of recommendation. 

Class of recommendation Indications selected by experts (count) 

Class I (“is recommended”) Fluid overload refractory to diuretic therapy (1) 
Worsening cyanosis in a patient with a fenestration (1) 
Decreasing exercise capacity (1) 

Class IIa (“should be considered”) PLE refractory to other therapy (8) 
Fluid overload refractory to diuretic therapy (6) 
Decreasing exercise capacity (4) 
Multiple “heart failure” admissions (4) 
Complications following TCPC conversion surgery (3) 

Class IIb (“may be considered”) PLE refractory to other therapy (7) 
New fluid overload (7) 
Fluid overload refractory to diuretic therapy (7) 
Decreasing exercise capacity (7) 
Multiple “heart failure” admissions (5) 

Class III (“is not recommended”) Significant systemic ventricular dysfunction (9) 
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Significant atrioventricular valve regurgitation (6) 
Hypoplasia of the pulmonary arteries (2) 

Abbreviations: PLE, protein-losing enteropathy; TCPC, total cavo-pulmonary connection. 

4.2.2. Results of the UK Fontan registry 
Overall, 1538 adults with a Fontan-type circulation were managed in 10 centres across the UK 

between 2009 and 2019. Over the study period, 76 patients (4.9% of Fontan patients under active 

follow-up) were initiated on pulmonary vasodilator therapy. In most (7/10, 70%) centres, fewer than 

5% of patients received pulmonary vasodilator therapy, where is 1 centre treated a significantly higher 

proportion of patients (14% vs. 3.3% in the remaining centres, p<0.001, Figure 4.1). 

Figure 4.1: Proportion of adults with a Fontan-type circulation on pulmonary 

vasodilator therapy by UK specialist centre. 

 
At the time of therapy initiation, the median age of Fontan patients was 29[23-33] years, and 57% 

were female. Oxygen saturations at rest were 92 [89-94]%. The morphology of the single ventricle 

was left in 67% of patients, 6.6% had isomerism, and 11.8% had bilateral SVCs. The median age at 

initial completion of Fontan surgery was 6.9 [4.4-10.7] years. Just over half (54.4%) of patients had 

an initial fenestration, which was patent at study entry in 35.3%. Prior to enrolment in the study, 12% 

of patients had undergone TCPC conversion following the original atriopulmonary Fontan surgery. At 

baseline, therefore, 39.5% of patients had an AP Fontan and the remainder had a TCPC (lateral tunnel 

in 22.4%, extra-cardiac conduit in 28.2%). 

Over half (42, 57.5%) of Fontan patients at baseline were in NYHA functional class III, whereas 25 

(34.2%) were in functional class II and 4 (5.5%) patients did not have any exercise limitation. Most 

(42, 56%) Fontan patients had a history of atrial arrhythmia, one-third (24, 32%) had undergone a 

PH CenterPH centre
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previous ablation; patients with an AP Fontan were more likely to have a history of atrial arrhythmia 

(83.3% vs. 37.8%, p=0.0003) and to have undergone at least 1 ablation (50% vs. 20%, p=0.01) than 

those with a TCPC. One quarter (20, 26.7%) of Fontan patients had a permanent pacemaker and 2 

(2.6%) had an implantable cardioverter defibrillator. 

Loop diuretics were used in half (38, 50.7%) of Fontan patients at a median dose of 40 [20-110] mg 

furosemide equivalents, and mineralocorticoid receptor antagonists were prescribed to 22 (29.3%) 

patients. The vast majority (74, 97.4%) of patients were receiving antiplatelet or anticoagulant 

therapy, mostly in the form of warfarin (62, 81.6%) although a small percentage were prescribed a 

non-vitamin K anticoagulant off-label (3, 3.9%). Beta-blockers were used in almost half (35, 46.1%) 

of Fontan patients and 22 (27.6%) received other antiarrhythmic agents. 

4.2.2.1. Choice, indications, and timing of initiation of pulmonary vasodilators 
The vast majority (69, 90.8%) of Fontan patients received pulmonary vasodilator monotherapy with a 

PDE-5 inhibitor, of which 98.6% were started on sildenafil and 1.4% on tadalafil. Six (7.9%) patients 

were initiated on an ERA, of which 4 (66%) started bosentan, 1 (16.7%) macitentan, and 1 (16.7%) 

ambrisentan. Only 1 (1.3%) patient was started on upfront combination therapy with sildenafil and 

macitentan. During the follow-up period, 4 (5.3%) patients underwent escalation of pulmonary 

vasodilator therapy, and in all cases an ERA was added to sildenafil. Prostanoid therapy, in the form 

of inhaled iloprost, was used in 1 (1.3%) patient where an ERA had to be substituted due to side 

effects. 

Pulmonary vasodilators started on an elective basis in two-thirds (51, 67%) of patients. In the 

remainder, pulmonary vasodilators were started on an urgent basis following hospitalisation with 

signs of fluid overload (20, 29%) or following TCPC conversion surgery (5, 6.8%). Indications for 

therapy across UK centres is shown in Table 4.2, the most common indications being exercise 

intolerance (37%), raised Fontan pressures at catheterisation (36%), and Fontan-associated liver 

disease (24%).  

Table 4.2: Clinical indications of pulmonary vasodilator therapy in Fontan patients 

across the UK. 

Indication n (%) 

Exercise intolerance 28 (37) 

Raised Fontan pressures at catheterisation 27 (36) 

Liver disease 18 (24) 

Arrhythmia 10 (13) 
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Fluid overload 8 (11) 

Protein losing enteropathy 8 (11) 

Post-operative 7 (9) 

Venous thrombo-embolism 3 (4) 

Low oxygen saturation 3 (4) 

Pre-operative 2 (3) 

Other 1 (1) 

Note: ≥1 clinical indication allowed per patient. 

 

4.2.2.2. Side effects of pulmonary vasodilator therapy in Fontan patients 

Cessation or substitution of pulmonary vasodilator therapy was required in 6 (7.9%) patients due to 

side-effects. New onset liver dysfunction warranting a change of therapy did not occur in any patients. 

Over one third of patients started on an ERA in an urgent setting (4/11, 36.4%) experienced side 

effects, including ankle oedema, limb pain, and breathing difficulties at night. Sildenafil was stopped 

in 2 patients due to headaches. 

4.2.2.3. Comparison of baseline characteristics: Treated vs. untreated patients 
All patients (n=76) receiving pulmonary vasodilator therapy were matched by age, sex, and CHD 

centre to 108 patients who received conventional management without pulmonary vasodilators. 

Baseline characteristics of the matched cohort at the time of initial assessment are shown in Table 

4.3. The groups were well matched with no differences in terms of demographic or major anatomic 

features. In particular, the treated and untreated groups had a similar proportion of patients with left 

ventricular morphology (67.1% vs. 65.7%, p=0.39) and with an atriopulmonary Fontan (39.5% vs. 

39.8%, p=0.99). Patients with an initial TCPC repair were as likely to be treated as those with an 

atriopulmonary Fontan (40.4% vs. 42.2%, p=0.92). The 9.8% of patients who had undergone a Fontan 

conversion or revision prior to study enrolment were not significantly more likely to receive 

pulmonary vasodilators than other patients (50% vs. 40.4%, p=0.59). 

At baseline clinical assessment, Fontan patients being started on pulmonary vasodilators showed a 

greater degree of functional limitation, with a higher proportion being in NYHA functional class 

III/IV (60.3% vs. 6.0%, p<0.0001). There was a trend towards lower resting oxygen saturations in 

treated Fontan patients compared to those not receiving therapy, although this did not reach statistical 

significance (92 [98-94]% vs. 93 [90-95]%, p=0.08). Serum albumin levels were significantly lower 

in treated patients (43 [38-46.8] vs. 45 [42-48] g/L, p=0.02), who were also more much likely to have 

a history of PLE (16.2% vs. 0.9%, p=0.0003). Indeed, almost one in ten (9.3%) patients started on 



 62 

pulmonary vasodilator therapy had a new diagnosis or recurrence of PLE within the past 12 months, 

whereas this was not seen in any patients in the matched, untreated cohort (p=0.004).  

Fontan patients starting pulmonary vasodilator therapy were more likely than untreated patients to 

have new or worsening fluid overload (25.3 vs. 1.9%, p<0.0001), ascites (16% vs. 0%, p<0.0001), 

and to be on a loop diuretic (50.7% vs. 20.8%, p<0.0001) or mineralocorticoid receptor antagonist 

(29.3% vs. 7.5%, p=0.0002). A label of “Fontan failure”, defined as significant exercise intolerance 

(NYHA functional class III/IV), ≥1 previous heart failure hospitalisation, new fluid overload, ascites, 

or diagnosis of protein losing enteropathy in the past 12 months was significantly more common in 

the treated than the untreated group (56% vs. 7.4%, p<0.0001). There were no significant differences 

in arrhythmia history between groups as shown in Table 4.3, although the rate of therapy with beta-

blockers was higher in treated than untreated patients (46.1% vs. 25.9%, p=0.007).  

Treated Fontan patients were more likely to have undergone prior transplant assessment than their 

matched counterparts (19.7% vs. 2.8%, p=0.0004). Of Fontan patient assessed in the advanced heart 

failure and transplant service, the majority (11, 58%) patients had been rejected for transplantation. 

The following reasons fed into the decision of transplantation rejection: a decision to perform 

conventional (Fontan conversion) surgery, the need for multi-organ transplantation (heart-kidney-

liver), significant co-existing renal dysfunction, diabetes mellitus with end-organ damage (e.g., 

diabetic retinopathy and/or nephropathy), and very high human leukocyte antigen antibody titres. 

Table 4.3: Baseline demographic and clinical characteristics of adult Fontan patients 

receiving pulmonary vasodilators compared to untreated patients. 

Baseline variable On therapy 
(n = 76) 

No therapy 
(n = 108) P value 

Demographic characteristics 
Male sex, n (%) 33 (43.4) 54 (50) 0.47 
Age, years 28.7 [22.9 – 33.1] 27.9 [22 – 33.1] 0.42 
Anatomic features/ surgical history 
Age at first Fontan repair, years 6.9 [4.4 – 10.7] 6 [3.8 – 9.1] 0.22 
Left ventricular morphology, n (%) 51 (67.1) 71 (65.7) 0.39 
Cavopulmonary connection 
Atriopulmonary Fontan, n (%) 30 (39.5) 43 (39.8) 

0.16 Lateral tunnel TCPC, n (%) 17 (22.4) 36 (33.3) 
Extra-cardiac TCPC, n (%) 29 (38.2) 29 (26.9) 
Initial fenestration, n (%) 37 (54.4) 46 (50.5) 0.75 
Patent fenestration, n (%) 24 (35.3) 26 (31) 0.69 
Bilateral SVC connections, n (%) 9 (11.8) 11 (10.2) 0.91 
Initial clinical assessment 
Body mass index, kg/m2 23 [20.3 – 28] 24.6 [21.3 – 26.8] 0.41 
Resting saturations, % 92 [89 – 94] 93 [90 – 95] 0.08 
NYHA functional classification 
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I, n (%) 4 (5.5) 65 (65) 
<0.0001

† 
II, n (%) 25 (34.2) 29 (29) 
III, n (%) 42 (57.5) 6 (6) 
IV, n (%) 2 (2.7) 0 (0) 
History of atrial arrhythmia, n (%) 42 (56) 50 (46.3) 0.25 
Previous ablation procedure, n (%) 24 (32) 24 (22.4) 0.2 
Pacemaker, n (%) 20 (26.7) 26 (24.1) 0.82 
Laboratory testing 
Creatinine, µmol/L 74 [64.5 – 82.5] 74 [65 – 85] 0.96 
Sodium, mmol/L 140 [138 – 143] 140 [138 – 141] 0.21 
Albumin, g/L 43 [38 – 46.8] 45 [42 – 48] 0.02 
Bilirubin, µmol/L 16 [9.25 – 27.5] 15.5 [10 – 22.3] 0.84 
ALT, IU/L 26 [19 – 37.75] 28 [23.75 – 37] 0.29 
Medication 
Loop diuretics, n (%) 38 (50.7) 22 (20.8) <0.0001 
Diuretic dose, mg* 40 [20 – 110] 30 [20 – 40] 0.06 
ACE inhibitor or ARB, n (%) 37 (48.7) 45 (41.7) 0.43 
Beta-blocker, n (%) 35 (46.1) 28 (25.9) 0.007 
MRA, n (%) 22 (29.3) 8 (7.5) 0.0002 
Antiarrhythmic, n (%) 21 (27.6) 22 (20.6) 0.35 
Warfarin, n (%) 62 (81.6) 80 (74.1) 0.31 
NOAC, n (%) 3 (3.9) 2 (1.9) 0.69 
Antiplatelet, n (%) 9 (11.8) 18 (16.7) 0.48 
Features of clinical worsening 
New/worsening fluid overload, n (%) 19 (25.3) 2 (1.9) <0.0001 
Ascites, n (%) 12 (16) 0 (0) <0.0001 
PLE (any history), n (%) 12 (16.2) 1 (0.9) 0.0003 
PLE (new/recurrent within 12 months), n (%) 7 (9.3) 0 (0) 0.004 
Fontan failure, n (%) 42 (56) 8 (7.4) <0.0001 
Prior transplant assessment, n (%) 15 (19.7) 3 (2.8) 0.0004 

*Reported for patients taking a loop diuretic, in milligrams of furosemide or dose equivalent. †Comparison 
between NYHA class I/II and III/IV. P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: ACE, angiotensin-converting enzyme; ALT, alanine aminotransferase; ARB, angiotensin 
receptor blocker; MRA, mineralocorticoid receptor antagonist; NOAC, non-vitamin K anticoagulant; NYHA, 
New York Heart Association; PAH, pulmonary arterial hypertension; PLE, protein losing enteropathy; SVC, 
superior vena cava; TCPC, total cavo-pulmonary connection. 
 

4.2.2.4. Effects of pulmonary vasodilator therapy 

After a median follow-up period of 12 [11-15] months, 4 (5.3%) patients in the treated group had 

undergone escalation of therapy, either for incomplete clinical response to pulmonary vasodilator 

therapy or for incomplete treatment of PLE. A further 5.3% of patient underwent a late dose increase 

>1 year after treatment initiation. The treated group were more likely to experience an improvement 

in functional class than the matched, untreated group (OR 13.3, 95%CI: 1.7-106.5, p=0.01). There 
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was no difference between the treated and untreated groups in terms of change in resting oxygen 

saturation (p=0.1), haemoglobin (p=0.5) or albumin concentration (p=0.6, Table 4.4). 

Resting oxygen saturation did not change significantly following the initiation of pulmonary 

vasodilators (92 [89-94] vs. 92 [89-95], p=0.5). While the treated group had a higher rate of heart 

failure hospitalisations in the past 12 months compared to the matched cohort at baseline (20.3 vs. 

0.9%, p<0.0001), there was no significant difference between groups during the follow-up period 

(12.0 vs. 5.8%, p=0.17).  

Over the study period, 3 (3.9%) patients died in the treated group and 2 (2.6%) received a transplant 

(one orthotopic heart, one heart-liver transplant). There were no deaths or transplantations in the 

matched, untreated group during follow-up. 
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Table 4.4: Clinical variables pre- and 1-year post-pulmonary vasodilator therapy in patients with a Fontan-type circulation across the 

UK, with comparison to matched, untreated group. 

Clinical measures 
Pulmonary vasodilator therapy No therapy 

P value 
Baseline Follow-up Change Baseline Follow-up Change 

Oxygen saturation, % 92 [89 – 94] 

 

92 [89 – 95] 

 

0 [-2 – 2.3] 

(68) 

93 [90 – 95] 93 [90 – 94] 

 

0 [-1.3 – 1] 

(84) 
0.1 

NYHA functional class I/II, 

n (%) 

28 (41.2) 

 

33 (48.5) 

 

12 (17.6%) 

(68) 

5 (5.2) 

 

9 (9.4) 

 

1 (1%) 

(96) 
0.01 

Haemoglobin, g/L 149 [138 – 165] 148 [135 – 159] -1.5 [-12 – 8] 

(64) 

154 [143.5 – 
164.5] 

155 [138– 164] -3 [-7 – 5] 

(63) 0.5 

Albumin, g/L 43 [37 – 46] 

 

44 [36.5 – 47] 

 

0 [-2 – 3] 

(59) 

46 [42 – 48] 

 

45 [40 – 47] 

 

0 [-2 – 2] 

(54) 
0.6 

 

P values were derived for the comparison of the changes in clinical variables (baseline to follow-up) between the PAH therapy and no therapy groups. A generalized linear 
model stratified by matched group was used for paired outcome data analysis. Bracketed numbers in the “change” columns indicate the denominator used in statistical testing 
(number of non-missing values). P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: NYHA, New York Heart Association; PAH, pulmonary arterial hypertension. 



4.2.2.5. Single centre subgroup with longitudinal 6-minute walk and EmPHasis-10 

data collection 
A single level one CHD centre gathered 6-minute walk and EmPHasis-10 score data on most patients 

pre- and post-therapy. Of 28 patients newly started on pulmonary vasodilator therapy in this cohort, 

20 (71.4%) had a 6-minute walk test at both baseline and follow-up. Median 6MWD increased from 

370 [275-404] m to 386 [320-422] m over the study period (median change 40 [2-103] m, p=0.008). 

EmPHasis-10 questionnaire scores were available in 14 (50.0%) patients at baseline and follow-up. 

There was no significant change in EmPHasis-10 score (median change -1 [-4-4], p=0.88). 

Catheterisation prior to therapy initiation was performed in 19 (67.9%) patients. The mPAP was 17.5 

[11.0-26.0] mmHg and ventricular end-diastolic pressure was 12.5 [8.0-22.0] mmHg. 

4.3. Discussion 
In this study, I collected and analysed data from a large proportion of the Fontan patients across the 

UK who have been started on pulmonary vasodilator therapies over the last decade. I found that only 

a small proportion of adults with a Fontan-type circulation under specialist follow-up in the UK 

received this class of therapy. In the real-world setting, expert clinicians use these therapies to 

improve quality of life and target long-term complications associated with the Fontan circulation i.e., 

Fontan failure. I found that pulmonary vasodilator therapy in the UK was generally reserved for 

patients with signs of advanced disease, significant exercise intolerance, resistant fluid overload and 

PLE. Practise varied between centres, with a few experts using pulmonary vasodilators in a more 

substantial proportion of patients, and for a wider range of indications e.g., to manage Fontan-

associated liver disease. In this study, pulmonary vasodilator therapy appeared to be safe and 

improved exercise tolerance compared to an untreated group of font and patients matched by age, sex, 

and primary CHD centre. 

4.3.1. Pulmonary vascular resistance and Fontan failure 

Over the past half-century, an increasing number of patients with CHD have benefited from a Fontan-

type operation, which abolishes cyanosis and prolongs survival. As described in Section 1.4 of the 

introduction, a low PVR is an essential component enabling sufficient pulmonary blood flow in 

patients with a Fontan-type circulation, who rely on a passive pressure gradient in the absence of a 

subpulmonary ventricle. Even marginal increments in PVR are poorly tolerated in the setting of a 

cavo-pulmonary connection, leading to a reduction in pulmonary and, therefore, systemic blood flow 

and an abnormal rise in central venous pressure; the clinical correlate of these haemodynamic 

disturbances is “Fontan failure”.(Henaine et al., 2013; Ridderbos et al., 2015) In a study of patients 

with Fontan failure undergoing heart transplantation, Mitchell et al. neatly demonstrated that those 

with early failure of the Fontan circulation (within one year of the operation) had normal post 
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transplantation PVR in most cases, whereas patients with late failures had a higher PVR (and raised 

transpulmonary gradient) post-transplant.(Mitchell et al., 2004) These findings suggest that 

pulmonary vascular remodelling is a feature of late Fontan failure in a sub-group of patients. In this 

cohort of UK Fontan patients, over half of those starting pulmonary vasodilator treatment had signs of 

a failing Fontan circulation compared to less than 10% of the age and sex matched group, including 

poorer exercise tolerance, cardiac complications (congestive heart failure, fluid overload), and extra-

cardiac manifestations (PLE). A marker of advanced disease in the group of treated Fontan patients 

was the relatively high proportion, almost one in five, who had already undergone transplant 

assessment prior to therapy initiation. 

