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The pulmonary circulation and pulmonary hypertension 

The pulmonary circulation is an essential network for gas exchange. Deoxygenated blood is 

transported via the right atrium (RA) and right ventricle (RV) through the lungs. In an 

extensive network of capillaries folded around the alveoli, oxygen uptake and carbon dioxide 

elimination takes place via the alveolar-capillary membrane. Oxygenated blood is then 

transported to the left atrium (LA) and left ventricle (LV) where it is distributed via the 

systemic circulation to all organs and tissues of the body. In normal circumstances, the 

pulmonary circulation is a high flow, highly compliant and low pressure system ( normal 

pressure in the pulmonary artery is ±14 mmHg)(1, 2). In patients with pulmonary 

hypertension, vascular resistance increases and the highly compliant system becomes stiff 

which results in an increase of pulmonary artery pressure. Pulmonary hypertension (PH) is a 

hemodynamic condition defined by a mean pulmonary artery pressure (mPAP) ≥ 25 mmHg in 

current guidelines (3). Recently, the Sixth world symposium on Pulmonary Hypertension 

proposed a revised definition for pre-capillary PH including a mPAP > 20 mmHg and 

pulmonary vascular resistance ≥ 3 WU which is based on the upper limit of normal (4). The 

pathophysiological process behind the development of PH is dependent on the underlying 

aetiology. PH can be caused by various disorders and can be categorized in five main 

subtypes based on their pathophysiological, clinical and therapeutic characteristics (table 

1) (4).  In this thesis, the focus will be on diagnosing treatable pre-capillary PH (i.e. 

pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension 

(CTEPH)) and excluding post-capillary PH (i.e. group 2 PH due to left heart disease). 

Treatable pre-capillary pulmonary hypertension 
CTEPH is a rare disease characterized by occlusion of the proximal pulmonary arteries due 

to fibrotic intravascular material in combination with secondary microvasculopathy of the 

smaller pulmonary vessels (5). This will result in an increased pulmonary vascular resistance 

and progressive heart failure (3, 5). The prevalence of CTEPH in the general population is 

estimated around 3.2-50 per million adults (6-8). CTEPH is often considered as a 

complication of an acute pulmonary embolism (PE) as 50-75% of patients with CTEPH have 

acute PE in their medical history (9-11). The cumulative incidence of CTEPH in the first two 

years after acute PE is not exactly known but ranges from 0.1%-11.8% in several reports (12-

15). 
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Table 1. Clinical classification of pulmonary hypertension as proposed on the Sixth World 

Symposium on Pulmonary Hypertension (4) 

1. Pulmonary arterial hypertension (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 

 1.4.5 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. Pulmonary Hypertension due to left heart disease

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

4. Chronic thromboembolic Pulmonary Hypertension and Pulmonary hypertension due other

pulmonary artery obstructions

5. PH with unclear and/or multifactorial mechanisms

PAH is a progressive disease of the lung vascular system with an estimated prevalence of 

5.9-60 cases per million adults (16, 17). Due to variable and often non-specific symptoms, 

patients are frequently diagnosed when right ventricular failure has already developed (17). 

PAH can be classified into several different subgroups: idiopathic PAH (IPAH), heritable PAH 

(HPAH), pulmonary veno-occlusive disease (PVOD), drug and toxin induced PAH, and PAH 

associated with other conditions including connective tissue disease, human 

immunodeficiency virus (HIV) infection, portal hypertension or congenital heart disease (18). 

Regardless of the underlying etiology, PAH patients exhibit similar pathophysiological 
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changes such as endothelial dysfunction, increased pulmonary vascular tone and right 

ventricular hypertrophy. Histologically, a typical form of pulmonary vascular remodeling is 

seen with proliferation of smooth muscle cells and endothelial cells, and development of in 

situ thrombi(19, 20). PAH is often associated with other conditions, such as congenital heart 

disease, however approximately half of patients have HPAH or IPAH according to major PAH 

registries (21). IPAH is diagnosed after exclusion of known causes and associated conditions 

(22). PVOD is a rare form of pulmonary hypertension (PH), but grouped together with PAH, 

sharing similar clinical and hemodynamic features (23). However, underlying histological 

features differ from PAH. The defining feature of PVOD is widespread involvement of venules 

and septal veins in a vasculopathy characterized by intimal fibrosis resulting in luminal 

narrowing or obliteration. Small pre-septal venules with occlusive or near occlusive fibrous 

thickening of the intima is usually considered necessary for the diagnosis of PVOD, which is 

often associated with a faster progression of the disease compared to PAH (24). 

 

HPAH can be diagnosed when a pathogenic variant in a PAH-associated gene is identified 

(18). Inheritance in HPAH generally follows an autosomal dominant pattern with incomplete 

penetrance (17, 25). Genetic variants of the BMPR2 gene (encoding Bone Morphogenetic 

Protein Receptor type 2) have been identified as the most common cause of HPAH (17, 26). 

BMPR2 is a member of the TGF-β superfamily of receptors and pathogenic variants in this 

gene are identified in 75-90% of families with familial PAH and in 3.5-40% of sporadic PAH 

cases (27, 28). Pathogenic variants in several more recently identified genes, including TBX4, 

SMAD9, KDR, KCNK3, GDF2, EIF2AK4, are identified in a small minority of PAH cases (29, 30). 