4.3.2. Real-world versus RCT use of pulmonary vasodilators  
The use of pulmonary vasodilator therapies for PVD in the adult Fontan population has been 

contentious, with conflicting results in previous trials (see Table 1.3 in Section 1.4.4). In 

contemporary practice, Fontan patients vary widely in terms of both their underlying anatomy, and the 

type of Fontan surgery performed. Younger patients, with a total cavo-pulmonary anastomosis, are 

often asymptomatic or very mildly impaired. Any exercise limitation is typically multifactorial, but a 

rise in PVR caused by progressive changes in the pulmonary vascular bed is a major contributing 

factor. Fontan patients developing PVD are more likely to be older, have an AP Fontan operation and 

a greater degree of functional impairment.(Egbe et al., 2017) In the present analysis, comparing 

patients of similar ages and types of Fontan, I found that pulmonary vasodilators were used in patients 

with significant exercise intolerance or congestive heart failure refractory to other treatment, and were 

often started on an urgent basis, either post-operatively or following urgent hospitalisation with 

symptoms and/or signs of Fontan failure. In contrast to this group of Fontan patients starting therapies 

in the real world, patients enrolled in RCTs of pulmonary vasodilators often must be clinically stable, 

often asymptomatic, and with a better than average exercise capacity. The largest RCT in this setting 

was the FUEL trial, reported by Goldberg and colleagues in 2019, which excluded patients with a 

peak VO2 <50% predicted, and therefore would not have permitted enrolment of >90% of 

contemporary patients treated with pulmonary vasodilator therapy in the UK.(Goldberg et al., 2020) 

The recently reported clinical study assessing the efficacy and safety of Macitentan in Fontan-

palliated subjects (RUBATO) was a multi-national, multi-centre, double-blind RCT of adults and 

adolescents. The investigators attempted to include more limited subjects by allowing the recruitment 

of patients in NYHA functional class III, but failed to include the Fontan patients at the more severe 

end of the spectrum by excluding patients with Fontan failure, recent clinical deterioration, limitations 

to CPET, and a peak VO2 <15 mL/kg/min.(Actelion, 2021) Assuming that such therapies are safe and 

well-tolerated in this patient group, it is possible that patients with more advanced disease, elevated 

PVR, and clinical features of Fontan failure would derive greater benefit from pulmonary 
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vasodilators, targeted at lowering PVR and therefore acting at a common bottleneck of the failing 

Fontan circulation.(Egbe et al., 2017)  

4.3.1. Individualised approach to therapy and study endpoints 
International practice guidelines support the pattern of therapy used in UK Fontan patients, where 

pulmonary vasodilators “may be considered in selected patients”, but data on the routine use of these 

agents are scarce at present.(Baumgartner et al., 2021; Stout et al., 2018) The ESC guidelines state, 

however, that these patients should have evidence of elevated pulmonary pressures or resistance in the 

absence of elevated ventricular end-diastolic pressure, whereas most UK experts surveyed did not feel 

that cardiac catheterisation was necessary in all Fontan patients starting therapy. The reasons for this 

sentiment remain unclear, but it may be that experts felt that clinical presentation with a failing Fontan 

circulation along with a thorough, non-invasive assessment is sufficient in most cases, or that cardiac 

catheterisation carried a higher risk in Fontan patients presenting in non-elective settings. In addition 

to this, PVR calculation in Fontan patients with multiple sources of pulmonary blood flow is often not 

possible and may require estimation using hybrid MRI-catheterisation. In any case, the ideal scenario 

should involve relating indications for pulmonary vasodilator therapy to the expected physiological 

impact of these medications, through invasive haemodynamic assessment. The large RCTs in this 

area, which excluded many patients who would have had evidence of elevated pulmonary pressures, 

have shown no benefit or small improvements in exercise capacity.(Giardini et al., 2008; Cedars et al., 

2016) 

A review of the evidence-base for pulmonary vasodilators in patients after Fontan-type surgery 

reveals that markers of exercise capacity have been used as endpoints in most clinical trials. Exercise 

intolerance is an established surrogate of more substantial morbidity and mortality outcomes, and it 

follows that long-term stabilisation of exercise capacity may be associated with improved clinical 

outcomes. There are, however, limitations to the use of the CPET parameters as surrogates of 

outcome: 

• Peak VO2 correlates strongly with outcomes, but that does not make it a good surrogate 

endpoint. Change in the surrogate due to intervention must be tightly linked to a change in the 

likelihood of clinically meaningful outcomes, such as how patients “feel, function, and 

survive”.(Fleming & Powers, 2012; Fleming & DeMets, 1996) In acquired heart failure with 

reduced ejection fraction, there is no relationship between and interventions effect on peak 

VO2 and its effect on mortality.(Wessler et al., 2011; Wolfel, 2006) There are no studies to 

date testing the relation between changes in exercise parameters and their effect on mortality 

in Fontan patients.  

• Although peak VO2 is relatively easy to measure and has been used commonly in studies 

testing the effects of pulmonary vasodilator therapy in Fontan patients, use of exercise 
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parameters at maximal rather than submaximal exercise may be less valuable in this 

population, who most commonly report limitation with daily activities. In the unique setting 

of Fontan physiology, a combination of a raised central venous pressure and low PVR, rather 

than right ventricular contractility, are the major determinants of transpulmonary blood flow 

and the cardiac output produced by the systemic ventricle.(Gewillig et al., 2010; Gewillig & 

Goldberg, 2014) Exercise-induced systemic venous hypertension in the Fontan circulation is 

required to allow incremental increases of cardiac output. However, Navaratnam and 

colleagues showed that, even in healthy Fontan patients, there is a ceiling effect beyond 

which systemic venous hypertension is associated with reduced systemic oxygen 

delivery.(Navaratnam et al., 2016) In the FUEL trial, udenafil failed to meet its primary 

endpoint (change in peak VO2), but did lead to significant improvements in pre-specified 

secondary outcomes of submaximal exercise performance (oxygen consumption, work rate, 

and ventilatory efficiency at the anaerobic threshold).(Goldberg et al., 2020) Goldberg et al. 

surmise that submaximal exercise is associated with an elevation in central venous pressure 

below the physiological ceiling, and therefore, measurements at moderately intense levels of 

exercise may be more sensitive to changes after intervention e.g., with pulmonary 

vasodilators. 

Beyond exercise intolerance, alternative clinical indications for the use of pulmonary vasodilators in 

Fontan patients, such as the clinical correlates of Fontan failure or raised pressures in the Fontan 

circuit, either require invasive assessment or cannot be easily assessed in the setting of a clinical trial. 

Indeed, in the single instance where a health-related quality of life measure was used, Cedars and 

colleagues reported that ambrisentan led to a small improvement in peak VO2, but no change in the 

SF-36 quality of life questionnaire.(Cedars et al., 2016) Multicentre registries examining 

contemporary practice maybe more suited to providing evidence for health-related quality of life 

outcomes, which are only recently gaining traction as endpoints in prospective clinical studies. 

The results of my analysis of the survey of UK experts and the multi-centre Fontan registry show that 

clinicians caring for these patients target improvements in quality of life and clinical stabilisation of 

the multi-system, long-term complications related to the Fontan repair. Fewer experts had a primary 

aim of relieving exercise intolerance, and therefore this study highlights important clinical indications 

that are not captured by clinical trials which have focused primarily on short-term improvements in 

peak VO2. The individualised care for these patients involves careful assessment of a series of data 

points in the clinical history, examination, and data from blood tests, imaging, and invasive 

haemodynamic assessment, when deemed appropriate. When taken together, these clinical criteria 

aim to identify patients experiencing the consequences of a deteriorating Fontan physiology that 

cannot be explained by other disease modifiers e.g., atrioventricular valve regurgitation or systemic 

ventricular dysfunction, when therapeutic options are limited. The current analysis cannot, however, 
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provide strong evidence for the efficacy of pulmonary vasodilators in patients with a Fontan-type 

circulation with respect to quality-of-life measures or stabilisation of disease. 

4.3.2. Safety and tolerability of pulmonary vasodilators 
The current study did not identify any instances where pulmonary vasodilators caused clinical 

worsening or liver dysfunction requiring discontinuation. Indeed, the survey of UK experts found a 

consensus that Fontan patients were not felt to be at very increased risk of liver-related complications 

compared to patients with other forms of PAH. In the registry study, few patients received treatment 

with ERAs and in a significant proportion the treatment had to be stopped or altered due to poor 

tolerability. These results must be taken in context of larger randomised trials studying ERAs, which 

have confirmed the safety of these agents in the Fontan population, noting a high rate of non-severe 

side effects in both the treatment and placebo arms.(Hebert et al., 2014; Goldberg et al., 2020) This 

study supports further prospective trials of ERAs in Fontan patients with more advanced disease to 

establish the safety and efficacy of these drugs in this unique setting. 

4.3.3. Study limitations 
This study has all the limitations of observational, retrospective studies of rare diseases. Limited 

numbers of Fontan patients were treated with pulmonary vasodilators despite the inclusion of the vast 

majority of specialist adult CHD centres in the UK.  

We matched patients based on age, sex, and managing centre and found no significant difference in 

baseline demographic or anatomical characteristics between groups. The limited numbers of treated 

patients, as well as the heterogeneity of other baseline clinical characteristics, meant that I was unable 

to successfully apply more effective methods of matching, such as propensity score matching or 

coarsened exact matching, despite having prior experience with these methods.(Bianchi et al., 2021)  

My expectation when designing this study was that adults with a Fontan-type circulation starting on 

pulmonary vasodilator therapies would be followed up in a similar way to IPAH patients. In PAH, 

international guidelines recommend that initiation of therapy is preceded and then followed by 

regular, thorough clinical assessment of the response to therapy, with documentation of functional 

class, bloods including b-type natriuretic peptide (BNP), 6MWD, and EmPHasis-10 score, to allow 

regular risk stratification and prognostication.(Galiè et al., 2016) In real-world practice, however, 

pulmonary vasodilator therapy was used as a treatment adjunct without rigorous reassessment using 

the above variables. Hence, the level of missingness for many of these variables was higher than 

expected, which meant that they could not be used in my analysis. 

The retrospective analysis of the efficacy of pulmonary vasodilators on clinical parameters was 

exploratory and, whilst providing data on real-world use of these therapies, carries significant 

limitations. Indeed, the primary aim of this work was to act as one of the first broadly collaborative 
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studies on PH related to CHD in the UK, and to provide an overview of current practise relating to 

pulmonary vasodilator therapy in adults with a Fontan circulation. 

4.3.4. Conclusion 
Current UK practice with respect to the use of pulmonary vasodilator therapy for adults with a 

Fontan-type circulation involves a targeted, individualised approach to the prescription of these drugs. 

Therapy is predominantly targeted at patients with clinical manifestations of Fontan failure. Criteria to 

identify Fontan patients who are likely to respond to pulmonary vasodilator therapies are urgently 

needed, and these need to be reflected in the inclusion criteria of future studies. As a result, ongoing 

and future prospective studies will hopefully elucidate the indications, timing, and choice of 

pulmonary vasodilators in this unique patient group. For the time being, such therapies will continue 

to be used in patients in whom experts feel that PVD plays a role in determining symptoms and 

morbidity.   
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5. Chapter 2 

5.1. Chapter introduction 

5.1.1. Aims and structure of study 

I curated and analysed the first UK national paediatric PH registry spanning a period of 20 years, 

including consecutive patients reviewed in this service. I performed deep phenotyping of each child, 

documenting primary, (and where applicable) secondary and tertiary contributors to PH according to 

the 6th WSPH classification, changes in diagnoses and resolution of PH over time. I also collected 

clinical characteristics, comorbidities, haemodynamic data, and outcomes. I also focused on children 

with PAH-CHD, who were further characterised according to the published 

subclassification.(Baumgartner et al., 2021) I used population data from the Office for National 

Statistics to derive the overall incidence of PH, and the incidence and prevalence of PH by group. I 

provided sex ratios for different age groups compared to the expected UK childhood sex distribution. 

I also assessed the prevalence and contribution of CHD to the development of PAH, and examined 

changes in demographics in PAH-CHD over time. Finally, I performed survival analysis in the 

incident PH group for the outcome of death or lung/heart-lung transplantation, first using the Kaplan-

Meier method and then a competing risks multistate model.  

In this chapter of my thesis, I assess the following research hypotheses relating to the epidemiology of 

PH and PAH-CHD, unique features of paediatric PH and patterns of PAH therapy: 

• Hypothesis 1a – Group 3 PH is the most common cause of PH in infancy and has been 

underrepresented in paediatric PH cohorts, whereas group 1 PH (PAH) predominates in 

adolescence. 

• Hypothesis 1b – The demographics of PAH-CHD in the UK have changed over time, with an 

increasing proportion of group D PAH-CHD. 

• Hypothesis 2a – Resolution of PH is not uncommon in paediatric PH and can be observed in 

different types of PH.  

• Hypothesis 2b – Resolution of PH in patients after repair of CHD can occur at different times 

after defect repair.  

• Hypothesis 2c – Despite widespread use of PAH therapy, the prognosis of paediatric PH 

remains guarded. 

• Hypothesis 4a – In paediatric PH, PAH therapies are used broadly and are not restricted to 

group 1 PH. 
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5.2. Results 

5.2.1. Referrals to the PH service and assessment of PH 

From the inception of the UK National Paediatric PH Service to 1st January 2021, a total of 1353 

patients were referred for specialist assessment. Almost one fifth (252, 18.6%) of children referred did 

not have PH. Of this group, 40.5% were reviewed in the service due to a positive family history of 

PAH and 38.8% had a disease with a known association to PH (referral indications are shown in 

Table 5.1). A diagnosis of PH was made in the remaining 1101 (81.4%) of children. 

Table 5.1: Indications for specialist review in patients in whom PH was excluded 

following specialist assessment. 

Indication n % 

Family history 102 40.5 

Associated disease 98 38.8 

Previous history of PH, resolved 32 12.7 

Concerning symptoms 8 3.2 

Imaging suggestive of PH 5 2 

PH genotype positive 3 1.2 

Acute illness with PH 2 0.8 

Biopsy suggestive of PH 2 0.8 

5.2.2. Overall PH cohort and WSPH classification groups 
The paediatric PH cohort included forms of PH from all five major diagnostic groups (Table 5.2). 

One half (51%) of patients were female and the median age at diagnosis was 2.6 [IQR 0.8-8.2] years; 

baseline demographic and clinical characteristics are shown in Table 5.3. The commonest PH group 

was group 1 PH or PAH, which accounted for almost half of patients (529, 48%). PAH-CHD was the 

most frequent subgroup within group 1 accounting for 62.9% of PAH cases, followed by IPAH in 

22.3% and heritable PAH in 5.3%. PPHN was the primary diagnosis in only 8 (1.5%) patients, 

whereas a history of PPHN was identified in 6.8% of patients in the overall PH cohort and was more 

common in children with group 3 compared to group 1 PH (22% vs. 6.8%, p<0.001). Drug- or toxin-

induced PAH accounted for 10 (0.9%) cases of PH in this national cohort, the most common 
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pharmacological trigger being diazoxide (4, 40% of drug- or toxin-induced PAH), followed by 

chemotherapy (4, 40% including cyclophosphamide, or busulphan), and the tyrosine-kinase inhibitor 

dasatinib in 1 (10%) case. 

Group 3 PH (secondary to lung disease) was the second most common diagnosis, affecting almost 

one-third (356, 32.3%) of the PH cohort. Developmental lung disease, in the form of 

bronchopulmonary dysplasia or secondary to congenital diaphragmatic hernia were the largest 

subgroups within group 3, affecting 48.3% and 11% of patients, respectively. 

Group 2 PH (post-capillary PH due to left heart disease) accounted for 97 (8.8%) cases, 

overwhelmingly related to left-sided CHD (in 76.3% of group 2 cases). One third (33%) of cases were 

due to pulmonary vein stenosis, while 38.1% were secondary to ventricular disease.  

Group 5 PH, from unclear and/or multifactorial mechanisms was identified in 9% of cases in the 

overall population. The most common subgroup in group 5 was patients with complex CHD, 

including 28.3% univentricular patients after Glenn or Fontan-type operation, 21% with segmental 

PH, 12% with pulmonary venolobar or scimitar syndrome, and 8% with unoperated univentricular 

physiology. The second largest subgroup within group 5 PH was systemic and/or metabolic disorders, 

contributing to 29.3% of cases.   

Group 4 PH was the rarest diagnostic group, accounting for only 20 (1.8%) of cases: Peripheral PA 

obstructions were identified as the cause in three-quarters of these patients (1.4% of the overall PH 

cohort), the remainder (5, 0.5% of the total cohort) being cases of CTEPH.  

Table 5.2: Disease associated with the main paediatric pulmonary hypertension 

diagnosis according to the 6th WSPH international classification system. 

Pulmonary hypertension (PH) Group n % 

Group 1 Pulmonary arterial hypertension (PAH)   

1.1 Idiopathic PAH 63 5.7 

1.2 Heritable PAH 28 2.5 

1.3 Drug- and toxin-induced PAH 10 0.9 

1.4.1 APAH Connective tissue disease 13 1.2 

1.4.2 APAH HIV infection 1 0.1 

1.4.3 APAH Portal hypertension 10 0.9 
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1.4.4.1 APAH CHD Eisenmenger Syndrome 90 8.2 

1.4.4.2.1 APAH CHD Left to right Shunt (deemed operable) 50 4.5 

1.4.4.2.2 APAH CHD Left to right Shunt (deemed inoperable) 36 3.3 

1.4.4.3 APAH CHD – PAH with co-incidental CHD 47 4.3 

1.4.4.4 APAH CHD Post-operative PAH 129 11.7 

1.4.4.x APAH CHD Cannot be classified 28 2.5 

1.5 PAH long-term responders to calcium channel blockers 8 0.7 

1.6 PAH with overt features of venous/capillaries (PVOD/PCH) involvement 8 0.7 

1.7 Persistent PH of the newborn syndrome 8 0.7 

Group 2 PH due to left heart disease   

2.1 PH due to heart failure with preserved LVEF 27 2.5 

2.2 PH due to heart failure with reduced LVEF 10 0.9 

2.3 Valvular heart disease 9 0.8 

2.4.1 Pulmonary vein stenosis 32 2.9 

2.4.2 Cor triatriatum 2 0.2 

2.4.3 Obstructed total anomalous pulmonary venous return 1 0.1 

2.4.4 Mitral/aortic valve stenosis (including supra/subvalvular) 15 1.4 

2.4.5 Aorta / great arteries 1 0.1 

Group 3 PH due to lung disease and/or hypoxia   

3.1 Obstructive lung disease 4 0.4 

3.2 Restrictive lung disease 31 2.8 

3.3 Other lung disease with mixed restrictive/obstructive pattern 48 4.4 

3.4 Hypoxia without lung disease 24 2.2 

3.5.1 Bronchopulmonary dysplasia 172 15.6 
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3.5.10 Pulmonary lymphangiectasia 2 0.2 

3.5.2 Congenital diaphragmatic hernia 39 3.5 

3.5.3 Down syndrome 8 0.7 

3.5.4 Alveolar capillary dysplasia with “misalignment of veins” (FOXF1) 6 0.5 

3.5.5 Lung hypoplasia, acinar dysplasia 12 1.1 

3.5.6 Surfactant protein abnormalities 1 0.1 

3.5.6 TTF1/NKX2-1 1 0.1 

3.5.7 TBX4 4 0.4 

3.5.8 Pulmonary interstitial glycogenesis 3 0.3 

3.5.9 Pulmonary alveolar proteinosis 1 0.1 

Group 4 PH due to pulmonary artery obstructions   

4.1 Chronic thromboembolic PH 5 0.5 

4.2.5 Congenital pulmonary artery stenoses 15 1.4 

Group 5 PH with unclear and/or multifactorial mechanisms   

5.1.1 Hematologic - Chronic hemolytic anaemia 4 0.4 

5.2.3 Systemic/metabolic - Glycogen storage disease 1 0.1 

5.2.4 Systemic/metabolic - Neurofibromatosis 1 0.1 

5.2.x Systemic/metabolic - other named 23 2.1 

5.4.1.1 Complex CHD Segmental PH Isolated PA of ductal origin 2 0.2 

5.4.1.2 Complex CHD Segmental PH Absent PA 3 0.3 

5.4.1.3 Complex CHD Segmental PH PA VSD MAPCAs 10 0.9 

5.4.1.4 Complex CHD Segmental PH Hemitruncus 4 0.4 

5.4.1.5 Complex CHD Segmental PH Other 2 0.2 

5.4.2 Single ventricle – including Fontan/Glenn 37 3.4 
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5.4.3 Scimitar syndrome 12 1.1 

PH classification from the 6th WSPH in 2018.(Simonneau et al., 2019; Rosenzweig et al., 2019) Abbreviations: 
CHD, congenital heart disease; FOXF1, forkhead box F1; HIV, human immunodeficiency virus; LVEF, left 
ventricular ejection fraction; MAPCA, major aorto-pulmonary collateral; PAH, pulmonary arterial hypertension; 
PCH, pulmonary capillary haemangiomatosis; PH, pulmonary hypertension; PVOD, pulmonary veno-occlusive 
disease; TBX4, T-box transcription factor 4; TTF1/NKX2-1, transcription termination factor 1/NK2 homeobox 1; 
VSD, ventricular septal defect. 
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Table 5.3: Baseline characteristics of each pulmonary hypertension diagnostic group. 

 Overall 
(n=1101) 

Group 1 
(n=529) 

Group 2 
(n=97) 

Group 3 
(n=356) 

Group 4 
(n=20) 

Group 5 
(n=99) 

P value 
(G1v3) 

Demographic characteristics        
Incident PH, n (%) 1061 (96.4) 497 (94.0) 89 (95.7) 355 (99.7) 20 (100) 96 (97.0) <0.001 
Female, n (%) 558 (50.7) 295 (55.8) 36 (37.1) 170 (47.8) 7 (35.0) 50 (50.5) 0.02 
Age at diagnosis, y 2.6 [0.8-8.2] 4.8 [1.7-11.0] 2.2 [1.0-8.6] 0.85 [0.5-2.0] 5 [2.9-13.1] 5.1 [1.2-10.3] <0.001 
Perinatal history        
Gestation at birth, weeks 39.0 

[32.5-40] 
40.0 

[37.7-40.0] 
40.0 

[35.9-40.0] 
30.3 

[26.1-38.0] 
39.0 

[35.0-40.0] 
40.0 

[38.8-40.0] <0.001 
Preterm, n (%) 343 (36.9) 86 (19.6) 19 (27.9) 222 (67.1) 6 (35.3) 10 (13.2) <0.001 
Admission to neonatal unit, n (%) 628 (71.4) 207 (50.5) 55 (77.5) 302 (93.8) 9 (69.2) 55 (85.9) <0.001 
Oligohydramnios, n (%) 14 (1.3) 3 (0.6) 0 (0) 11 (3.2) 0 (0) 0 (0) 0.008 
Chorioamnionitis, n (%) 10 (0.9) 2 (0.4) 0 (0) 8 (2.3) 0 (0) 0 (0) 0.03 
History of PPHN, n (%) 101 (11.1) 31 (6.8) 4 (5.3) 63 (22.0) 0 (0) 3 (4.0) <0.001 
History of ECMO, n (%) 62 (5.7) 19 (3.6) 9 (9.4) 25 (7.1) 1 (5.0) 8 (8.1) 0.03 
Co-morbidities        
Family history of PH, n (%) 24 (3.3) 17 (4.2) 1 (2.0) 3 (1.6) 1 (7.1) 2 (3.0) 0.16 
CHD, n (%) 816 (74.1) 405 (76.6) 85 (87.6) 231 (64.9) 15 (75.0) 80 (80.8) <0.001 
Down syndrome, n (%) 176 (16.0) 123 (23.3) 7 (7.2) 44 (12.4) 0 (0) 2 (2.0) <0.001 
Associated lung disease, n (%) 499 (45.4) 104 (19.7) 26 (26.8) 336 (94.4)* 5 (25.0) 28 (28.3) <0.001 
 Developmental 337 (30.6) 45 (8.5) 16 (16.5) 256 (71.9) 3 (15.0) 17 (17.2) <0.001 
 Aspiration 82 (7.4) 22 (4.5) 3 (3.1) 55 (15.4) 1 (5.0) 1 (1.0) <0.001 
 Recurrent infection 35 (3.2) 8 (1.5) 2 (2.1) 24 (6.7) 0 (0) 1 (1.0) <0.001 
 ILD 33 (3.0) 7 (1.3) 1 (1.0) 25 (7.0) 0 (0) 0 (0) <0.001 
 Other primary lung disease 18 (1.6) 6 (1.1) 0 (0) 11 (3.1) 0 (0) 1 (1.0) 0.07 
 Unclear cause 31 (2.8) 11 (2.1) 2 (2.1) 14 (3.9) 1 (5.0) 3 (3.0) 0.15 
Associated airway disease, n (%) 132 (12.0) 42 (7.9) 5 (5.2) 71 (19.9) 2 (10.0) 12 (12.1) <0.001 
Initial clinical assessment        
Height Z-score -1.1 [-2.1--0.1] -0.8 [-1.8-0.1] -1.6 [-2.4--0.1] -1.6 [-3.1--0.9] -1.7 [-2.0--0.4] -1.5 [-2.5--0.3] <0.001 
Weight Z-score -1.4 [-2.7--0.3] -1.0 [-2.0-0] -1.8 [-2.9--0.7] -2.3 [-3.7--0.9] -1.1 [-2.4-0.1] -1.2 [-2.7--0.1] <0.001 
Resting oxygen saturations, % 96 [92-98] 96 [90-98] 97 [95-98] 96 [94-98] 97 [96-98] 90 [83-96] 0.11 
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WHO functional class       <0.001 
 I 181 (20.3) 109 (22.9) 19 (24.4) 43 (18.1) 3 (17.6) 7 (8.5)  
 II 247 (27.8) 146 (30.7) 23 (29.5) 46 (19.4) 6 (35.3) 26 (31.7)  
 III 262 (29.4) 161 (33.8) 27 (34.6) 32 (13.5) 6 (35.3) 36 (43.9)  
 IV 200 (22.5) 60 (12.6) 9 (11.5) 116 (48.9) 2 (11.8) 13 (15.9)  
Presenting syncope, n (%) 68 (6.2) 57 (10.8) 2 (2.1) 5 (1.4) 1 (5.0) 3 (3.0) <0.001 
6MW test completed† 190 (54.4) 139 (59.1) 11 (35.4) 12 (38.7) 2 (22.2) 26 (60.4) <0.001 
6MW distance, m 309±118   312±119 327±91 293±128 304±66 294±124 0.59 
*The small proportion (6.6%) of patients with group 3 PH without associated lung disease belonged to the 3.4 subgroup: “hypoxia without lung disease”. †The denominator 
for this variable is children >6 years of age. P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: 6MW, 6-minute walk; CHD, congenital heart disease; ECMO, extra-corporeal membrane oxygenation; ILD, interstitial lung disease; PH, pulmonary 
hypertension; PPHN, primary pulmonary hypertension of the newborn. 



5.2.3. Paediatric PAH compared to PH secondary to lung disease 
Children with PAH were considerably older at diagnosis than patients with PH due to lung disease 

(4.8 [1.7-11.0] vs. 0.9 [0.5-2.0] years, p<0.001) and were slightly more likely to be female (55.8 vs. 

47.8%, p=0.02). As expected, prematurity was significantly more common in children presenting PH 

due to lung disease than PAH (67.1% born preterm vs. 19.6%, p<0.001), the former having a median 

gestation at birth of 30.3 [26.1-38.0] weeks. This was reflected by the fact that almost all patients in 

group 3 had been admitted to a neonatal unit after birth, compared to around half of PAH patients 

(93.8% vs. 50.5%, p<0.001). A history of neonatal complications, including PPHN (p<0.001), 

oligohydramnios (p=0.008), and chorioamnionitis (p=0.03) were all more prevalent in patients in 

group 3 compared to group 1 PH, as was a history of extracorporeal membrane oxygenation (7.1% vs. 

3.6%, p=0.03).  

5.2.4. The prevalence and contribution of congenital heart disease  
Of patients with PH, 820 (74.5%) had one or more associated congenital heart defects. CHD was the 

primary factor contributing to PH in 548 (49.8%) and was a secondary or tertiary cause in 82 (7.4%) 

patients (Figure 5.1). The most common form of PH related to CHD was group 1 PH or PAH-CHD, 

which was responsible for 388 (71.0%) cases, followed by group 2 PH or post-capillary PH associated 

with CHD (74, 13.5%), and group 5 PH (secondary to complex CHD, 70, 12.8%). PH secondary to 

PA obstructions was the rarest form, accounting for only 2.7% of cases. 

Children with CHD and post-capillary PH were more likely to be male than other PH CHD patients 

(66.2% vs. 46.0%, p=0.002) and were younger at specialist assessment (2.0 [0.9-6.0] vs. 4.6 [1.5-

10.7] years, p=0.0009). Extracardiac co-morbidities were common in all PH groups; almost one 

quarter (125, 22.8%) of patients were diagnosed with associated lung disease (developmental lung 

disease in 12.6%) and 56 (10.2%) had co-existing upper airway disease. Genetic syndromes were 

present in over one third (202, 37.3%) of patients. Down syndrome, the most prevalent genetic 

syndrome, was significantly more common in PAH-CHD than other PH groups (30.8% vs. 4.4%, 

p<0.0001). 
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Figure 5.1: Breakdown of paediatric pulmonary hypertension (PH) cohort by presence 

of congenital heart disease, contribution to PH, and PH subgroup.  

 
Abbreviations: 2º/3º, secondary or tertiary; CHD, congenital heart disease; PAH, pulmonary arterial 
hypertension; PH, pulmonary hypertension. 

5.2.5. PH fitting more than one diagnostic group 
One in six patients (186, 16.9%) had “intergroup links” i.e., diagnostic features of more than one PH 

group, with 14.5% fitting in two groups and 2.4% three groups. A visual representation of the strength 

of the links between WSPH diagnostic subgroups is shown in Figure 5.2. The most frequently 

associated groups were PAH and PH secondary to lung disease (affecting 12.3% of the 917 patients 

with groups 1 or 3 PH). The commonest related subgroups were PAH-CHD (WSPH group 1.4.4) and 

bronchopulmonary dysplasia (group 3.5.1), co-existing in 3.6% of children with PH. 
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post-repair 
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Figure 5.2: Hierarchical edge bundling of primary and secondary contributory diseases 

to pulmonary hypertension by 6th WSPH subgroup.  

 
The density of each bundle relates to the number of associations between groups. 

5.2.6. Epidemiology of paediatric PH in the UK 
For the 15-year period from 2005 to 2019, the estimated annual incidence of childhood PH in the UK 

was 3.52 (95%CI: 3.26-3.77) patients per million and varied between PH diagnostic and age group 

(Figure 5.3). The incidence of PH was highest in infancy and was 15-fold higher in this age group 

than in adolescents (p<0.001). The pattern of PH being commonest in infancy was seen across all PH 

groups, with the highest incidence occurring in infants with group 3 PH at 15.0 (95%CI: 12.7-17.2) 

cases per million population per year. In children older than one year, PAH was the group with the 

highest incidence. Group 4 PH was the rarest form of childhood PH, with an annual incidence of 0.06 

(95%CI: 0.03-0.09) cases per million population. 

The prevalence of childhood PH was 18.1 (95%CI: 15.76-20.39) cases per million population, the 

highest prevalence occurring in group 1 PH (9.83, 95%CI: 8.12-11.54 patients per million), and the 

second highest prevalence seen in group 3 PH (4.93, 95%CI: 3.73-6.13 patients per million). The 



 83 

lowest prevalence, similar to incidence, occurred in group 4 PH, at 0.25 (95%CI: 0-0.52) cases per 

million population. 

Figure 5.3: Estimated annual incidence and average point prevalence of childhood 

pulmonary hypertension (PH) in the UK, for PH overall and groups 1-5. 

  
Incidence and prevalence estimates displayed with 95% confidence intervals. The estimates of incidence are 
overlayed on a heatmap, with darker shades of red corresponding to higher incidences. 

5.2.7. Interaction between age groups and sex, and sex ratios by PH group 
Primary PH diagnoses by age group and sex are shown in Figure 5.4. In the overall PH group, there 

was no sex preponderance in children under 12 years of age (p=0.9). In adolescence, however, the 

female-to-male ratio was 1.5, which indicated a significant excess of females compared to the 

expected UK adolescent population (p=0.006). To confirm that sex ratios varied by paediatric age 

group, the interaction term of sex * age group was tested and was significant in the overall PH cohort, 

deriving mainly from the adolescent age group (12-18 years, p=0.03). 

In PAH, a female preponderance was measured from the age of 5 years onwards and was significant 

in middle childhood (p=0.04) and adolescence (p=0.001). In contrast, group 2 PH was more frequent 

in males (0-18 years, 1.8:1, p=0.02), although differences were not detectable for different age groups. 

There were no significant differences between the observed and expected sex ratios for PH groups 3 

and 5. 

Annual incidence (per 1 million population)
Age group, 
y

Group 1 Group 2 Group 3 Group 4 Group 5 Any PH

0-1 5.89
(4.49-7.29)

1.82
(1.04-2.60)

15.0
(12.7-17.2)

0.09
(0-0.26)

1.47
(0.77-2.17)

24.2
(21.4-27.1)

1-5 1.95 
(1.55-2.36)

0.35
(0.18-0.52)

0.95
(0.67-1.24)

0.07
(0-0.14)

0.35
(0.18-0.52)

3.67
(3.11-4.22)

5-12 1.11
(0.88-1.34)

0.20
(0.10-0.30)

0.29
(0.17-0.41)

0.05
(0-0.10)

0.34
(0.21-0.47)

2.00
(1.69-2.31)

12-18 1.08
(0.83-1.32)

0.12
(0.04-0.20)

0.13
(0.05-0.22)

0.06
(0-0.12)

0.25
(0.13-0.37)

1.64
(1.33-1.94)

Overall 1.56
(1.39-1.73)

0.30
(0.22-0.37)

1.22
(1.07-1.37)

0.06
(0.03-0.09)

0.38
(0.29-0.46)

3.52
(3.26-3.77)

(0-18) Prevalence (per 1 million population)
9.83

(8.12-11.54)
1.16

(0.58-1.73)
4.93

(3.73-6.13)
0.25

(0-0.52)
1.91

(1.16-2.65)
18.1

(15.76-
20.39)
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Figure 5.4: Pyramid plots displaying primary diagnoses by age for the overall 

pulmonary hypertension cohort (a) and for groups 1, 2, 3, and 5 (b-e). Corresponding 

sex ratios are displayed for paediatric age groups: Infancy, young childhood, middle 

childhood, and adolescence. 

 

 
* p<0.05 on c2 testing compared to the expected childhood sex ratio in the UK from Office of National Statistics 
data.(2021) 

5.2.8. Heritable PAH and associated genetic syndromes 
Genetic abnormalities of all types were identified in over one-third of children (370, 34.1%) in the PH 

cohort and are presented in Table 5.4. Genetic syndromes associated with PH and/or CHD were 

common in our cohort: Down syndrome was the most commonly associated diagnosis, detected in 

176 (16%) in the overall group. The highest rate of Down syndrome occurred in the PAH group, 

which was higher than in group 3 PH (23.3% vs. 12.4%, p<0.001), despite the known association of 

Down syndrome to developmental lung disease. Only 2% of patients with group 5 PH and no patients 

in group 4 had a co-existent diagnosis of Down syndrome. Other aneuploidies were detected in 9 

(0.8%) and copy number variations, including translocations and deletions, were identified in 36 

(3.3%) patients. Noonan syndrome was the commonest monogenic syndrome, diagnosed in 0.6% of 

children. In addition, 38 (3.5%) children had clinical features of a genetic syndrome, which was not 

confirmed by genetic testing.  

PH-causing genes were detected in 26 (2.4%) children, most frequently mutations in the T-BoX 

transcription factor 4 gene (TBX4 in 9 patients, 0.8%), followed by BMPR2, Filamin A, and FOrkhead 
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boX F1 or FOXF1 (each affecting 3 patients, 0.3%). Of the 724 patients for whom a family history 

was available, 17 (4.2%) had a positive family history of PAH.   

Table 5.4: Genetic abnormalities in the UK paediatric pulmonary hypertension cohort. 

  n % total 

Aneuploidy 

Trisomy 21 (Down syndrome) 176 16.0 

Trisomy 13 (Patau syndrome) 1 0.1 

Turner syndrome 1 0.1 

Klinefelter syndrome 2 0.2 

Trisomy X 2 0.2 

Trisomy 9 mosaicism 1 0.1 

Trisomy 16 mosaicism 1 0.1 

Small marker chromosome 10 mosaicism 1 0.1 

Copy number variations   

Translocations 10 0.9 

Deletions 13 1.2 

Microdeletions 5 0.5 

Duplications/inverted duplications 4 0.4 

Chromosome 22q11 microdeletion (DiGeorge syndrome) 3 0.3 

Williams syndrome 1 0.1 

Imprinted gene disorders   

Prader-Willi syndrome 1 0.1 

Angelman syndrome 1 0.1 

Triplet repeat expansions   

Fragile X 1 0.1 

Pulmonary hypertension causing genes   

TBX4à 9 0.8 
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BMPR2à 3 0.3 

Filamin A 3 0.3 

FOXF1 3 0.3 

ALK-1à 2 0.2 

SOX17à 2 0.2 

TTF1 1 0.1 

VHLà 1 0.1 

CTNNB1à 1 0.1 

SMAD4à 1 0.1 

Other monogenic syndromes / diseases 
  

Noonan 7 0.6 

CHARGE 3 0.3 

Holt-Oram syndrome 2 0.2 

Coffin-Siris syndrome 2 0.2 

Cystic fibrosis 2 0.2 

Neurofibromatosis type 1 1 0.1 

Duane syndrome 1 0.1 

Ellis-van Creveld syndrome 1 0.1 

Klippel-Feil syndrome 1 0.1 

Rubinstein-Taybi syndrome 1 0.1 

Robinow syndrome 1 0.1 

HUPRA syndrome 1 0.1 

Hoyeraal-Hreidarsson syndrome 1 0.1 

Schinzel Gideon syndrome 1 0.1 

Stuve-Wiedemann syndromeà 1 0.1 

Russell-Silver syndrome 1 0.1 

Kabuki syndrome (MLL2 gene mutation) 1 0.1 
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Multiple pterygium syndrome 1 0.1 

Coffin-Lowry syndrome 1 0.1 

Congenital hyperinsulinism 1 0.1 

Alpha-1 antitrypsin deficiency 1 0.1 

Severe congenital neutropenia type 4 (G6PC3 mutation) 1 0.1 

Diamond-Blackfan anaemia 1 0.1 

Osteopetrosis 1 0.1 

Familial hypercholesterolaemia 1 0.1 

congenital fibre-type disproportion myopathy (SELENON gene mutation) 1 0.1 

Osteogenesis imperfecta type 8 1 0.1 

Blood dyscrasia 
  

Sickle cell anaemia 2 0.2 

Factor V Leiden 2 0.2 

von Willebrand disease 2 0.2 

Beta thalassaemia major 1 0.1 

Haemoglobin SC 1 0.1 

Haemophilia A 1 0.1 

Hermansky Pudlak 1 0.1 

Primary erythrocytosisà 1 0.1 

Evan’s syndrome 1 0.1 

Inborn errors of metabolism 
  

MPS I (Hurler syndrome) 2 0.2 

MPS II (Hunter syndrome) 1 0.1 

MPS VII (Sly syndrome) 1 0.1 

I-cell disease (mucolipidosis II) 1 0.1 

Ornithine aminotransferase deficiency 1 0.1 

Syndromes of unknown cause 
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Pierre Robin sequence 3 0.3 

VACTERL 2 0.2 

Likely pathogenic gene mutations 
  

NR2F2 gene mutation 1 0.1 

Homozygous S203 variant in LPIN2 gene 1 0.1 

Heterozygous gene mutations (including carrier status) 
4 0.4 

Variants of uncertain significance 3 0.3 

Undiagnosed dysmorphic syndrome 38 3.5 

àIdentified as a cause of hereditary pulmonary arterial hypertension on genetic testing. This applies to 5/9 TBX4 
genes, with the remainder associated with a group 3 PH phenotype (includes point mutations and microdeletions 
involving chromosome 23q11 locus). Abbreviations: ALK-1, Activin receptor-Like Kinase 1 gene; BMPR2, 
Bone Morphogenetic Protein Receptor type 2 gene; CHARGE, Coloboma, Heart, Atresia of the choanae, 
Retardation of growth and development, Genital and urinary anomalies, and Ear anomalies; CTNNB1, Catenin 
Beta 1 gene; FOXF1, FOrkhead boX F1 gene; NR2F2, Nuclear Receptor subfamily 2 group F member 2 gene; 
LPIN2, LiPIN 2 gene; MPS, mucopolysaccharidosis; SELENON, selenoprotein N gene; SOX17, SRY-box 
transcription factor 17 gene; G6PC3, glucose-6-phosphatase catabolic 3 gene; MLL2, Mixed-Lineage Leukemia 
2 gene; HUPRA syndrome, HyperUricaemia, Pulmonary hypertension, Renal failure in infancy and Alkalosis 
syndrome; TBX4, T-BoX transcription factor 4 gene; TTF1, Thyroid Transcription Factor-1 gene; VACTERL, 
Vertebral defects, Anal atresia, Cardiac defects, Tracheo-oesophageal fistula, Renal anomalies and Limb 
abnormalities; VHL, Von Hippel-Lindau gene. 

5.2.9. Clinical presentation of paediatric PH 

Typical clinical features of PH at initial expert assessment were present in fewer than two-thirds (667, 

61.9%) of children (Table 5.5). In the remaining 38.1% of patients presenting to the service, PH was 

diagnosed during routine assessment of an associated condition e.g., CHD in 57%, or during 

investigation of an intercurrent illness in 43%. Of patients presenting with symptoms or signs of PH, 

exertional dyspnoea or signs of exercise limitation were the most common presenting feature (329, 

48.6%), followed by cardiorespiratory failure (17.3%) and syncope (10%). Syncope at presentation 

was more commonly identified in patients with group 1 PH compared to other PH groups (10.8% vs. 

1.9%, p<0.001).  

WHO functional class at first assessment in the PH service was available in 890 (80.8%) patients, was 

missing in 119 (10.8%), and could not be appropriately determined in 92 (8.4%) children with various 

forms of disability. The highest proportion of functional class IV was observed in group 3 PH (48.9% 

vs. 12.9% in all other groups, p<0.0001). Around one half of children over the age of 6 years (54.4%) 

completed a 6MW test. The mean distance in the overall PH group was 309±118 m, which did not 

differ significantly between groups 1 and 3 (312±119 vs. 293±128 m, p=0.59). 
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Median weight and height Z-scores were low in the paediatric PH cohort (-1.4 [-2.7--0.3] and -1.1 [-

2.1--0.1], respectively). Growth restriction was more significant in group 3 than group 1 PH for both 

weight (median Z-score -2.3 [-3.7--0.9] vs. -1.0 [-2.0-0], p<0.001) and height (median Z-score -1.6 [-

3.1--0.9] vs. -0.8 [-1.8-0.1], p<0.001).   

Table 5.5: Main presenting clinical features of children with pulmonary hypertension. 

Main presenting symptom or sign n % total % symptomatic 

None 416 38.1 - 

Exertional dyspnoea or exercise limitation 329 30.1 48.6 

Cardiorespiratory failure 117 10.7 17.3 

Syncope 68 6.2 10 

Dyspnoea at rest 57 5.2 8.4 

Cyanosis at rest 31 2.8 4.6 

Cyanosis on exertion 23 2.1 3.4 

Fatigue 18 1.6 2.7 

Other 13 1.2 1.9 

Haemoptysis 7 0.6 1.0 

Near-syncope or dizziness 6 0.5 0.9 

Peripheral oedema 4 0.4 0.6 

Chest pain or discomfort 3 0.3 0.4 

Sweatiness 1 0.1 0.1 

5.2.10. Haemodynamics at first assessment 
Invasive haemodynamic assessment via diagnostic catheterisation was performed as part of the initial 

assessment in 684 (62.4%) patients presenting to the PH service (Table 5.6). Cardiac catheterisation 

was more commonly performed as part of the PH work-up in PAH than in group 3 PH (81% vs. 

27.9%, p<0.001), and was carried out prior to the initiation of PAH therapy in 426 patients (38.7% of 

the overall PH cohort, 62.3% of patients catheterised). Children with PAH had a more severe 

elevation in PVRi (12.0 [7.0-19.9] vs. 7.2 [4.7-10.1] WU.m2, p<0.001) and mean PAP (48.0 [34.0-
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61.3] vs. 34.0 [28.0-47.0] mmHg, p<0.001) than those with group 3 PH. Mean right atrial pressure did 

not differ between PH groups 1 and 3 (p=0.97).  

Complications during cardiac catheterisations in paediatric PH were not uncommon and occurred in 

one in 20 cases (34, 5.3%), including cardiac arrest in 9 (1.4%), haemodynamic instability requiring 

treatment or cessation of the investigation in 15 (2.3%), and a vascular complication in 5 (0.8%) 

procedures. 



Table 5.6: Haemodynamic data at first assessment for all pulmonary hypertension groups. 

 Overall 
(n=1101) 

Group 1 (n=529) Group 2  
(n=97) 

Group 3 (n=356) Group 4  
(n=20) 

Group 5 (n=99) P value 
(G1v3) 

Catheterisation 
completed 

684 (62.4) 425 (81.0) 73 (75.3) 99 (27.9) 17 (85.0) 70 (70.7) <0.001 

Catheterisation prior 
to therapy 

426 (38.7) 272 (51.4) 55 (56.7) 52 (14.6) 11 (55) 36 (36.4) <0.001 

PVRi, WU.m2 10.0 [5.5-17.2] 
458 (67.0) 

12.0 [7.0-19.9] 
324 (76.2) 

6.8 [4.1-10.4] 
37 (50.7) 

7.2 [4.7-10.1] 
60 (60.6) 

10.3 [5.2-20.3] 
8 (47.1) 

4.8[3.2-6.9] 
29(41.4) 

<0.001 

Mean PAP, mmHg 41.0 [30.0-56.0] 
596 (87.1) 

48.0 [34.0-61.3] 
376 (88.5) 

36.0 [30.0-46.0] 
67 (91.8) 

34.0 [28.0-47.0] 
85 (85.9) 

34.5 [29.0-43.0] 
14 (82.4) 

22.5[15.0-34.8] 
54(77.1) 

<0.001 

Mean RAP, mmHg 8.0 [5.2-10.0] 
306 (44.7) 

7.0 [5.0-9.0] 
202 (47.5) 

9.0 [7.0-13.0] 
34 (46.6) 

7 [5.5-9.0] 
35 (35.4) 

8.0 [8.0-13.0] 
9 (52.9) 

9.5[8.0-11.0] 
26(37.1) 

0.97 

PAWP, mmHg 10.0 [8.0-13.0] 
373 (54.5) 

10.0 [8.0-12.0] 
243 (57.2) 

17.0 [14.5-20.5] 
51 (69.9) 

9 [7.0-12.0] 
41 (41.4) 

13.5 [12.0-17.0] 
8 (47.1) 

9.0[7.3-11.0] 
30(42.9) 

0.6 

Catheter-related 
complications 

34 (5.3) 21 (5.2) 2 (2.8) 6 (6.2) 1 (6.2) 4 (7.0) 0.9 

Number and proportion of available data are presented in grey italics. P value <0.05 indicative of statistical significance (bold font). Abbreviations: CI, cardiac index; PAP, 
pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; WU, Wood units. 



 

5.2.11. Initial PAH therapeutic strategy 

The initial strategy of PAH therapy (defined as the treatment regimen started within eight weeks of 

entry into the analysis cohort) for all PH diagnostic groups is shown in Table 5.7. The initial 

treatment strategy in the overall PH cohort involved monotherapy in over half (617, 56.0%) of 

patients, most commonly with a PDE-5 inhibitor (47.7%) or an ERA (5.8%). Upfront or early 

sequential dual agent therapy was started in 157 (14.3%) children, while initial triple therapy was used 

in 46 (4.2%). Prostanoids were employed as part of the therapeutic regimen in 103 (9.4%) patients, 

their use as monotherapy being uncommon (0.3%) across all groups. 

Children with PH due to lung disease were less likely to be started or maintained on dual or triple 

agent combination therapy after initial assessment in the PH service than patients in other PH groups 

(12.6% vs. 23.4%, p<0.001). Despite having primarily post-capillary PH, 55 (56.7%) patients with 

group 2 PH were started or maintained on PAH therapy at study entry. Patients with IPAH were more 

likely to receive aggressive treatment with upfront combination therapy than children with other 

forms of PAH (49.3% vs. 23.4%, p<0.001). Of 146 patients with heritable or IPAH, 24 (16.4%) 

received treatment with calcium channel blockers as acute vasoresponders. 

In addition to PAH therapy, over one-third (384, 35.2%) of patients received supplemental oxygen 

therapy, which was more commonly used in group 3 than group 1 PH (45.1% vs. 33.7%, p<0.001). 

Non-invasive ventilation or continuous positive airway pressure was also most frequently employed 

in group 3 PH than all other groups combined (14.1% vs. 1.8%, p<0.001). Supportive therapy with 

diuretics was common in the overall PH group, with loop diuretics (476, 43.7%) and 

mineralocorticoid receptor antagonists (397, 36.6%); children with PH due to left heart disease were 

more likely to receive either of these medications than children in other PH groups combined 

(p<0.001 and p=0.004, respectively). Antiplatelet and/or anticoagulant use was common in all PH 

groups apart from group 3 (33.7% vs. 3.7%, p<0.001). 

 



Table 5.7: Clinical management and outcomes for all groups of paediatric pulmonary hypertension. 

 
Overall 

(n=1101) 
Group 1 
(n=529) 

Group 2 
(n=97) 

Group 3 
(n=356) 

Group 4 
(n=20) 

Group 5 
(n=99) 

P value 
(G1v3) 

Clinical management        
PH therapy use at any time, n (%) 910 (82.7) 437 (82.6) 63 (64.9) 309 (86.8) 17 (85.0) 84 (84.8) 0.11 
Initial PH therapeutic strategy        
 Monotherapy, n (%) 617 (56.0) 266 (50.3) 43 (44.3) 238 (66.9) 13 (65.0) 57 (57.6) <0.001 
 Dual agent combination therapy, n (%) 157 (14.3) 90 (17.0) 11 (11.3) 39 (11.0) 2 (10.0) 15 (15.2) 0.02 
 Triple therapy, n (%) 46 (4.2) 34 (6.4) 1 (1.0) 6 (1.7) 0 (0) 5 (5.1) 0.002 
 None, n (%) 281 (25.5) 139 (26.3) 42 (43.3) 73 (20.5) 5 (25.0) 22 (22.2) 0.06 
Initial monotherapy        
 PDE-5 inhibitor, n (%) 525 (47.7) 193 (36.5) 37 (38.1) 234 (65.7) 10 (50.0) 51 (51.5) <0.001 
 ERA, n (%) 64 (5.8) 54 (10.2) 3 (3.1) 2 (0.6) 2 (10.0) 3 (3.0) <0.001 
 Prostanoid, n (%) 3 (0.3) 2 (0.4) 1 (1) 0 (0) 0 (0) 0 (0) 0.66 
Agents in initial therapeutic strategy        
 PDE-5 inhibitor, n (%) 724 (65.8) 314 (59.4) 49 (50.5) 278 (78.1) 12 (60.0) 71 (71.7) <0.001 
 ERA, n (%) 232 (21.1) 155 (29.3) 9 (9.3) 42 (11.8) 4 (20.0) 22 (22.2) <0.001 
 Prostanoid, n (%) 103 (9.4) 77 (14.6) 8 (8.2) 8 (2.2) 1 (5) 9 (9.1) <0.001 
Therapy at end of follow-up        
 Monotherapy, n (%) 390 (35.4) 168 (31.8) 36 (37.1) 135 (37.9) 8 (40.0) 43 (43.4) 0.07 
 Dual agent combination therapy, n (%) 197 (17.9) 135 (25.5) 11 (11.3) 29 (8.1) 3 (15.0) 19 (19.2) <0.001 
 Triple therapy, n (%) 102 (9.3) 83 (15.7) 1 (1.0) 14 (3.9) 0 (0) 4 (4) <0.001 
 None, n (%) 412 (37.4) 143 (27.0) 49 (50.5) 178 (50.0) 10 (50.0) 33 (33.3) <0.001 
Agents at end of follow-up        
 PDE-5 inhibitor, n (%) 617 (56.0) 328 (62.0) 43 (44.3) 172 (48.3) 10 (50.0) 64 (64.6) <0.001 
 ERA, n (%) 320 (29.1) 238 (45.0) 13 (13.4) 42 (11.8) 3 (15.0) 24 (24.2) <0.001 
 Epoprostenol, n (%) 106 (9.6) 88 (16.6) 4 (4.1) 9 (2.5) 1 (5.0) 4 (4.0) <0.001 
 Treprostinil, n (%) 10 (0.9) 9 (1.7) 0 (0) 1 (0.3) 0 (0) 0 (0) 0.1 
 Iloprost, n (%) 24 (2.2) 17 (3.2) 1 (1.0) 5 (1.4) 0 (0) 1 (1.0) 0.14 
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 Selexipag, n (%) 5 (0.5) 5 (0.9) 0 (0) 0 (0) 0 (0) 0 (0) 0.17 
Calcium channel blocker 116 (10.5) 80 (15.1) 8 (8.2) 21 (5.9) 1 (5.0) 6 (6.1) <0.001 
 Amlodipine, n (%) 49 (40.8) 31 (37.3) 3 (37.5) 12 (57.1) 0 (0) 3 (42.9)  
 Nifedipine, n (%) 67 (55.8) 49 (59.0) 5 (62.5) 9 (42.9) 1 (100) 3 (42.9)  
 Diltiazem, n (%) 4 (3.3) 3 (3.6) 0 (0) 0 (0) 0 (0) 1 (14.3)  
Supportive therapy        
 Any oxygen therapy, n (%) 384 (35.2) 177 (33.7) 19 (19.6) 160 (45.1) 5 (26.3) 23 (24.0) <0.001 
 CPAP/NIV, n (%) 63 (5.8) 8 (1.5) 3 (3.1) 50 (14.1) 0 (0) 2 (2.1) <0.001 
 Loop diuretic, n (%) 476 (43.7) 186 (35.6) 62 (63.9) 165 (46.9) 8 (40.0) 55 (56.1) 0.001 
 MRA, n (%) 397 (36.6) 140 (26.9) 49 (50.5) 158 (45.1) 6 (30.0) 44 (45.4) <0.001 
 Antiplatelet, n (%) 164 (14.9) 111 (21.0) 19 (19.6) 7 (2.0) 5 (25.0) 22 (22.2) <0.001 
 Anticoagulant, n (%) 99 (9.0) 45 (8.5) 20 (20.6) 6 (1.7) 4 (20.0) 24 (24.2) <0.001 
 Antiplatelet and anticoagulant, n (%) 5 (0.5) 1 (0.2) 3 (3.1) 0 (0) 0 (0) 1 (1.0) 1 
Clinical outcomes        
Resolution within 5 years of diagnosis, %* 23.6 10.7 34.9 38.6 - 24.8 - 
Age at resolution, months 3.7 [2.1-5.7] 4.5 [2.8-7.4] 6.2 [4.7-6.6] 3.1 [2-4.9] - 4.2 [1.1-10.4] 0.004 
Transplant assessment, n (%) 109 (9.9) 70 (13.3) 14 (14.4) 13 (3.7) 1 (5) 11 (11.1) <0.001 
Transplant listing, n (%) 59 (5.4) 37 (7) 12 (12.4) 7 (2) 1 (5) 2 (2) 0.001 
Transplanted lung or heart, n (%) 42 (3.8) 24 (4.5) 11 (11.3) 4 (1.1) 1 (5) 2 (2) 0.008 
Transplanted within 5 y of diagnosis, %* 2.7 3.5 6.4 1.1 - 0 - 

*Outcome statistics are based on the competing risks analysis. P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: CPAP, continuous positive airway pressure; ERA, endothelin receptor antagonist; MRA, mineralocorticoid receptor antagonist; NIV, non-invasive 
ventilation; PDE-5, phosphodiesterase-5. 



5.2.12. Management of PH at the latest follow-up 
At the latest review in the PH service, 696 (76.4% of patients started on PAH therapy) patients were 

maintained on PAH therapy (monotherapy in 35.0%, combination therapy in 27.2%). Over the period 

of study, prostanoid therapy was used in 144 (13.1%) patients, in 102 (70.8%) of whom it was 

required as part of triple therapy. Triple therapy was significantly more common in patients with 

IPAH compared to other forms of PAH (37.0% vs. 7.6%, p<0.001). Of patients receiving prostanoids, 

73.6% were on intravenous epoprostenol, 16.7% on inhaled iloprost, 6.9% on subcutaneous 

treprostinil, and 3.5% on oral selexipag. Only half (n=181, 50.8%) of patients in group 3 were 

maintained on PAH therapy until the latest follow-up visit and were more likely to receive sildenafil 

monotherapy than PAH patients (36.5% vs. 23.3%, p<0.001). Only 15(4.2%) patients in group 3 

received prostanoid therapy, compared to 113 (21.4%) with PAH overall (p<0.001) and 75 (51.4%) 

with IPAH (p<0.001). 

Interventional procedures were used as part of the management strategy of PH in 57 (5.2%) patients, 

including atrial septostomy or atrial flow regulator (41, 3.7%), reversed Potts shunt (6, 0.5%), or 

stenting of an existing PDA (10, 0.9%).  

5.2.13. Changes in demographics of PAH-CHD over time 
The subgroup distribution of PAH-CHD at diagnosis changed from the early to the late study period 

(Figure 5.5). The proportion of patients with Eisenmenger syndrome (group A PAH-CHD) decreased 

from 43.4% to 14.6% (p<0.001), whereas the proportion of group B PAH-CHD patients increased 

(9.4% vs. 33.3%, p<0.0001), with the majority (59.3%) deemed “operable” on PH specialist 

assessment. There was a trend for an increase in repaired PAH-CHD patients between the early and 

late era, but this did not reach statistical significance (31.1% vs. 43.8%, p=0.09).  
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Figure 5.5: Subgroup distribution of PAH-CHD in the early (2000-2005) and late (2015-

2020) eras. 

 

5.2.14. Clinical outcomes 

Clinical outcomes were examined in 970 (88.1%) incident patients over a median follow-up period of 

3.0 years [range 1 day-16.6 years] with a cumulative follow-up time of 3948.6 patient-years.  

5.2.14.1. PH resolution: A unique feature of paediatric disease 
Resolution of PH was identified in 171 (15.5%) children at a median age of 3.7 [2.1-5.7] years, 2.1 

[0.9-3.4] years after the initial PH diagnosis. Based on competing outcomes analysis (Table 5.7, 

Figure 5.5 C-D), resolution within 5 years was more common in group 3 PH than patients from all 

other PH groups combined (38.6% vs. 16.6%, p<0.001), and patients with PAH (9.1%, p<0.001). Of 

children with PAH who experienced resolution of their disease, the most common diagnostic 

subgroup was PAH-CHD (21, 5.5% of patients with PAH-CHD) accounting for 61.8% of resolved 

PAH, followed by drug- and/or toxin-related PAH (5, 50.0% of patients in this PAH subgroup) 

accounting for 14.7% of resolved PAH, and PPHN (4, 50.0% of patients with this diagnosis and 

11.8% of resolved PAH).  

5.2.14.2. Transplant-free survival 

Over the period of follow-up, 268 (24.3%) patients died and 39 (3.5%) underwent bilateral lung or 

heart-lung transplantation. Almost 1 in 10 patients (109, 9.9%) were assessed by the advanced heart 

failure and transplantation team and 59 (5.4%) were listed for transplant. Transplantation occurred 

after a median time of 4.8 [1.5-10.1] months on the active waiting list. A further 20 (1.8%) children 

who had been listed for transplantation remained on the list, and 55% of these patients had died after a 
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median 8.2 [2.3-15.4] months on the list. From competing outcomes analysis, transplantation within 

five years of diagnosis took place in 3.5% of PAH patients, 6.4% of group 2 PH patients, and only 

1.1% of patients with PH due to lung disease.   

On Kaplan-Meier analysis, transplant-free survival in the incident PH cohort was 86.7% (95%CI: 

84.5-89.0%) at one year, 73.9% (95%CI: 70.7-77.1%) at five years, and 68.6% (95%CI: 64.7-72.6%) 

at ten years (Figure 5.5 A). Group 2 PH had the lowest transplant-free survival (HR 2.0, 95%CI:1.36-

2.94, p<0.001) whereas the overall survival between groups 3 and 5 did not differ significantly from 

PAH (HR 0.87, 95%CI:0.66-1.15, p=0.33, Figure 5.5 B). The early divergence in transplant-free 

survival between group 1 and 3 PH was not statistically significant on testing using weighted Log-

rank extensions (Gehan-Breslow-Wilcoxon p=0.07). 

Figure 5.6: Outcomes in childhood pulmonary hypertension: Kaplan-Meier survival 

curves in (a) the overall cohort and (b) for groups 1, 2, 3, and 5, and competing 

outcomes for (c) group 1 and (d) group 3. 
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5.3. Discussion 
In this chapter, I have created a clinical registry of paediatric PH covering the entire history of the UK 

National Paediatric PH Service from its inception in 2001. This represents the largest national cohort 

of consecutive incident children with PH reported to date, with long-term longitudinal assessment 

over a 20-year period within a universal healthcare system. Using this specially curated dataset, I have 

described the epidemiology, clinical characteristics, unique features, and outcomes of this population. 

I found that the incidence of paediatric PH varies widely by age and diagnostic group, with a 

substantial peak in incidence during the first year of life. Unique to childhood PH was the finding of 

resolution of disease in a significant proportion of patients, especially with group 3 disease, as well as 

the high frequency of multiple contributory causes of PH. Long-term outcomes remain poor for all 

paediatric PH groups despite widespread use of PAH pharmacotherapy and supportive therapies. My 

findings point to an urgent need to develop paediatric-specific treatment initiation and escalation 

strategies. The unique features of childhood PH challenge disease paradigms in both adulthood and 

childhood; these characteristics, which have been the focus of this chapter of my thesis, should inform 

future systems of disease classification. 

5.3.1. Epidemiology of childhood PH 
I have reported estimates for incidence and prevalence for paediatric PH in the UK, as well as for each 

PH group. I have also provided incidence estimates by paediatric age group. I found that the annual 

incidence of PH peaked in infancy for all groups and fell sharply with older age, indicating the 

dominant role played by developmental heart and lung diseases in childhood PH. Indeed, many of the 

underlying conditions causing several forms of PH in infancy are either exclusively or predominantly 

paediatric disorders. This includes PPHN and associated disorders (group 1 PH), post-capillary 

obstructive lesions (group 2), such as pulmonary vein stenosis which can be associated with 

prematurity, developmental lung disorders (group 3), and unrepaired complex CHD (group 5). 

My incidence and prevalence estimates are similar to those reported in other national and non-national 

clinical registry studies(del Cerro Marín et al., 2014; Kwiatkowska et al., 2020; Moledina et al., 2010) 

and are unsurprisingly lower than in studies utilising administrative or insurance claims data.(van 

Loon et al., 2011; Li et al., 2017; Leber, Beaudet & Muller, 2021) In a systematic review of the 

literature, Leber and colleagues compared different estimates of incidence, and highlighted the 

differences between national registries and claims databases (see Table 1.4 in Section 1.5.2).(Leber, 

Beaudet & Muller, 2021) The latter are often able to include larger numbers of patients and may not 

have the selection bias of non-systematic registry studies. There are, however, limitations in these 

estimates due to relatively shallow phenotyping, data collected for primarily administrative purposes 

with diagnosis based on diagnostic and procedural codes labelled by administrators, and different 

sources of selection bias e.g., arising from patterns of insurance coverage. This introduces the risk of 
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including false positives into the analysis cohort and may inflate incidence and prevalence estimates. 

National registries, on the other hand, usually offer deeper phenotyping and more secure diagnosis, 

but maybe more vulnerable to selection/enrolment bias, often limited to smaller numbers.  

Estimates based on data from nationally designated networks may also be affected by the initial 

period of the establishment of the service, following a major national reorganisation, as referrals often 

increase year-on-year in the initial period as the service is advertised to peripheral centres without a 

true increase in disease incidence. The UK National Paediatric PH Service was established in early 

2001 and was designated by the National Specialist Advisory Group of the Department of Health in 

2002.(Haworth & Hislop, 2009) Referrals to the service in the first two to three years were mostly 

internal or local referrals of patients with certain types of PH e.g., Eisenmenger syndrome or prevalent 

IPAH. By 2005, the national service was firmly established, and referral patterns had stabilised, which 

was reflected in the commissioning of the service by the Specialist Commissioning Group in April 

2007. I accounted for the effects of national reorganisation by basing our epidemiological estimates 

on a 15-year period starting in 2005.  

To calculate the incidence and prevalence of childhood PH in the UK, I chose operational definitions 

that have previously been used in this population to improve comparability between studies. Indeed, 

the choice of operational definitions of both denominators and numerators to calculate incidence and 

prevalence influence these epidemiological measures to some extent. Prevalence calculated as point 

prevalence (or contact prevalence) has been shown to produce lower estimates than one-year period 

prevalence proportions.(Spronk et al., 2019) While the choice of point-prevalence is problematic for 

acute, short-lasting diseases, as the number of episodes contributing to the numerator will be higher 

over the course of a year than on a specific day, for chronic diseases (such as most cases of childhood 

PH), estimates from point- and period prevalence only slightly differ as people die or emigrate. 

Epidemiology from the Spanish national registry was reported by del Cerro Marín et al. for PH, PAH 

and CTEPH using average annual incidence over a three-year period and point prevalence.(del Cerro 

Marín et al., 2014) I therefore chose similar methods of calculating these epidemiological operators 

and derived comparable estimates: annual incidence of childhood PH of 3.52 cases per million 

population in the UK registry vs. 4.03 patients per million in the Spanish registry, and average point 

prevalence of 18.1 cases per million population (UK) vs. 20.2 patients per million (Spanish). Registry 

design, including the data structure and inclusion/exclusion criteria, not only affect epidemiological 

estimates but also the clinical phenotypes of enrolled patients. 

5.3.2. Enrolment criteria of registries and impact on reporting of PH phenotypes 
The UK paediatric PH registry included all five WSPH diagnostic groups, without the requirement of 

cardiac catheterisation for the diagnosis of PH. PH to lung disease was the second most common 

group and predominated in infancy; these patients undergo cardiac catheterisation less commonly than 
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other PH patients. Several of the existing PH registries, including the TOPP and the Spanish 

REHIPED registry, set a requirement of cardiac catheterisation for study inclusion. Accordingly, I 

reported a higher proportion of group 3 PH, present in almost one-third of patients, as well as a lower 

median age at study entry of 2.6 [0.8-8.2] years compared to either of these registries. The recent 

report from the US-based PPHNet registry used enrolment criteria similar to mine, without a 

requirement for invasive haemodynamic testing, although cardiac catheterisation was often performed 

as part of the diagnostic evaluation in our population and the PPHNet registry. As a result, Abman and 

colleagues reported a relatively high proportion of patients in Group 3 (49% of diagnoses) and an 

even younger median age at diagnosis of six months.(Berger et al., 2012; del Cerro Marín et al., 2014; 

Abman et al., 2021; Badesch et al., 2010) The move towards broader inclusion of PH groups beyond 

PAH in recent registries is important to shed light on previously under reported PH groups, including 

PH due to lung disease. Our results support the development of initiatives aimed at improving referral 

rates of PH related to lung disease to specialist PH services, as well as optimising management 

strategies and outcomes in this patient cohort. 

5.3.3. PH related to multiple diagnostic groups 
In this study, two experienced investigators performed deep phenotyping of each patient, assigning a 

primary PH subgroup according to the 6th WSPH international classification system, but then also 

documenting secondary and tertiary causes of PH when these were apparent. Longitudinal assessment 

was performed to capture resolution of PH or changes in the type of PH e.g., from PAH-CHD related 

to a prevalent left-to-right shunt to post-operative PAH-CHD following defect repair. Where the 

predominant type of PH was in question, our senior collaborator and clinical lead of the paediatric PH 

service reviewed the case and made a final decision regarding diagnosis.  

The in-depth phenotyping of cases performed in this study led to the insight that one in six children 

with paediatric PH had disease classifiable under more than one diagnostic group. My finding of 

multiple aetiologies contributing to paediatric PH, corroborates data from the Spanish REHIPED 

registry.(del Cerro Marín et al., 2014) In the current cohort, the most frequent association was 

between PAH-CHD (group 1 PH) and developmental lung disease (group 3 PH). The frequent 

coexistence of diverse causes of PH in the same patient highlights the integral role of the specialist PH 

multi-disciplinary team, which provided the expertise required to systematically phenotype each 

patient. It also supports the clinical guideline standard, which states that the care of patients with PH 

should be concentrated in centres with specialist expertise, including access to multiple specialties 

beyond PH clinicians, including paediatric cardiologists, intensivists, respiratory physicians, 

neonatologists, and clinical geneticists.(Abman et al., 2015)  

When assessing a patient with multiple contributory causes of PH, understanding the relative 

contribution of each cause may be extremely challenging. Different underlying disorders have unique 
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natural histories, which can impact response to PAH therapy and clinical outcomes. For example, in 

the case of an infant with PAH-CHD related to a prevalent left-to-right shunt and bronchopulmonary 

dysplasia, the size and location of the shunt and the severity of the lung disease determine the clinical 

course. If the PH is mainly due to lung disease this is more likely to resolve over time, whereas PAH 

is more likely to progress (unless CHD repair is performed in a timely fashion). 

5.3.4. Use of WHO functional classification in children 

The National Paediatric PH Service assigned a WHO functional classification to each patient as first 

set out in the Executive Summary from the first World Symposium on Primary Pulmonary 

Hypertension, Evian, 1998.(Rich, Rubin & Abenhail, 1998) This classification was modified from the 

original NYHA functional classification designed for heart failure. The application of WHO 

functional class to young children has been debated, but this variable has been demonstrated to be a 

strong predictor of transplant-free survival in several large studies of children with PAH. Its use as a 

treatment goal and surrogate for survival has been proposed and was recently supported by the 6th 

WSPH .(Rosenzweig et al., 2019; Ploegstra et al., 2014) Further modifications to the original WHO 

functional classification have been made to account for the way that age, physical growth, and 

maturity influence the expression of the functional effects of PH. Young children cannot 

communicate the presence and degree of breathlessness, and an assessment of exertion in pre-mobile 

children should account for signs of dyspnoea and/or distress during feeding and crying. The modified 

Panama functional classification for children was designed to encapsulate a child’s clinical status 

using objective indicators, including thriving, the need for supplemental feeds and the record of 

school or nursery attendance.(Lammers et al., 2011) This proposed functional classification has not 

reached broad use in the paediatric PH community due to its complexity and influence by non-cardiac 

co-morbidities, e.g., contributing to failure to thrive.(Balkin et al., 2016) I did not use the modified 

Panama classification as information on many features of this score e.g., poor appetite, requirement 

for “excessive medical attention”, etc. were not available on retrospective note review. We therefore 

used WHO functional class transcribed from the initial clinical assessment i.e., following assessment 

by the treating clinician, with the level of physical effort adapted appropriately in relation to the age 

of the child (e.g., coping with feeding in infancy, keeping pace with peers for a toddler). I 

acknowledge, however, that WHO functional class was not available in one fifth of patients and this 

must be considered when designing a risk stratification tool that can be widely applied in the 

paediatric population. 

5.3.5.  The PAH therapeutic strategy in paediatric PH 
Current paediatric PH guidelines have set out clear recommendations for the use of PAH-targeted 

therapies in children, despite a lack of licensing of therapies beyond PDE-5 inhibitors.(Abman et al., 

2015) The use of PAH therapy has become more widespread over recent years and were utilised in a 
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significant proportion of patients in the current analysis. When comparing PAH therapy for IPAH in 

the current study to the initial analysis of the UK National PH Service cohort by Haworth and Hislop, 

which covered the period from 2001-2006, the rate of combination therapy increased from 37 to 

71%.(Haworth & Hislop, 2009)  

The rate of use of PAH therapy in the current study was similar to that in other registries, both in 

terms of the overall use of PAH therapy and the use of combination therapy. The patterns of therapy 

differed, however, especially when comparing our results to the US registry. A higher proportion of 

children with PAH received IV prostacyclin in the PPHNet registry than in the current study (27% vs. 

16.6%), and prostacyclin monotherapy was used in 6% of US children with PAH versus 0.6% of 

patients in the UK. This might be explained by differences in prescription practises and/or treatment 

incentives between the two countries.  

The use of PAH therapies in paediatric practice was initially extrapolated from studies in adult 

patients given the common pathophysiology in most cases of group 1 disease across the lifespan. 

Nitric oxide received FDA approval for the management of PPHN and respiratory failure early in life, 

but is cumbersome to use, requiring continuous inhalation in a high dependency setting, and can be 

toxic at higher doses.(Weinberger et al., 2001) Indeed, the initial trials of PDE-5 inhibitors in 

paediatric IPAH revealed that sildenafil was associated with an apparent dose related-excess 

mortality.(Barst et al., 2012; Mourani et al., 2009; Nyp et al., 2012) This prompted an FDA black box 

warning, although subsequent commentators have highlighted problems with the study design and 

selection bias in the “Sildenafil in treatment-naïve children, aged one to 17 years, with PAH” 

(STARTS-1) trial.(Goss et al., 2017; Barst et al., 2014) In recent times, clinical trials of therapy have 

been conducted by paediatric PH programmes, providing an evidence base for goal-oriented therapy 

in childhood PH, and leading to the European Medicines Agency approving sildenafil for use in this 

population.(Barst et al., 2012, 2014; Schweintzger et al., 2020) In line with the emerging evidence, 

children with group 1 disease, and particularly with heritable or IPAH, with significantly more likely 

to receive combination therapy than other PH groups.  

In contrast to adult PH cohorts, in which PAH therapies are usually reserved for group 1 PH,(Galiè et 

al., 2016) half of children with PH due to left heart or lung disease also received targeted therapy in 

the UK paediatric cohort. As highlighted by the 2018 WSPH Paediatric Task Force and also in my 

analysis, the aetiology and presentation of neonatal and paediatric PVD has several specific features, 

including the role of injury to the developing foetal and neonatal pulmonary vasculature, the frequent 

association with genetic anomalies, and the frequent co-occurrence of multiple different forms of PH 

in a single patient.(Rosenzweig et al., 2019) Hence, PAH therapies required separate evaluation in 

these children. For example, developmental lung diseases, such as bronchopulmonary dysplasia or 

congenital diaphragmatic hernia, predominate as causes of paediatric PH related to lung disease. The 

therapeutic approach to these diseases cannot be extrapolated from data relating to adult group 3 PH, 
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which is primarily caused by interstitial lung disease and chronic obstructive pulmonary disease, both 

chronic lung diseases with completely different underlying pathophysiology from developmental lung 

diseases.(Nathan et al., 2019) In infants with bronchopulmonary dysplasia, for example, early 

respiratory support and management of the underlying lung disease is the primary goal of therapy, as 

impaired gas exchange contributes to hypoxic vasoconstriction and PH. Once respiratory support is 

optimised, the patient is then assessed for consideration of pulmonary vasodilator therapy.(Goss et al., 

2017; Baker, Abman & Mourani, 2014) 

In PH due to left heart disease, the main aetiologies in the UK paediatric registry were pulmonary 

vein stenosis and childhood cardiomyopathies.(Vachiéry et al., 2013; Kalfa et al., 2017) Not all 

patients with post-capillary PH are referred to the PH service; it is likely that more advanced cases 

were selected, often meeting the PH team as part of an assessment for advanced heart failure therapies 

and transplantation. In this context, it is less surprising that PH therapies were utilised by experts as an 

adjunct to conventional heart failure management. 

Two-thirds of children with group 5 PH in this cohort received PAH therapy. Group 5 disease was 

mainly related to complex CHD, or rare multisystem and/or metabolic disorders. There is a dearth of 

evidence for the use of PAH therapy in these patient groups, and treatment choices must therefore be 

made on a patient-by-patient basis. When therapy is used, this should take place in a specialist centre 

with expertise in PH and the underlying condition, and with careful monitoring of adverse effects and 

response to therapy.  

5.3.6. Outcomes in paediatric PH: Comparative analysis 
The present study reported long-term outcomes, covering a period of 20 years. My survival analysis 

was restricted to the incident cohort, i.e. included at the time of PH diagnosis, to avoid immortal time 

bias.(Abman et al., 2021; Zijlstra et al., 2014) For this reason, patients were included at the time of 

definitive diagnosis in the specialist PH service. Indeed, the diagnosis and management of all PH, and 

especially paediatric PH, requires assessment in a specialist service, where the diagnosis can be 

established with certainty and appropriate management can be initiated. In a minority of patients, the 

suspicion of PH was described in the clinical notes, often several months prior to referral to the 

specialist service. However, to ensure inclusion only of patients with firmly established PH, we 

defined the time of diagnosis as the point when they were assessed by the national specialist service in 

accordance with practice guidelines.(Abman et al., 2015) 

Almost one third of children with PH had undergone lung or heart-lung transplantation or had died 

within a decade of diagnosis, and the worst outcomes were observed in PH secondary to left heart 

disease. The outcomes from the current study were similar to those reported by the national Spanish 

registry and intermediate between other European and US registries.(del Cerro Marín et al., 2014; 

Zijlstra et al., 2014) The US-based PPHNet registry reported a transplant-free survival in the overall 
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PH cohort of 84% at five years compared to a slightly lower survival of 73.9% over the same follow-

up period in the UK paediatric PH registry. A potential explanation for this small difference in 

outcomes was the higher proportion of cases of transient or resolving PH in the PPHNet cohort, e.g., 

PPHN, a transient form of PH in early life, accounted for 7.6% of patients in PPHNet versus 0.7% of 

children included in the present study. The rate of resolution of PAH at five years in the US registry 

was 42% compared to 10.7% in the UK paediatric PH population. The differing outcomes may also 

be explained by the haemodynamic characteristics of the populations: Children in the UK registry had 

more severe haemodynamic perturbations at first assessment than the PPHNet cohort, e.g., PVRi of 

10 vs. 7.1 WU.m2. 

The clinical outcomes reported in the present analysis were comparable to those reported in the 

national Spanish registry, where three-year survival in the overall cohort was 80% vs. 78.9% (95%CI: 

76.2-81.8) in the UK paediatric PH population.  The Spanish registry also reported superior outcomes 

in patients with group 1 PH compared to other groups; neither the present study nor the PPHNet 

registry were able to corroborate this result. 

Overall, I have shown that paediatric PH, regardless of the group, is still associated with significant 

mortality and morbidity despite advances and widespread use of techniques for earlier diagnosis, 

supportive care, including neonatal intensive care, and targeted pharmacological therapies. Although 

these technological advancements have undoubtedly moved the needle with respect to the natural 

history of paediatric PH, there remains an urgent need for widespread education of specialist and non-

specialist healthcare professionals regarding the detection and early referral of children with a 

suspicion of PH, as well as further therapeutic innovations for these patients.(Barst, 2010; Newman et 

al., 2017) 

5.3.7. Transplantation in paediatric PH and interventional palliative bridges 

 
For children who continue to have high-risk features of PH despite optimal medical therapy, bilateral 

lung transplant or heart-lung transplant is the only curative therapy for this disease. Outcomes 

following paediatric lung transplantation for PAH remain relatively limited, however, with a five-year 

survival of 64% for children with IPAH and 43% for other PAH aetiologies.(Chambers et al., 2019) 

Furthermore, there is a finite organ supply and transplantation is a highly technical procedure 

performed by relatively few centres globally, limiting accessibility. Over the 20-year span of the UK 

national paediatric PH service, only 39 children under specialist PH follow-up in the UK underwent 

bilateral lung or heart-lung transplantation, representing 3.5% of the overall cohort or an average of 

around two transplants per year. Stabilising patients with severe PH by other means to avert or delay 

transplantation is, therefore, necessary. 
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In the present study, a higher proportion (5.2%) of children had undergone interventional procedures 

for PH than had successfully undergone transplantation. Placement of pulmonary-to-systemic shunts, 

either in the form of an atrial septostomy or a reversed Potts shunt (surgical anastomosis of the left PA 

and descending aorta), have been used in children with severe PH as an alternative to 

transplantation.(Grady et al., 2021) Blade atrial septostomy has been used in the treatment of children 

with PH since the mid-1990s and has been shown to improve symptoms of severe PH, presumably 

through providing a “relief valve” for the failing right ventricle through pulmonary-to-systemic 

shunting (at the expense of a reduction in oxygen saturation), improving right ventricular contractility, 

left ventricular preload and systemic cardiac output.(Sandoval et al., 2015) Modern modifications of 

this procedure include the placement of fenestrated ASD closure devices and atrial flow regulators. 

Despite a lack of prospective trials demonstrating a survival advantage of this treatment, European 

paediatric PH practice guidelines give a class IIb recommendation to atrial septostomy, that may be 

considered in patients in functional class III/IV with a history of recurrent syncope, in addition to 

combination PAH therapy and as a bridge to transplant.(Hansmann et al., 2019) 

In 2004, Blanc and colleagues from the Hôpital Necker-Enfants Malades in Paris, France, reported 

two cases of children with suprasystemic PAH who had been effectively treated using a reversed Potts 

shunt.(Blanc, Vouhé & Bonnet, 2004) Similar to the atrial septostomy, the pulmonary-to-systemic 

shunt offloaded the right ventricle, restoring right ventricular function, with the added benefit of 

cyanosis being limited to the lower limbs, as in the case of an Eisenmenger PDA. Indeed, in patients 

with an existing PDA, dilation and stenting of the existing shunt is also practiced nowadays. A recent 

international, multi-centre registry study of 110 children with PH who underwent a reversed Potts 

shunt reported a 15% in-hospital mortality, and a five-year transplant-free survival of 58%, i.e., 

comparable to outcomes reported after successful lung transplantation.(Grady et al., 2021) After 

hospital discharge, children experienced a significant improvement in WHO functional class, 6MWD, 

serum BNP concentration, and over half were weaned from parenteral prostacyclin therapy. The 

reversed Potts shunt still requires the right ventricle to generate systemic pressures to support the 

pulmonary-to-systemic shunt. The procedure may not be suitable, therefore, to children with very 

severe right ventricular failure. In line with this, the registry results showed that children who were 

critically ill prior to the procedure, admitted to ITU, on inotropic support, mechanical ventilation 

and/or ECMO, had a significantly higher peri-procedural mortality, as well as poorer long-term 

outcomes.  

5.3.8. Resolution of paediatric PH 
Resolution of PH is unique characteristic of paediatric disease and was documented in one in seven 

children in the UK PH registry. Most patients who were weaned from PAH therapy did not undergo 

repeat cardiac catheterisation or lung biopsy; we therefore defined PH resolution as cessation of PAH 

therapy with normalisation of PA pressure, either on echocardiography or by catheterisation, when the 
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latter had been performed. A similar pragmatic definition (alive following the cessation of PAH 

therapy) was used in the PPHNet registry, although in most cases regression of pulmonary vascular 

changes could not be confirmed. In the UK registry, as in PPHNet, resolution was significantly more 

common in PH due to lung disease.  

Resolution in our study occurred at a median 2.1 [0.9-3.4] years from study inclusion, indicating that 

the majority of these patients do not have “transient PH” as previously defined.(Rosenzweig et al., 

2019; van Loon et al., 2011) Indeed, in the national cohort study from the Netherlands, all children 

with PPHN and PAH-CHD related to a prevalent left-to-right shunt with a mildly elevated PVR were 

classified as “transient PH” and formed almost 80% of the total cohort. Some patients with mild or no 

PVD prior to defect repair, however, will develop progressive PAH; predicting which patients will 

experience resolution is a topic that merits further study. A better understanding of what drives 

resolution of PH in certain patients may provide novel mechanistic insights and has the potential to 

uncover therapeutic targets that could potentially lead to a cure for PH in both children and adults. 

5.3.9. Study limitations 
This study was based on retrospectively collected data, which were manually collated from clinical 

records and multiple clinical databases. Referral patterns to the UK Paediatric PH may have created 

some selection bias, although this was limited by the fact that this is the single national referral centre 

and, therefore, provides coverage for the entire UK. Furthermore, I used broad inclusion criteria, 

accepting patients without cardiac catheterisation but with good non-invasive evidence of PH after 

specialist review and multi-disciplinary team assessment. I also included a small number of patients 

who were referred to the service only for advice or a second opinion. We did not have access to data, 

however, of patients not referred to the National Paediatric PH service and, therefore, cannot 

comment on the clinical characteristics and outcomes of patients with PH not following established 

referral pathways, e.g., with mild disease or who died prior to referral.  

The UK cohort of paediatric PH under specialist follow-up included a very small number of patients 

with transient PAH, particularly PPHN. This reflects referral practises in the UK as neonates with 

PPHN are generally managed by neonatologists and intensivists, and usually resolve before referral to 

a specialist service. Hence, the current analysis of the clinical characteristics and outcomes of 

paediatric PH, including my estimates of incidence and prevalence, focus on more persistent forms of 

PH. In the UK, at least, this better reflects the characteristics of patients seen in clinical practice. 

Finally, reporting longitudinal changes in epidemiology and outcomes, and the impact on PAH 

therapy on haemodynamics and outcomes, was beyond the scope of the current analysis. 

Despite the limitations listed above, my analysis represents the largest published national cohort have 

children with PH. The depth and breadth of the cohort, i.e., using granular, clinical data on children 

with all forms of PH, combined with the long follow-up period, allowed me to provide the first 
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estimates of incidence and prevalence of all paediatric PH groups from infancy to late adolescence. 

To our knowledge, this is the first study that applies the most recent international classification to 

provide detailed clinical phenotyping of children with PH. We show that PH has wide-ranging 

manifestations in patients of different ages, explaining reported differences between published 

registries. This study also uses mortality data from a large, incident cohort of consecutive patients 

with long-term follow-up and good ascertainment to determine survival for different paediatric PH 

groups. 

5.3.10. Conclusion 

Data from this study show that paediatric PH represents a heterogenous group of diseases with 

overlapping clinical phenotypes that evolve throughout childhood and resemble adult phenotypes in 

adolescence. We identified a high burden of disease in infancy, especially PH related to lung disease. 

These results raise awareness of PH for clinicians involved in the care of children with associated 

conditions. Despite widespread use of PAH therapies, clinical outcomes in all PH groups remain 

suboptimal. At a policy level, our estimates of incidence and prevalence, and characterisation of co-

existing conditions, may inform the design and development of healthcare systems to deliver better 

care for children with PH. The unique features of paediatric PH described in our study highlight areas 

of high priority for further research. These include the high rate of developmental aetiologies, 

multifactorial disease, and the potential for resolution of PH.  
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6. Chapter 3 

6.1. Chapter introduction 

6.1.1. Aims and structure of study 

I performed a retrospective analysis of the UK paediatric PH registry focused on patients with post-

operative PAH-CHD. The purpose of this study was to assess the pre- and post-procedural 

characteristics of this cohort, identify risk factors, and develop a novel risk score for predicting 

adverse clinical outcomes (mortality or heart/heart-lung transplantation) in established PAH after 

CHD repair. I answered the following main hypothesis concerning risk assessment and prognostic 

evaluation: 

• Hypothesis 3 – A simplified risk assessment tool based on predictors of mortality can be 

developed specifically for children with group D PAH-CHD. 

6.2. Results 

6.2.1. Patient characteristics at first assessment in the PH service 
Overall, 175 patients with PAH related to CHD repair were included over the study period. Most 

patients (127, 72.6%) were referred to the PH service following CHD repair, while the remaining 48 

(27.4%) were referred with PAH in the context of an open shunt and underwent repair following 

assessment. The median age at diagnosis of PAH was 3.1 [1.2-7.9] years, and 103 (58.9%) patients 

were female (Table 6.1). 

Combined pre- and post-tricuspid shunts were present in 86 (49.1%) patients (AVSD in 43.0%), while 

67 (38.3%) patients had a post-tricuspid and 22 (12.6%) had a pre-tricuspid shunt. Complex CHD was 

present in 107 (61.1%) patients, including 13 (7.4%) with disease involving the great vessels 

(transposition of the great arteries, common arterial trunk, hemitruncus, or disconnected PA). 

Associated left-sided CHD was identified in 40 (22.9%) patients. Co-morbidities were common in our 

cohort, and 49 (28.0%) patients had a second contributory cause of PH: 48 (27.4%) children had 

associated lung disease and 26 (14.9%) had upper airway disease. Down syndrome was present in 

almost one third (32.6%) of children. 

Table 6.1: Patient characteristics of the overall cohort at first post-operative pulmonary 

hypertension (PH) assessment, by presence or absence of PH pre-operatively. 

Variable Overall, 
n=175 

No pre-operative 
PH, n=45 

Pre-operative 
PH, n=130 P value 

Female sex, n (%) 103 (58.9) 25 (55.6) 78 (60) 0.73 
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Age at main repair, months 13.8 [6.1-41.6] 7.2 [4.7-16.5] 20.3 [7.0-50.7] 0.0002 

Age at 1st post-repair PH 
assessment, y 4 [1.6-8.1] 4 [1.8-6.8] 3.9 [1.6-8.5] 0.98 

Gestation at birth, weeks 39 [36-40] 40 [37-40] 39 [36-40] 0.35 

Preterm, n (%) 41 (28.1) 7 (18.9) 34 (31.2) 0.22 

Admission to neonatal unit, n 
(%) 88 (68.8) 22 (73.3) 66 (67.3) 0.69 

Oligohydramnios, n (%) 1 (0.6) 0 (0) 1 (0.8) 1 

Chorioamnionitis, n (%) 1 (0.6) 0 (0) 1 (0.8) 1 

History of PPHN, n (%) 13 (9) 3 (7.5) 10 (9.5) 0.96 

History of ECMO, n (%) 6 (3.5) 3 (6.8) 3 (2.3) 0.35 

Down syndrome, n (%) 57 (32.6) 22 (48.9) 35 (26.9) 0.01 

Associated lung disease, n (%) 48 (27.4) 9 (20) 39 (30) 0.27 

Associated airway disease, n 
(%) 26 (14.9) 8 (17.8) 18 (13.8) 0.69 

Asymptomatic, n (%) 50 (46.7) 8 (29.6) 42 (52.5) 0.07 

WHO functional class, n (%)    0.0001 

   I 50 (46.7) 8 (29.6) 42 (52.5)  

   II 37 (34.6) 6 (22.2) 31 (38.8)  

   III 15 (14) 9 (33.3) 6 (7.5)  

   IV 5 (4.7) 4 (14.8) 1 (1.2)  

Weight Z-score -0.9 [-1.9-0] -0.7 [-1.5-0.3] -1 [-2--0.3] 0.03 

Height Z-score -0.9±1.3 -0.7±1.5 -1±1.3 0.23 

6MW test completed, n (%) 43 (25.3) 11 (24.4) 32 (25.6) 1 

6MW distance, m 389±84 353±83 401±81 0.14 

Catheterisation completed, n 
(%) 126 (72) 35 (77.8) 91 (70) 0.42 

Lung histology, n (%) 10 (5.7) 1 (2.2) 9 (6.9) 0.42 

P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: 6MW, 6-minute walk; ECMO, extra-corporeal membrane oxygenation; PH, pulmonary 
hypertension; PPHN, persistent pulmonary hypertension of the newborn; WHO, World Health Organisation. 
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6.2.2. Pre-operative characteristics of patients with PAH-CHD 
PH-related clinical information prior to defect repair was available in a subset of 100 (57.1%) 

patients. Most patients were symptomatic (65, 70.7%), with a majority (45, 66.2%) having a history of 

dyspnoea at pre-operative assessment. Presentation with cardiorespiratory failure requiring ventilation 

or inotropic support had occurred in 5 (7.4%) patients. Median weight Z-score was -1.7 [-2.6–0.9], 

with 35 (41.2%) children having a Z-score more than two standard deviations below normal. Resting 

oxygen saturations were 96 [90-98]%; 14 (21.5%) patients had cyanosis (oxygen saturation <90%) 

and 14 (20.3%) required supplemental oxygen.  

A minority of the overall cohort (29, 16.8%) had undergone other CHD procedures prior to the main 

repair. Pre-repair PA banding had been performed in 13 (7.4%) patients. Coarctation repair had been 

performed in 11 (6.3%) patients, and 64 (36.6%) patients had undergone PDA ligation in infancy 

prior to repair of the index shunt lesion.  

Haemodynamic assessment pre-repair had been performed in 95 (55.2%) patients (27, 28.1% of 

assessments performed in the PH service). Few patients (16, 9.1%) had commenced PAH therapy 

prior to pre-operative haemodynamic assessment. The median PVRi was 6.2 [4.0-8.1] WU.m2 with a 

pulmonary-to-systemic blood flow ratio (Qp/Qs) of 1.9 [1.4-2.6]. A PVRi <4 WU.m2 was present in 

14 (21.2%) patients, whereas 35 (53.0%) had a PVRi of 4-8 WU.m2 and 17 (25.8%) had a PVRi >8 

WU.m2. Pre-closure, 25 (42.4%) patients had a Qp/Qs ≥2 and 38 (64.4%) had a Qp/Qs ≥1.5. No 

patients had a PA wedge pressure >15 mmHg. The ratio of pulmonary-to-systemic vascular resistance 

(PVR/SVR) ratio was available in 31 (17.7%) patients and was thus not used in this analysis. Acute 

pulmonary vasodilator testing was performed in 66 (75.0%) patients who underwent catheterisation, 

most commonly using inhaled nitric oxide and oxygen (36, 54.5%), followed by oxygen alone (25, 

37.9%). Of all patients in whom PVRi was documented pre- and post-vasoreactivity testing, 53 

(93.0%) had a decrease in PVRi ≥20% or a fall to <8 WU.m2. 

A total of 36 (20.7%) patients were on PAH therapy prior to defect repair (“treat-and-repair”). Most 

(28, 77.8%) were on monotherapy (25, 69.4% PDE-5 inhibitor; 2, 5.6% ERA), while a minority (6, 

16.7%) were on dual agent combination therapy and few (2, 5.6%) were on triple combination 

therapy. 

6.2.3. Early post-procedural period and clinical status at first post-procedural 

assessment 
The vast majority of defect repairs were surgical (147, 84.0%). Median age at surgical repair was 13.8 

[6.1-41.6] months. Children with Down syndrome were repaired earlier than those without Down 

syndrome (7.9 [5.3-21.3] vs. 20.4 [8.1-56.0] months, p=0.0002). Over half (52.9%) of patients with a 

post-tricuspid shunt had a late repair according to previously published criteria. Only a quarter of 

patients (48, 27.4%) had undergone PH specialist assessment prior to surgery. Fenestrated closure, 
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including leaving a patent foramen ovale or another small shunt open was performed in over a third of 

the cohort (70, 40.0%). PH was detected in-hospital post-operatively in 114 (82.6%) patients. Post-

operative imaging revealed a residual shunt in almost three-quarters (127, 72.6%) of children, and in a 

quarter (30, 23.6%) the residual shunt was moderate or large. The residual shunt closed either 

spontaneously or through intervention prior to post-operative PH assessment in 6 (20.0%). The post-

operative period was complicated by severe PH requiring Intensive Therapy Unit (ITU) admission 

and parenteral PAH therapy in 12 (8.5%) patients. Post-operative parenteral prostanoids were more 

likely to be required in patients with isolated pre-tricuspid shunts than other defects (23.5% vs. 6.5%, 

p=0.04). Post-cardiotomy veno-arterial extra-corporeal membrane oxygenation (VA-ECMO) was 

required in a minority (4, 2.3%) of patients. Data on the post-operative length of stay were available 

in 95 (54.3%) children and was 9.0 [5.0-28.0] days. Post-operative in-hospital mortality was 1.7%. 

The first post-discharge assessment in the PH service occurred in 171 (97.7%) patients at a median 

11.3 [5.6-48.7] months after defect repair. Very few patients (3, 1.7%) assessed in the PH service 

post-operatively were lost to follow-up following defect correction. At this assessment, 169 (96.6%) 

children had residual evidence of PAH, confirmed on lung biopsy in 10 (5.7%). Functional class was 

reported in 107 (61.1%) children, of whom 50 (46.7%) were asymptomatic and 20 (18.7%) were in 

functional class III/IV. 6MWD was 400 [350-460] meters, recorded in 56.1% patients older than five 

years of age. Resting oxygen saturation improved significantly after defect repair (97 [96-98], 

p<0.0001), while supplemental oxygen therapy was required in 21 (12.6%). A small subset of 47 

(27.5%) patients had NT-proBNP levels measured, with a median level of 226 [135-708] ng/L 

(normal range 0-40 ng/L).  In this paediatric cohort, risk stratification using simplified, non-invasive 

risk model validated in adult PAH(Humbert et al., 2022) (comprising of WHO functional class, 

6MWD and NT-proBNP) was only possible in 13 (7.6%) patients, as 50 (29.2%) children had one 

variable missing and almost two-thirds (108, 63.2%) were missing two or more variables, preventing 

any meaningful assessment of model performance.  

6.2.4. Resolution and treatment of repaired PAH-CHD 

Resolution of PAH occurred in 47 (26.9%) patients at a median of 2.4 [1.0-4.3] years after defect 

repair (Table 6.2). Univariable predictors of disease resolution at three years included pre-operative 

evidence of PAH (OR 5.37, 95%CI:1.51-34.28, p=0.03), associated lung (OR 3.32, 95%CI:1.44-7.72, 

p=0.005) or upper airway disease (OR 2.87, 95%CI:1.06-7.33, p=0.03), and a lower pre-operative 

PVRi (OR per one WU.m2 1.55, 95%CI:1.15-2.31, p=0.01). The location of the shunt (pre- vs. post-

tricuspid), presence of Down syndrome and age at repair did not predict resolution.   

Of patients who had evidence of PAH at the first post-operative PH assessment, one third (53, 32.1%) 

were already on PAH therapy (excluding calcium channel blockers). Of patients (n=156) who still had 

PAH at one year after the first PH assessment, 43(27.6%) patients were on PAH therapy, including a 
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minority who were on combination therapy (9, 5.8%) and very few who were on triple therapy (2, 

1.3%). Children with post-operative PAH and Down syndrome were less likely to receive PAH 

therapy than patients without Down syndrome (17.9% vs. 39.4%, p=0.008). At the latest follow-up 

visit, 115 (69.7%) children remained on PAH therapy, including 16 (9.7%) on triple therapy.   

Over the study period, 27 (16.4%) patients were treated with calcium channel blockers. This was 

more likely to occur in patients entering the PH service prior to 2010 (25.3% vs. 7.3%, p=0.004).  

Table 6.2: Management and outcome data for the overall cohort, by presence or 

absence of pulmonary hypertension pre-operatively. 

Variable Overall, 
n=175 

No pre-
operative PH, 

n=45 

Pre-
operative 

PH, n=130 

P 
value 

PAH therapy use at any time, n (%) 148 (84.6) 40 (88.9) 108 (83.1) 0.49 

Any calcium channel blocker, n (%) 27 (15.4) 8 (17.8) 19 (14.6) 0.79 

PAH therapy: 1-year post-PH assessment     

 Monotherapy, n (%) 34 (19.4) 8 (17.8) 26 (20) 0.92 

 Dual agent combination therapy, n (%) 7 (4) 0 (0) 7 (5.4) 0.25 

 None, n (%) 132 (75.4) 37 (82.2) 95 (73.1) 0.3 

 PAH therapy weaned, n (%) 18 (10.3) 5 (11.1) 13 (10) 1 

PAH therapy: end of follow-up     

 Monotherapy, n (%) 54 (30.9) 16 (35.6) 38 (29.2) 0.55 

 Dual agent combination therapy, n (%) 42 (24) 10 (22.2) 32 (24.6) 0.9 

 Triple therapy, n (%) 17 (9.7) 5 (11.1) 12 (9.2) 0.94 

 None, n (%) 62 (35.4) 14 (31.1) 48 (36.9) 0.6 

Resolution of PH during follow-up, n (%) 47 (26.9) 8 (17.8) 39 (30) 0.16 

Resolution within 3 years of repair, n (%) 28 (16) 2 (4.4) 26 (20) 0.03 

Age at resolution, y 4.6 [3.1-8.2] 8.1 [5.7-10.6] 4.3 [2.9-7.7] 0.04 

Transplant listing, n (%) 6 (3.4) 2 (4.4) 4 (3.1) 1 

Transplanted lung or heart, n (%) 5 (2.9) 2 (4.4) 3 (2.3) 0.82 

P value <0.05 indicative of statistical significance (bold font). 

Abbreviations: PAH, pulmonary arterial hypertension; PH, pulmonary hypertension. 
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6.2.5. Predictors of mortality in repaired PAH-CHD 
Survival analysis was performed in 154 (88%) patients. Over a median follow-up of 6.0 [2.4-10.9] 

years (1163.9 patient-years in total), 30 (19.5%) patients died, and 5 (3.2%) patients underwent lung 

transplantation. Transplant-free survival at one, five, and ten years in repaired PAH-CHD was 94.7% 

(95%CI: 91.2-98.3%), 85.8% (95%CI: 80.2-91.8%), and 79.9% (95%CI: 72.9-87.6%), respectively. 

Univariable Cox proportional hazards regression analysis demonstrated several clinical variables 

associated with the combined endpoint of death or lung/heart-lung transplantation (Tables 6.3 and 

6.4). These included the presence of Down syndrome and greater complexity of the repaired lesion. 

Moreover, the absence of pre-operative PH was a strong predictor of an adverse outcome (HR 5.01, 

95%CI:2.41-10.4, p<0.0001). The following clinical variables from the first post-operative PH 

assessment were also found to be associated with increased risk of death or transplantation: younger 

age at assessment, any breathlessness, WHO functional class III/IV, higher peak tricuspid 

regurgitation velocity, at least moderate right ventricular dilatation on echocardiography, right 

ventricular dysfunction. In patients who underwent post-operative invasive haemodynamic 

assessment, higher PVRi and right atrial pressure were also associated with adverse outcome. WHO 

functional class and variables from right heart catheterisation were only available in a subset of 

patients and were, therefore, not included in the risk model.  

  



Table 6.3: Cox proportional hazards regression analysis identifying univariate predictors of lung or heart-lung transplantation, or 

mortality, displaying all variables tested. 

Risk factor Mortality with risk 
factor 

Mortality without risk 
factor 

Hazard ratio 
(95% CI) 

C-statistic P value 

Pre-repair anatomic and clinical variables 

No PH diagnosis pre-repair 36.6% (15/41) 13.3% (15/113) 5.01 (2.41-10.4) 0.65 0.0001 

Age at defect repair, y - - 0.99 (0.98-1) 0.64 0.19 

Defect repair in infancy 27.5% (19/69) 12.9% (11/85) 1.87 (0.95-3.68) 0.62 0.07 

Defect repair under 2 years of age 24.4% (22/90) 12.5% (8/64) 1.94 (0.94-4) 0.59 0.07 

CHD complex or great vessel 29.2% (7/24) 17.7% (23/130) 1.2 (0.52-2.79) 0.55 0.67 

Down syndrome 26.9% (14/52) 15.7% (16/102) 2.32 (1.13-4.76) 0.58 0.02 

Preterm birth 11.1% (4/36) 20.9% (19/91) 0.53 (0.18-1.55) 0.43 0.25 

Lung co-morbidity 14.6% (6/41) 21.2% (24/113) 0.95 (0.39-2.33) 0.46 0.91 

Upper airway co-morbidity 4.4% (1/23) 22.1% (29/131) 0.28 (0.04-2.06) 0.43 0.21 

High-risk lesion repaired 32.1% (17/53) 12.9% (13/101) 2.17 (1.1-4.26) 0.64 0.03 

Variables from first post-operative PH assessment 

Age at post-repair PH assessment, y - - 0.91 (0.83-0.99) 0.51 0.03 

PH assessment at ≥4 years of age 21.1% (16/76) 15.8% (12/76) 0.64 (0.3-1.33) 0.54 0.23 

Symptoms or signs of breathlessness 26.3% (21/80) 11.3% (8/71) 2.42 (1.12-5.22) 0.62 0.02 

WHO functional class III or IV 41.2% (7/17) 12.5% (10/80) 3.96 (1.59-9.86) 0.64 0.003 
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Syncope at presentation 33.3% (1/3) 19.5% (29/149) 1.65 (0.37-7.36) 0.51 0.51 

Weight Z-score - - 1.16 (0.93-1.46) 0.49 0.19 

Weight Z-score <-2 16.7% (6/36) 17.5% (20/114) 0.58 (0.22-1.51) 0.49 0.26 

Moderate/severe RV dilatation 31.3% (15/48) 11.7% (12/103) 2.93 (1.42-6.07) 0.64 0.004 

RV systolic dysfunction 34.3% (12/35) 15.3% (18/118) 2.76 (1.4-5.46) 0.61 0.003 

TR Vmax, m/s - - 2.01 (1.25-3.23) 0.7 0.004 

TR Vmax >3.8 m/s 34.5% (19/55) 12.3% (9/73) 2.76 (1.26-6.03) 0.66 0.01 

Mean RAP, mmHg - - 1.25 (1.05-1.5) 0.68 0.01 

Mean RAP >8 mmHg 21.7% (5/23) 7.7% (4/52) 4.12 (1.34-12.63) 0.64 0.01 

PVRi≥ 8 WU.m2 27.7% (13/47) 8.5% (4/47) 3.39 (1.12-10.21) 0.66 0.03 

Cardiac index <2.5 L/min/m2 17.7% (3/17) 10% (5/50) 1.31 (0.38-4.49) 0.57 0.67 

Post-repair PVRi ≥14 WU.m2 or high-risk lesion 
repaired if PVRi unavailable 44.4% (16/36) 11.9% (14/118) 3.69 (1.87-7.27) 0.69 0.0002 

Values are % (n/N) unless otherwise indicated. Univariate Cox proportional hazards regression analysis identifying univariate predictors of lung/heart-lung transplantation. P 
value <0.05 indicative of statistical significance (bold font). 

Abbreviations: CHD, congenital heart disease; PH, pulmonary hypertension; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; RV, right ventricle. 

Table 6.4: Cox proportional hazards regression analysis displaying significant univariate predictors of transplantation or mortality. 

Risk factor Mortality with risk factor Mortality without risk factor Hazard ratio 
(95% CI) 

C-statistic P value 

Post-repair PVRi ≥14 WU.m2 or high-risk lesion 
repaired if PVRi unavailable 44.4% (16/36) 11.9% (14/118) 3.69 (1.87-7.27) 0.69 0.0002 

No PH diagnosis pre-repair 36.6% (15/41) 13.3% (15/113) 5.01 (2.41-10.4) 0.65 0.0001 
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High-risk lesion repaired 32.1% (17/53) 12.9% (13/101) 2.17 (1.1-4.26) 0.64 0.03 

Moderate/severe RV dilatation 31.3% (15/48) 11.7% (12/103) 2.93 (1.42-6.07) 0.64 0.004 

Symptoms or signs of breathlessness 26.3% (21/80) 11.3% (8/71) 2.42 (1.12-5.22) 0.62 0.02 

RV systolic dysfunction 34.3% (12/35) 15.3% (18/118) 2.76 (1.4-5.46) 0.61 0.003 

Down syndrome 26.9% (14/52) 15.7% (16/102) 2.32 (1.13-4.76) 0.58 0.02 

Values are % (n/N) unless otherwise indicated. Univariate Cox proportional hazards regression analysis identifying univariate predictors of lung/heart-lung transplantation. 
Only predictors which were significant on univariate analysis with <10% missing data are presented. P value <0.05 indicative of statistical significance (bold font). 

The following, additional predictors with higher missingness were excluded: TR Vmax, mean RAP, and PVRi ≥8 WU.m2. 

Acronyms as in Table 6.3. 



 

6.2.6. A survival prediction model based on a non-invasive risk assessment 
The final risk score consisted of the following variables: Absence of pre-operative PH, breathlessness 

at post-operative PH assessment, presence of right ventricular dysfunction on echocardiography, and a 

combined variable of PVRi >14 WU.m2 at post-operative haemodynamic assessment or high repaired 

lesion complexity (when PVRi not available, Figure 6.1 A-D). A risk score was calculated for each 

patient by adding one point for each variable present (Figure 6.2).  

Figure 6.1: Kaplan-Meier survival analysis of the clinical variables included in the risk 

score. 

 
Acronyms: PH, pulmonary hypertension; PVRi, pulmonary vascular resistance index in WU.m2; RVSD, right 
ventricular systolic dysfunction. 
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Figure 6.2: Risk score creation and 10-year mortality by risk category. 

 
High-risk lesions include AVSD, aortopulmonary window, total anomalous pulmonary venous drainage, 
disconnected pulmonary artery, truncus arteriosus, double outlet right ventricle, or VSD associated with 
transposition of the great arteries. 

Abbreviations: CMR, cardiac myocardial resonance; PH, pulmonary hypertension; PVRi, pulmonary vascular 
resistance index in WU.m2; RV, right ventricle/right ventricular. 
 

Time-dependent ROC analysis was performed to evaluate the survival predictive value of the risk 

model. The Area Under the Curve (AUC) of the risk score at one, three, five and ten years was 0.81, 

0.82, 0.82, and 0.83, respectively (Figure 6.3A). There was no significant difference between this 

model without weights and a model weighted by the coefficients from univariate Cox regression 

analysis in predicting mortality or transplantation (p>0.05 for all time points, Figure 6.3B). The risk 

model also performed well on sensitivity analysis of ten imputed datasets (pooled AUC at one, three, 

five and ten-years was 0.84, 0.83, 0.85, and 0.81). The model was well-calibrated (D’Agostino-Nam 

p=0.74). 
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Figure 6.3: Time-dependent Receiver Operating Characteristic curves used to evaluate 

the predictive ability of the risk score (a) with weights and (b) without weights on 1-, 3-, 

5- and 10-year transplant-free survival. 

 
 

6.3. Discussion 
This study presents a national cohort of children with PAH-CHD after defect repair, an emerging 

population at increased risk of complications. I have developed a simple, novel prognostic score for 

predicting mortality or lung/heart-lung transplantation in this population. To achieve this, I assessed 

both established clinical predictors of outcome in the wider PAH population and additional clinical 

parameters relevant to repaired PAH-CHD. The final four-point risk score will be externally validated 

in a separate paediatric repaired PAH-CHD population in a different European tertiary centre. This is 

the first risk assessment tool created for this patient group, accounting for the unique features of this 

condition. I submit that, once externally validated, the risk score should be considered when assessing 

children newly diagnosed with PAH-CHD after defect repair, to assess prognosis and guide therapy. 

Timely repair of CHD is aimed at avoiding long-term complications, such as PVD. Indeed, repaired 

PAH-CHD is often diagnosed in patients with evidence of PVD prior to surgery, which can persist 

and may progress after defect repair.(D’Alto et al., 2013) It is broadly accepted that patients with 

significant post-tricuspid shunts should by repaired within the first six to 12 months of life, and this 

was the case for the majority of our cohort.(Feen et al., 2019) However, few patients in our population 

had undergone cardiac catheterisation prior to surgery. The decision to perform catheterisation pre-

operatively in young children is based on the type of anatomic lesion, clinical features, and non-

invasive assessment. While this reduces the need for invasive assessment for many children 
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undergoing CHD repair, milder forms of PVD may not be detectable on non-invasive assessment pre-

operatively. 

All children who undergo CHD repair should receive routine specialist follow-up with regular clinical 

and echocardiographic surveillance to detect PH, which may become manifest early or late after 

repair. Factors additional to the shunt (e.g., intrinsic or genetic factors/syndromes and triggers such as 

pregnancy) are likely to play a role in the development and progression of PVD when this is 

diagnosed years or decades after CHD repair. A substantial proportion of our repaired PAH-CHD 

population were patients with Down syndrome, in whom there is a known predisposition to the 

development of pulmonary vascular disease despite repair in early life. Genetic factors may also 

contribute to the development of PAH in patients with repaired pre-tricuspid shunts, who represented 

one in eight patients in our cohort. Therefore, all patients with repaired shunt lesions should receive 

lifelong specialist follow-up and echocardiographic surveillance for PH.(Dimopoulos et al., 2018a) 

Even though previous studies have shown a much higher mortality than in our cohort, almost 20% of 

our patients had died within ten years of diagnosis despite widespread use of PAH therapy. Risk 

assessment is integral to the effective management of all patients with PAH. Validated risk scores 

exist for adults with IPAH or heritable PAH, including simplified, non-invasive versions.(Boucly et 

al., 2017, 2021) While the REVEAL 2.0 score has been tested in paediatric PAH,(Ivy et al., 2019) 

there are currently no risk stratification tools that have been validated in paediatric repaired PAH-

CHD. Indeed, the 6MW test and even WHO functional classification cannot be employed in young 

children, who should be risk stratified based on parameters applicable to this cohort. For this reason, I 

developed a novel risk score based on anatomic, clinical, imaging, and haemodynamic parameters 

which could be measured in all patients regardless of age or associated comorbidities. I focused on 

parameters assessed at the first post-operative assessment to generate a tool used at the time of 

diagnosis of postoperative PAH-CHD, to guide management in terms of PAH therapy and frequency 

of follow-up. While all patients should ideally undergo cardiac catheterisation at the point of 

diagnosis, this was not the case for a third of our population who were either deemed too high risk for 

catheterisation due to co-morbidities or in low-risk patients in whom it was deemed likely that the 

PAH would resolve. For this reason, this score included a variable of a high PVRi on cardiac 

catheterisation, or presence of a lesion at a high risk of causing PVD according to van der Feen et 

al..(Feen et al., 2019)  

Resolution of PAH after repair of congenital defects is widely described,(van Loon et al., 2011; 

Rosenzweig et al., 2019) and does only happen in the early post-operative period, but may take 

several months or even years. Late resolution may relate to the presence of PVD, where regression of 

medial hypertrophy and cellular intimal reaction (Heath-Edwards histological grades I and II, see 

Figure 1.2 in Section 1.3.1) does not occur immediately after shunt closure.(Heath et al., 1958) 

Moreover, in some patients there were additional contributors to the development of PH, such as 
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developmental lung disease, which may have persisted after repair, and often resolve over time. 

Expertise is required to identify patients in whom PAH therapies may be withdrawn once PAH has 

resolved, as opposed to patients in whom PAH persists and therapies should be continued or 

escalated. 

PAH therapies have radically transformed the management of PAH in children and adults. Adult 

patients with repaired PAH-CHD have been included in large trials of PAH therapies and there is 

evidence for the use of combination therapy, including triple therapy.(Pulido et al., 2013b; Jansa & 

Pulido, 2018; Beghetti et al., 2019) In the paediatric population, however, there is less evidence on the 

use of PAH therapies. In our cohort, the majority remained on monotherapy, with a minority on dual 

combination and very few on triple combination therapy after a median follow-up of approximately 

six years. Risk stratification tools are essential for targeting patients at higher risk, in whom 

aggressive uptitration of treatment and closer follow-up may be warranted. Future work should focus 

on validating this risk score to extend its use beyond the time of diagnosis, assessing the need for 

treatment escalation. 

6.4. Study limitations 
This is a retrospective study of consecutive children referred to the national paediatric PH service over 

a 20-year period. I concentrated on patients who developed either persistent, recurrent or de novo 

post-operative PAH and assessed their prognosis. I did not, however, examine the pre-operative 

characteristics of all patients undergoing CHD repair in the UK and cannot therefore comment on 

operability criteria and the risk of PAH post-repair. For the creation of the risk score, variables were 

selected used univariable rather than multivariable Cox regression analysis given the limited number 

of events in the development cohort. Internal validation (splitting our population into a development 

and validation cohort) was not possible given the limited number of events. As the vast majority of 

patients did receive PAH therapy at some point during follow-up, adjustment of the survival analysis 

for the use of PAH therapy was not possible. I used multiple imputation as a sensitivity analysis to test 

the robustness of our risk score. Most importantly, this risk score requires external validation, which 

is currently underway in a separate centre in a different country, using a cohort with different clinical 

characteristics and outcomes (see Section 8.3.3.).  

6.5. Conclusion 
PAH after congenital heart defect repair can occur even after timely defect correction and carries 

significant morbidity and mortality. There are several unique features of this subtype of PAH, 

including the high rate of resolution and co-morbidities. I have developed a risk score specifically for 

this population to enhance risk stratification and guide management.  
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7. General discussion 
In this thesis, I set out to advance the body of knowledge on the epidemiology, clinical characteristics, 

and outcomes of patients with PAH-CHD, with a special focus on the repaired cohort. I worked as 

part of the CHAMPION initiative, which had already established multi-centre collaboration across PH 

and CHD specialist centres in the UK. 

I successfully conducted a multi-centre study on a complex group of patients with univentricular 

circulation after Fontan-type surgery. This first part of my thesis had 2 aims: to show that UK multi-

centre research in the field of PAH-CHD is possible within a network of collaborating centres and 

clinicians; and to understand the aims of therapy and patterns of use of pulmonary vasodilators in UK 

adults with a Fontan-type circulation. This was an important and timely question given that several 

prospective clinical trials have tested the efficacy of pulmonary vasodilators in Fontan patients, 

excluding patients who have a greater degree of limitation or features of “Fontan failure”, whereas 

anecdotal evidence from clinical practice suggests that therapies are mainly used in individuals with 

more advanced disease. 

My initial plan to use the Network formed for the above study in my work into PAH-CHD was halted 

by the COVID-19 pandemic and the restrictions placed on travel and data collection in other clinical 

centres. At the same time, it became clear that there was an opportunity to study, in depth, the entire 

UK cohort of children with PH and PAH-CHD at GOSH, who lead the National Paediatric PH 

Service UK. This permitted me to approach the hypotheses set out in this thesis in a much more 

rigorous manner, starting from infancy, when PVD develops in many of these patients. At GOSH, 

there was a 20-year cohort of consecutively assessed paediatric patients with suspected PH, thus 

allowing almost full ascertainment of PAH-CHD cases, especially of children requiring PAH therapy 

(as this requires special funding and needs to be overseen by the national childhood PH service). I felt 

that studying this unique population would benefit both children and adults with PH and PAH-CHD, 

given that many of the children under the paediatric service would eventually transition to adult care, 

thus providing information on the future generation of adult PAH-CHD patients.  

The process of collecting, curating, and analysing the entire experience of the National Paediatric PH 

Service is described in Chapter 2 of my results. Analysis of this cohort allowed me to provide UK 

incidence and prevalence data for paediatric PH, along with a comprehensive assessment of 

demographics (including UK sex ratios in PH), clinical characteristics, treatments, and outcomes. 

Through this process, I was able to identify several unique features of paediatric disease, including 

resolving PH and PH with multiple aetiologies (each affecting around 1 in 6 children). CHD was 

present in a majority of paediatric PH patients, yet it was not always the primary cause of PVD, 

adding to the complexity of this population.  
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8. Conclusion 

8.1. Summary of Thesis Achievements 
In this thesis, I have developed and analysed 2 retrospective registries, a registry of 10 UK centres of 

adults with a Fontan-type circulation and a national UK registry of paediatric PH.  

Through analysis of the multi-centre Fontan PAH cohort combined with the expert survey, I was able 

to characterise the use of pulmonary vasodilators in adults with a Fontan-type circulation in the UK. I 

demonstrated vast heterogeneity in patterns of PAH therapy use between centres. I also showed that 

experts reserve these agents for Fontan patients with more severe disease, functional limitation and/or 

signs of Fontan failure, and prescribe therapies mainly to improve quality of life or to control heart 

failure or PLE. I highlighted the disparity between “real-world” use of pulmonary vasodilators in 

Fontan patients and the research experience from prospective studies in this area. In all the RCTs to 

date in this field, the focus has been on the effect of PAH therapy on exercise capacity and stringent 

inclusion criteria have selected stable patients without significant functional limitation, in whom 

therapies are seldom used in clinical practice. 

Through my analysis of the national UK registry of paediatric PH, I have clinically characterised a 

large population of children with PH, providing estimates of UK incidence and prevalence, across 

diagnostic and age groups. As a result, I have been able to demonstrate several unique 

epidemiological features of paediatric PH from the UK population, showing that the patterns of 

disease change from infancy, where developmental lung disease predominates, to adolescence where 

PAH is most frequent, and the disease begins to resemble adult PH. This adds to the current body of 

knowledge of paediatric PH epidemiology, representing the first comprehensive assessment of 

paediatric PH incidence and prevalence based on national data for all PH groups and across patients 

of different ages. I was also able to show that 1 in 6 children with PH have more than 1 contributory 

cause. This needs to be considered when planning future studies and setting recruitment criteria e.g., 

in studies of PAH therapies in children, as different forms of PH vary in their natural history and 

response to therapies, potentially confounding the analysis of prospective, controlled studies.  

I reported clinical outcomes in paediatric PH, for the overall population and by PH group, showing 

that the prognosis of paediatric PH remains guarded despite the widespread use of PAH therapies, 

including off-label use in patients with groups 2-5 PH. In up to one quarter of young children, 

however, PH is transient and resolved at a median 3.7 years of age. This is part of the natural history 

of PPHN and bronchopulmonary dysplasia, and has been described in patients after withdrawal of 

diazoxide therapy, as well as in the setting of “operable” PAH-CHD related to a prevalent systemic-

pulmonary shunt, soon after defect repair.(Rosenzweig et al., 2019) I have shown that PH can resolve 
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beyond the early post-operative period in repaired PAH-CHD, sometimes years after closure, 

questioning our knowledge regarding the pathogenesis of PAH-CHD with large shunts.  

In my thesis, I have focused on post-repair PAH-CHD. I was rigorous in identifying patients from the 

wider population of children assessed at Great Ormond Street Hospital for Children to ensure that all 

children with group D PAH-CHD who required PAH therapies at any point (only prescribed in the 

UK by a single centre) were included. I then used this population to identify predictors of disease 

resolution and mortality and developed a novel, simple risk tool tailored to children with a diagnosis 

of PAH after CHD repair. 

The work in this thesis has shed light into areas of PAH-CHD of great uncertainty, but clinically 

relevant. This was the first detailed analysis of paediatric PAH-CHD and the results are relevant to 

both paediatric and adult patients, in many of whom PVD is likely to have developed in early life, but 

has lifelong repercussions. The data I have presented represented the strongest evidence that the 

population of PAH-CHD is changing in developed countries, with repaired PAH-CHD overtaking 

Eisenmenger syndrome. This poses enormous challenges, as most of the evidence for management in 

PAH-CHD has focused on Eisenmenger syndrome, and little is known regarding the clinical 

presentation, risk stratification, and management strategies of other PAH-CHD subtypes. 

8.2. Applications 
There are several important applications of the data that I have collected, analysed, and presented 

within this thesis, which are likely to influence management and clinical guidelines in the near future: 

1. Informing systems of disease classification in paediatric PH: The classification of paediatric PH 

needs to consider the multiple contributors in every patient, as identified in my analysis. Indeed, 1 

in 6 patients had multifactorial PH, which is likely to impact on prognosis and influence the 

response to treatment. Physicians should be aware of the complexity of paediatric PH and refer 

children to specialised services, where they can receive expert management.  

2. Timely diagnosis and enhanced risk stratification of children with group D PAH-CHD: This is a 

complex subgroup in whom PAH can occur at any point, prior to or after defect repair. Late 

diagnosis is not uncommon and adversely affects outcomes. The operability criteria for patients 

with CHD and PAH provided by current guidelines are still based on little evidence and rely upon 

expert opinion in their application. Therefore, vigilance is required to identify all patients with 

group D PAH-CHD, who are likely to benefit from PAH therapies and close monitoring, guided 

by tailored risk stratification.  

3. Informed counselling for patients with paediatric PH: My work will have an immediate impact on 

clinical practice, by providing a better understanding of paediatric PH, including group D PAH-

CHD. This will not only improve management, but also provide the basis for accurate counselling 
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and informed consent for patients and their families, especially when interventions are 

contemplated.  

4. Planning of paediatric PH services: I have reported the first comprehensive estimates of UK 

prevalence and incidence of paediatric PH, by subgroups and for all paediatric age groups, that 

will inform appropriate funding and structuring of healthcare services to meet the complex needs 

of the paediatric PH population. Healthcare systems, including referral pathways, should support 

the need for management of all children with PH in specialist centres and should be structured to 

facilitate the delivery of multi-disciplinary care.  

5. Better trial design: Future trials of pulmonary vasodilator therapy in Fontan patients should be 

informed by the “real-world”, clinical use of these medications. Inclusion criteria should allow 

recruitment of patients with greater degrees of exercise limitation, or clinical features of Fontan 

failure. Outcome measures other than peak VO2 should be considered, e.g., measures of 

submaximal exercise and quality of life.  

6. Hypothesis generation for other studies: I have identified several areas of interest for further study 

in addition to the above, based on the epidemiology, changing demographics and natural history 

of paediatric PH and PAH-CHD. In my study of the sex distribution of paediatric PH, for 

example, the well-documented female preponderance in PAH emerged only in later childhood 

and adolescence, lending support to studies that suggest an important role of sex hormones in the 

pathobiology of PAH.(Foderaro & Ventetuolo, 2016; Austin et al., 2009) PH resolution is a 

process that remains incompletely understood and is not limited to the early post-operative period 

in patients with group D PAH-CHD. Though PH resolution is almost uniformly a feature of 

paediatric disease, further study of the clinical and pathophysiological determinants of PH 

resolution in specific patients may provide new mechanistic insights and lead to novel therapies in 

both childhood and adult PH. 

8.3. Future work 

8.3.1. Loss-of-follow-up and late diagnosis in PAH-CHD 
My initial research proposal included a segment on “loss to follow-up and late diagnosis” in PAH-

CHD. I hypothesised that a large population of patients with repaired, simple lesions 

(ASD/VSD/PDA) are not currently followed-up in specialist services, and as a result, a substantial 

number of patients diagnosed with group D PAH-CHD had not been receiving routine follow-up prior 

to diagnosis. Furthermore, I hypothesised that, at the time of diagnosis, most patients with group D 

PAH-CHD have intermediate- or high-risk features in keeping with a late PAH diagnosis, and this is 

worse in patients who are not followed up routinely stratifying by lesion type. This hypothesis was 

derived from our single centre experience of the presentation of adult patients. Indeed, in the 
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paediatric PAH-CHD cohort, I have reported that <2% of patients were lost to follow-up after defect 

correction prior to subsequently presenting with PAH. Loss to follow-up cannot be accurately 

estimated from a cohort where PAH-CHD has been diagnosed, as the denominator includes all CHD 

patients who have undergone (shunt) repair over a specific period. To test this hypothesis, I have 

applied for and secured £21,000 of research funding with my supervisor to access linked National 

CHD Audit (NCHDA) and Hospital Episode Statistics (HES) data. I am currently applying for 

Confidential Advisory Group Section 251 approval. The application to NHS Digital and Healthcare 

Quality Improvement Partnership (HQIP) will be for patients of all ages with any of the following 

diagnoses: CHD (ICD-10 codes Q20-28), left ventricular or valve disease (Q23), or PH (I26 

[pulmonary embolism], I27 [pulmonary hypertension], I28 [disease of pulmonary vessels, 

unspecified], I97 [post-procedural PH], P29 [persistent pulmonary hypertension of the newborn]).  

Once I have access to these data, a major part of my post-doctoral research will involve population-

based, patient-level analysis of PAH-CHD in England over a 10-year period using a dataset collected 

by linking the HES and NCHDA databases. To test the above hypothesis, I can calculate the number 

of CHD repairs over a given period. Information about loss to follow-up will then be calculated by 

looking at contacts with medical service, including outpatient cardiology contacts, accident and 

emergency attendances and hospital admissions with heart failure. I will also use these data as a 

second method of assessing the changing demographics in PAH-CHD, engagement with medical 

services and survival of PAH-CHD patients compared to patients with repaired CHD without PAH, 

other forms of PAH-CHD, and PH without CHD. 

8.3.2. Paediatric PH registry: Transitioning to automated prospective data capture 
As part of the data collection for the work contained in this thesis, I developed a clinical registry of 

paediatric patients with all forms of PH covering the entire 20-year span of the UK National 

Paediatric PH Service. This involved collating lists of patients and performing a combination of 

manual and automatic data capture using previous clinical and research databases, national audit data, 

and information from the Electronic Health Record (EHR). I then supplemented this with manual data 

collection from scanned clinical records. This resulted in deep phenotyping of each patient, 

documenting multiple contributors contributing aetiologies of PH when appropriate as well as a 

longitudinal data capture. As well as contributing to this body of work, the coding of diagnosis of 

multiple patients were updated and improved, which has led to more accurate data being submitted to 

the National PH Audit. One of the problems with retrospective data collection, however, is that once 

the research project is completed, the database becomes obsolete relatively quickly, e.g., if an updated 

clinical classification of PH is released or when patients move between categories of PH or have 

resolution of disease. Another challenge when collecting data for audit or research is limiting, or 

altogether avoiding, erroneous data input. Errors during data input into general-purpose software, e.g., 
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Microsoft Excel spreadsheets, can happen for various reasons, including unclear definition and 

documentation of variables, units of measure, etc.. 

Beyond data collection, data management and storage also pose challenges for research teams, 

including the problems associated with fragmentation of data when different databases are used for 

longitudinal data capture, and the long-term storage of data on local computers without detailed meta-

data and with variable security. In recent years, funding bodies and research units are increasingly 

cognisant of the need for a data management plan to improve these processes. Indeed, in its recent 

research data management policy, Imperial College London has laid out a framework within which 

researchers can achieve excellence in the way that research data are maintained and preserved to 

remain “identifiable, retrievable and reusable assets” as part of a research project cycle.(Director of 

the Research Office, 2022) 

To overcome this problem and ensure that my retrospective data collection forms the basis for future 

prospective data collection, I am collaborating with the Data Research, Innovation and Virtual 

Environments Unit at Great Ormond Street Hospital for Children to develop a data management plan 

for the paediatric PH service. I will use the web-based application Research Electronic Data Capture 

(REDCap)(Harris et al., 2009) to perform data collection, validation, management, and storage while 

maintaining confidentiality. This platform has been used in research for over a decade and has several 

features that facilitate various aspects of data management.(Van Bulck, Wampers & Moons, 2022) 

Data from the existing paediatric PH registry will be combined with other retrospective data from 

other clinical systems (both legacy systems and the current electronic health record) and imported into 

the REDCap system using the data import tool to form the starting point of prospective data 

collection. With the aid of the site REDCap co-ordinator, direct data entry will be performed for each 

new referral to the PH service using a form that will autopopulate certain fields from the EHR and 

will require limited manual entry of pre-specified variables. A codebook and data dictionary are 

generated by the system, which provides documentation of the definitions of variables. Data collected 

for each patient can be stored together, allowing researchers to maintain an overview of the status of 

data collection and which data are missing. The system also provides detailed logs of user interactions 

with the system, including when and which data were accessed. Finally, the REDCap system can be 

configured to conform to nation-specific privacy and confidentiality regulations, necessary for 

conducting ethical research within the UK. 

This process of optimised, longitudinal data collection, management and storage will facilitate the 

annual submissions of information to the National PH Audit and NCHDA, and, with the appropriate 

ethics approvals in place, will form the basis of further national cohort studies and can facilitate 

collaboration and data sharing across academic departments and institutions. In this way, I can 

maximise the benefit of having spent hundreds of hours on manual, retrospective data collection for 

the work contained in this thesis. 



 128 

8.3.3. External validation of the paediatric repaired PAH-CHD risk score 
External validation is an essential part of testing a risk score to determine its suitability for clinical 

practice. Despite this, there are few externally validated clinical risk assessment tools in the field of 

PAH-CHD. I am in the process of performing external validation on the risk score developed, 

calibrated, and internally validated for paediatric repaired PAH-CHD in Chapter 3 (see Section 6). 

This process will involve data analysis by an independent statistician in a second sample of children 

with repaired PAH-CHD, using timeROC analysis and testing model calibration. Along with my co-

authors, I have collaborated with the REHIPED Spanish registry investigators to test our score in a 

separate repaired PAH-CHD population in a different European country.(del Cerro Marín et al., 2014) 

The Spanish registry has published the second largest European cohort of paediatric PH patients and 

will provide an excellent validation cohort.  

For the process of external validation to be effective, there should be differences in the baseline 

characteristics and/or outcomes in the second cohort. Although data on baseline characteristics by 

PAH-CHD subgroup have not been published, del Cerro Marín and colleagues have reported on the 

proportions of PAH-CHD patients in each subgroup, as well as outcome data: A higher proportion of 

patients with PAH-CHD in the Spanish cohort had group D PAH-CHD compared to the UK 

paediatric cohort (41.9% vs. 35.6%), despite differences in the way that the Spanish investigators 

defined group D PAH-CHD, i.e. this group did not include patients with PAH predating defect repair, 

who were instead characterised as group B PAH-CHD; these patients will be re-allocated to the 

correct PAH-CHD group, as appropriate, for our analysis. Outcomes were not significantly different 

between PAH-CHD subgroups in the analysis of the Spanish cohort, whereas I have reported worse 

outcomes in group C compared to other PAH-CHD patients.(Constantine et al., 2021c) 

As of June 2022, the REHIPED registry included 106 patients with post-operative PAH-CHD, with 

23 deaths during the follow-up period (del Cerro Marín, personal communication, June 2022). To 

achieve an AUC of 0.8 with a power of 0.9 at a significance level of 0.05 using the endpoint of 5-year 

death or transplantation, a sample consisting of at least 48 patients (~10 events) is required. 

I will use my experience with external validation of risk scores gained in the adult CHD population to 

ensure that I develop the most rigorous, clinically useful risk tool possible.(Constantine et al., 2021a) 

Once I have produced an externally validated risk score, I plan to develop a simple, app-based online 

calculator to facilitate distribution and ease of access of our score. As I have recently accomplished 

with the PErioperative ACHd (PEACH) score, I will work in collaboration with the team at EBMCalc 

to incorporate my score in their app.(Leff, 2021) This would allow the tool to be embedded and used 

on many of the most widely used EHR vendors and medical resource websites and applications, 

including UpToDate, Epocrates, and Cerner EHR. 
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8.3.4. Transition from paediatric to adult care of patients with PH related to CHD  
In this thesis, I have gathered and analysed data from children and adults with different forms of PH 

related to CHD. Although many of the patients I studied were adolescents and young adults, my 

research did not focus on the process of transition from paediatric to adult care, which describes a 

multi-year process of education aimed at empowering patients to take responsibility for their health 

and to prepare them for independence in adulthood.(Dimopoulos et al., 2021) The transition process 

starts from the age of 12, several years prior to the date of transfer from paediatric and adult services, 

to ensure effective, age-appropriate support. Adolescence is a vulnerable period for patients with 

chronic diseases, including CHD, with a high rate of loss of follow-up during this time, which 

adversely impacts clinical outcomes.(Kempny et al., 2016) ensuring a smooth transition is especially 

important for patients with PH related to CHD, who are often highly symptomatic, commonly have 

multi-system comorbidities, including genetic syndromes and/or learning difficulties, and take 

complex therapies; evidence regarding best practice is lacking in this emerging patient 

population.(Constantine et al., 2020b)  

As part of the PhD work of the next CHAMPION PhD fellow, we will use the UK paediatric PH 

registry developed in this thesis to identify and characterise the UK transition population (12-18 years 

of age) with PH related to CHD. To test the efficacy of education provided during the transition 

process, the PhD student will use established transition-related questionnaires on empowerment, 

transition readiness and psychological wellbeing.(Saarijärvi et al., 2021) The student will then use the 

results of this questionnaire to formulate an enhanced transition protocol for children and young 

adults with PH related to CHD. I will then pilot this protocol in a small perspective study with the 

target of demonstrating the impact on transition-readiness endpoints. I aim to provide support for the 

next CHAMPION PhD fellow in the capacity of an assistant supervisor through Imperial College 

London as well as peer support and collaboration in my role as part of the CHAMPION Steering 

Committee.   
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10. Appendix 1

Table A1: International PH classification and subclassification 

1. PAH
1.1. Idiopathic PAH 
1.2. Heritable PAH 
1.3. Drug- and toxin-induced PAH 
1.4. PAH associated with: 

1.4.1. Connective tissue disease 
1.4.2. HIV infection 
1.4.3. Portal hypertension 
1.4.4. Congenital heart disease 

1.4.4.1. Eisenmenger syndrome 
1.4.4.2. PAH with predominant left-to-right shunts 
1.4.4.3. PAH incidental to CHD 
1.4.4.4. CHD with post-operative/closed defects 

1.4.5. Schistosomiasis 
1.5. PAH long-term responders to calcium channel blockers 
1.6. PAH with overt features of venous/capillaries (PVOD/PCH) involvement 
1.7. Persistent PH of the newborn syndrome 

2. PH due to left heart disease
2.1. PH due to heart failure with preserved LVEF 
2.2. PH due to heart failure with reduced LVEF 
2.3. Valvular heart disease 
2.4. Congenital/acquired cardiovascular conditions leading to post-capillary PH 

2.4.1. Pulmonary vein stenosis 
2.4.1.1. Isolated 
2.4.1.2. Associated (bronchopulmonary dysplasia, prematurity) 

2.4.2. Cor triatriatum 
2.4.3. Obstructed total anomalous pulmonary venous return 
2.4.4. Mitral/aortic stenosis (including supra/subvalvar) 
2.4.5. Coarctation of the aorta 

3. PH due to lung diseases and/or hypoxia
3.1. Obstructive lung disease 
3.2. Restrictive lung disease 
3.3. Other lung disease with mixed restrictive/obstructive pattern 
3.4. Hypoxia without lung disease 
3.5. Developmental lung disorders 

3.5.1. Bronchopulmonary dysplasia 
3.5.2. Congenital diaphragmatic hernia 
3.5.3. Down syndrome 
3.5.4. Alveolar capillary dysplasia with “misalignment of veins” (FOXF1) 
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3.5.5. Lung hypoplasia, acinar dysplasia 
3.5.6. Surfactant protein abnormalities 

3.5.6.1. Surfactant protein B deficiency 
3.5.6.2. Surfactant protein C deficiency 
3.5.6.3. ABCA3 

3.5.7. TTF1/NKX2-1 
3.5.8. TBX4 
3.5.9. Pulmonary interstitial glycogenesis 
3.5.10. Pulmonary alveolar proteinosis 
3.5.11. Pulmonary lymphangiectasia 

4. PH due to pulmonary artery obstructions
4.1. Chronic thromboembolic PH 
4.2. Other pulmonary artery obstructions 

4.2.1. Sarcoma (high or intermediate grade) or angiosarcoma 
4.2.2. Other malignant tumours 

4.2.2.1. Renal carcinoma 
4.2.2.2. Uterine carcinoma 
4.2.2.3. Germ cell tumours of the testis 
4.2.2.4. Other tumours 

4.2.3. Non-malignant tumours 
4.2.3.1. Uterine leiomyoma 

4.2.4. Arteritis without connective tissue disease 
4.2.5. Congenital pulmonary artery stenoses 
4.2.6. Parasites 

4.2.6.1. Hydatidosis 
5. PH unclear and/or multifactorial mechanisms

5.1. Haematological disorders 
5.1.1. Chronic haemolytic anaemia 
5.1.2. Myeloproliferative disorders 

5.2. Systemic and metabolic disorders 
5.2.1. Pulmonary Langerhans cell histiocytosis 
5.2.2. Gaucher disease 
5.2.3. Glycogen storage disease 
5.2.4. Neurofibromatosis 
5.2.5. Sarcoidosis 

5.3. Others 
5.3.1. Chronic renal failure with or without haemodialysis 
5.3.2. Fibrosing mediastinitis 

5.4. Complex congenital heart disease 
5.4.1. Segmental pulmonary hypertension 

5.4.1.1. Isolated pulmonary artery of ductal origin 
5.4.1.2. Absent pulmonary artery 
5.4.1.3. Pulmonary atresia with VSD and MAPCAs 
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5.4.1.4. Hemitruncus 
5.4.1.5. Other 

5.4.2. Single ventricle 
5.4.2.1.Unoperated 
5.4.2.2.Operated (Glenn/Fontan) 

5.4.3. Scimitar syndrome 

From the 6th WSPH in 2018.(Simonneau et al., 2019; Rosenzweig et al., 2019) Abbreviations: ABCA3, ATP 
binding cassette subfamily A member 3; CHD, congenital heart disease; FOXF1, forkhead box F1; HIV, human 
immunodeficiency virus; LVEF, left ventricular ejection fraction; MAPCA, major aorto-pulmonary collateral; 
PAH, pulmonary arterial hypertension; PCH, pulmonary capillary haemangiomatosis; PH, pulmonary 
hypertension; PVOD, pulmonary veno-occlusive disease; TBX4, T-box transcription factor 4; TTF1/NKX2-1, 
transcription termination factor 1/NK2 homeobox 1; VSD, ventricular septal defect. 
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11. Appendix 2
List of clinical collaborators, research sites, and research collaboratives involved in this body of work. 

11.1. Research sites and local principal investigators (List A) 
• Royal Brompton Hospital, Royal Brompton & Harefield Hospitals, Guy’s and St Thomas’

NHS Foundation Trust, London (Professor Konstantinos Dimopoulos and Dr S John Wort)

• Great Ormond Street Hospital, Great Ormond Street Hospital for Children NHS Foundation

Trust, London (Dr Shahin Moledina, Professor Vivek Muthurangu)

• Queen Elizabeth Hospital, University Hospitals Birmingham NHS Foundation Trust,

Birmingham (Dr Paul Clift)

• Royal Hallamshire Hospital, Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield

(Dr Robin Condliffe)

• Bristol Heart Centre, University Hospitals Bristol NHS Foundation Trust, Bristol (Professor

Robert Tulloh)

• Liverpool Heart and Chest Hospital, Liverpool Heart and Chest Hospital NHS Foundation

Trust, Liverpool (Dr Petra Jenkins, Dr Vasilios Papaioannou)

• Freeman Hospital, Newcastle-Upon-Tyne Hospitals NHS Foundation Trust, Newcastle-Upon-

Tyne (Dr Katrijn Jansen)

• St Thomas’ Hospital, Guy’s and St Thomas’ NHS Foundation Trust, London (Dr Natali

Chung)

• St Bartholomew’s Hospital, Barts Health NHS Trust, London (Dr Kate von Klemperer)

• Southampton General Hospital, University Hospital Southampton NHS Foundation Trust (Dr

Samantha Fitzsimmons)

• Scottish Adult Congenital Cardiac Service, Golden Jubilee National Hospital (Dr Niki

Walker).

11.2. CHAMPION Steering Committee (List B) 
The CHAMPION initiative (Congenital Heart Disease and Pulmonary Arterial Hypertension: 

Improving Outcomes Through Education and Research Networks) was set up in 2015 and is 

supported by Actelion UK, allowing PAH-CHD clinicians to foster collaboration and improve 

education and research networks in the field. The current CHAMPION Steering Committee is 

composed of the following clinical researchers, who have extensive clinical and academic expertise in 
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PAH-CHD and have acted as core clinical collaborators and provided supervision and/or internal peer 

review for this thesis: 

• Professor Konstantinos Dimopoulos, Royal Brompton Hospital (primary supervisor)

• Dr Shahin Moledina, Great Ormond Street Hospital for Children

• Dr Paul Clift, Queen Elizabeth Hospital, Birmingham

• Dr Robin Condliffe, Royal Hallamshire Hospital, Sheffield

• Dr Katrijn Jansen, Freeman Hospital, Newcastle

• Professor Robert MR Tulloh, Bristol Heart Centre (retired member of the CHAMPION

group).
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12. Appendix 3
Survey questions to UK experts in PH and/or CHD. 

1. Within which region of the UK do you work?

a. North

b. Midlands and East

c. South

d. London

e. Scotland

f. Wales

g. Northern Ireland

2. What is your sub-specialty (select one or more options)?

a. Adult congenital cardiologist

b. Paediatric congenital cardiologist

c. Pulmonary hypertension specialist

d. Other (please specify)

3. How many Fontan patients are under the care of your centre?

a. More than 100

b. 20-100

c. Fewer than 20

4. In your clinical practice, in approximately what percentage of Fontan patients does pulmonary

arterial hypertension (PAH) therapy play a role?

a. 0 – 20

b. 21 – 40

c. 41 – 60

d. 61 – 80

e. 81 – 100

5. Before starting PAH therapies, in approximately what percentage of patients would you perform

cardiac catheterisation?

a. 0 – 20

b. 21 – 40

c. 41 – 60

d. 61 – 80

e. 81 – 100

6. Please rank the importance of each of the following haemodynamic parameters for patients with a

Fontan/total cavo-pulmonary connection (TCPC) when considering PAH therapy (rank 1 – 4,

additional “not important” option):
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a. Pulmonary arterial pressures / pressures in Fontan circuit

b. Pulmonary vascular resistance by Fick

c. Pulmonary vascular resistance by hybrid MRI

d. Systemic ventricular end-diastolic pressure / pulmonary arterial wedge pressure

7. Please indicate the strength of each of the following possible indications for PAH therapies in a

teenage or adult Fontan patient (options: No, Weak, Strong)

a. Decreasing exercise capacity

b. New fluid overload\Fluid overload refractory to diuretic therapy

c. Two or more ‘heart failure’ admissions over the past year

d. New diagnosis of protein losing enteropathy (PLE)

e. PLE refractory to other therapy

f. Fontan-associated liver disease

g. Complications following TCPC conversion surgery

h. Worsening cyanosis in a patient with a fenestration

i. Other (please specify)

8. Please indicate the strength of each of the following possible contraindications to the initiation of

PAH therapy in a Fontan patient (options: No, Weak, Strong)

a. Significant systemic ventricular dysfunction

b. Significant atrioventricular valve regurgitation

c. Hypoplasia of the pulmonary arteries

d. Renal dysfunction

e. Hepatic congestion

f. Liver cirrhosis

g. Other (please specify)

9. Which would you consider as first-line PAH therapy in Fontan patients?

a. Phosphodiesterase type 5 (PDE-5) inhibitor

b. Endothelin receptor antagonist (ERA)

c. Prostacyclin pathway drugs (PGI2 analogue or IP receptor antagonist)

d. Combination therapy (please specify)

10. Please indicate which of the following would affect your choice of agent for first-line PAH

therapy (tick all that apply)

a. National clinical commissioning policy

b. Regional or trust-level policy

c. Liver congestion

d. History of migraine

e. Anaemia

f. Thrombocytopenia
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g. Systemic ventricular or atrio-ventricular valve dysfunction

h. Other (please specify)

11. Do you think that Fontan patients are at particularly high risk of complications from PAH

therapies compared to idiopathic PAH or other congenital heart disease-associated PAH patients?

a. Yes

b. No

Please comment here if you wish to expand on your answer: 

12. Is liver dysfunction of particular concern to you when starting an ERA in a Fontan patient?

a. Yes

b. No

Please comment here if you wish to expand on your answer: 

13. Please indicate which of the following you would consider a treatment end-point for PAH therapy

in Fontan patients. Rank all that apply in order of importance (1 for most important) or mark as

“not important”:

a. Improve prognosis

b. Improve exercise capacity

c. Improve quality of life

d. Control heart failure or PLE

e. Improve resting saturations

14. Please indicate any other aims of therapy you consider important:

15. Each of the following sentences have the following structure:

PAH therapy ___ for Fontan patients with ___ (___ indication). 

Please use the options below to formulate up to 8 of your own sentences, which reflect your 

views on PAH therapies in Fontan patients.  

Table A2: A reminder of the wording adopted by international guidelines with respect 

to the level of evidence and the strength of the recommendation of management options. 

Definition Suggested wording to use 

Class I Evidence and/or general agreement that a given 

treatment or procedure is beneficial, useful, 

effective. 

Is recommended/ 

is indicated 

Class II Conflicting evidence and/or a divergence of 

opinion about the usefulness/efficacy of the 

given treatment or procedure. 
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Class IIa Weight of evidence/opinion is in favour of 

usefulness/efficacy. 

Should be considered 

Class IIb Usefulness/efficacy is less well established by 

evidence/opinion. 

May be considered 

Class III Evidence of general agreement that the given 

treatment or procedure is not useful/effective, 

and in some cases may be harmful. 

Is not recommended 

Level of evidence Criteria 

A Data derived from multiple randomized clinical trials or meta-analyses. 

B Data derived from a single randomized clinical trial or large non-

randomised studies. 

C Consensus of opinion of the experts and/or small studies, retrospective 

studies, registries. 

Options following the phrase “PAH therapy” (dropdown box 1): 

a. Is recommended/indicated

b. Should be considered

c. May be considered

d. Is not recommended

Options following the phrase “for Fontan patients with” (dropdown box 2): 

a. Decreasing exercise capacity

b. New fluid overload

c. Fluid overload refractory to diuretic therapy

d. Multiple ‘heart failure’ admissions

e. PLE refractory to other therapy

f. Complications following TCPC conversion surgery

g. Worsening cyanosis in a patient with fenestration

h. Significant systemic ventricular dysfunction
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i. Significant atrio-ventricular valve regurgitation

j. Hypoplasia of the pulmonary arteries

k. Renal dysfunction

l. Hepatic congestion

m. Liver cirrhosis

Options preceding the word “(__ indication)” (dropdown box 3) 

a. Class I

b. Class IIa

c. Class IIb

d. Class III

My formulations (up to 8 formulations allowed): 

PAH therapy [dropdown box 1] for Fontan patients with [dropdown box 2] ([dropdown box 3]  

indication). 
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13. Appendix 4
List of R packages used for statistical analysis. 

R environment 
Rcmdr 

Data cleaning/wrangling 
tidyverse, lubridate, stringr 

Conditional logistic regression 
clogit 

Survival analysis 
survival, survminer, mstate 

Collinearity diagnostics 
rms 

Multiple imputation 
mice, amelia 

Risk score diagnostics / Receiver operator characteristics 
pROC, ROCR, timeROC 

Bootstrapping 
MAMI, boot 

Hierarchical edge bundling 
circlize, viridis, devtools::install_github(“mattflor/chorddiag”) 

Formatting 
RcolorBrewer, hrbrthemes, knitr, pander, extrafont, gridExtra, bookdown 
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9th January 2023 

Dear ATS Journals, 

I am completing my PhD thesis at Imperial College London entitled ‘Pulmonary 
arterial hypertension in repaired congenital heart disease: a multicentre study’. 

I seek your permission to reprint, in my thesis, the published version of a paper I 
published in: AJRCCM, volume 206, Issue 6, September 2022, pages 758-766 
(https://doi.org/10.1164/rccm.202110-2428O). 

I would like to include the paper in my thesis which will be added to Spiral, Imperial's 
institutional repository http://spiral.imperial.ac.uk/ and made available to the public 
under a Creative Commons Attribution-ShareAlike 4.0 International (CC BY-SA). 

If you are happy to grant me all the permissions requested, please return a signed 
copy of this letter. If you wish to grant only some of the permissions requested, 
please list these and then sign. 

Yours sincerely, 

Dr Andrew Constantine MBBS MA MRCP(UK) 

Permission granted for the use requested above: 

I confirm that I am the copyright holder of the paper above and hereby give 
permission to include it in your thesis to be made available, via the internet, for non-
commercial purposes under the terms of the user licence. 

[please edit the text above if you wish to grant more specific permission] 

Signed: 

Name: 

Organisation: 

Job title: 

Diane Gern, Chief, Journals
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