Pathogenic variants in TBX4, member of the T-box gene family encoding transcription factors 

(31), are recognized in around 1.5 - to 2% of PAH patients (29, 30). Around 1 - to 1.5% of PAH 

patients harbor homozygous or compound heterozygous EIF2AK4 pathogenic variants, the 

gene more commonly associated with PVOD (23, 29, 30).   

Identification of a genetic cause allows early detection of PAH in relatives carrying the 

disease-causing pathogenic variant. Early detection of PAH is of great importance as early 

initiation of PAH-specific treatment improves transplant-free survival and delays disease 

progression (32). Technological developments in genetic testing such as whole exome 

sequencing (WES) and whole genome sequencing (WGS) have advanced affordable and rapid 

genetic testing in large PAH patient cohorts, which has led to the identification of additional 

genes (potentially) associated with the disease (25) (Figure 1). However, much of the 

pathophysiology and molecular pathways involved in PAH remain unclear. Based on current 

knowledge, around 20-30% of IPAH patients without an associated condition harbor an 

identifiable genetic cause and should therefore be classified as HPAH (32, 33).  
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Figure 1. Genetics of pulmonary arterial hypertension over time. 

Figure adapted from ”Genetics and genomics of pulmonary arterial hypertension”, by N.W. 

Morrell et al.. Eur. Respir. J. 2019 Jan 24;53(1):1801899. doi: 10.1183/13993003.01899-

2018(25). 

Clinical presentation of pre-capillary pulmonary hypertension 

CTEPH can affect both genders equally. The median age of patients at diagnosis is 63 years, 

paedriatic cases are rare (10, 34). PAH can present from childhood till very late in life, with 

a predominance in females(21, 35). CTEPH and PAH can have various presenting symptoms, 

but in most patients includes exercise intolerance and exertional dyspnea (18). When right 

ventricular failure eventually occurs, lower extremity edema, abdominal distention and/or 

signs of venous congestion can be present. Oedema and haemoptysis occur more often in 

CTEPH, while syncope is more common in PAH (36). Syncope or near-syncope may occur 

whenever cardiac output falls short due to right ventricular failure, indicating the urgent 

necessity of initiating PAH-specific medication or treatment for CTEPH (medical or surgical). 

Angina is also common in PAH, reflecting ischemia from impaired coronary blood flow to a 

markedly hypertrophied right ventricle (37). Vital signs such as an elevated heart rate at 

rest are caused by an overtly decompensated right ventricle (37). 
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Clinical diagnosis of pre-capillary pulmonary hypertension 

Physical examination, blood sampling, echocardiography and exercise testing can provide 

initial clues pointing to pre-capillary PH(18). Blood tests are required to identify some forms 

of PAH (particularly associated with connective tissue disease) as well as end organ damage. 

Elevated N-terminal pro-brain natriuretic peptide (NT-proBNP) could indicate right 

ventricular systolic dysfunction(38). Echocardiography is useful in assessing the probability 

of pre-capillary PH, but not for establishing a definitive diagnosis. Traditionally, RV systolic 

pressure (RVSP) is measured by derivation of the right ventricular-atrial pressure gradient 

from the tricuspid regurgitation velocity (TRV) added to a qualitative assessment of right 

atrial pressure (RAP). Additional echocardiographic signs besides TRV, such as right/left 

ventricle ratio, pericardial effusion or the pulmonary artery diameter, are measured to 

assess the likelihood of the presence of PH(39). Cardiopulmonary exercise testing using a 

treadmill or bicycle with measurements of gas exchange allows for non-invasively grading of 

exercise limitation and can be performed during follow up to monitor functional capacity 

and disease progression (37).  

Chest radiography during clinical work up is often overlooked in the assessment of PAH. An 

enlarged right ventricle and/or atrium can be visible on chest radiography, indicating 

elevated pulmonary pressures(40). Computed tomography (CT) scans are also an important 

part in the clinical work up of pre-capillary PH patients. CT angiography may show acute 

pulmonary embolisms or typical webs and bands characteristic of CTEPH. Similar to chest 

radiography, enlarged pulmonary arteries can be seen and right ventricular dimensions can 

be assessed. Also, pericardial effusion, suggestive of poor prognosis, can be seen on CT scans 

(39). High resolution CT imaging provides detailed views of the lung parenchyma facilitating 

the diagnosis of interstitial lung disease (ILD). Interstitial edema with diffuse central ground-

glass opacification and thickening of interlobular septa support the diagnosis of PVOD (24, 

41). To screen for CTEPH, CT imaging alone is insufficient and perfusion imaging is required. 

(42). With this technique mismatched perfusion defects can be detected; for the diagnoses 

of CTEPH at least one perfusion defect is needed (3). 

The golden standard in diagnosing PAH is right heart catheterization (RHC) (18). A definitive 

diagnosis of PAH can be made when the mean arterial pulmonary pressure (mPAP) is ≥20mHg, 

pulmonary vascular resistance >3 Wood Units (WU) and pulmonary artery wedge pressure 

(PAWP) ≤15mmHg (4). RHC is not only essential for the definitive diagnosis, but also provides 

prognostic information through assessment of cardiac output and mixed venous oxygen 

saturation (43). Another important element of the RHC is vasoreactivity testing (usually by 

means of inhaled NO as vasodilator), especially in IPAH and HPAH patients, identifying those 
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who are most likely to respond to calcium channel blockers (CCB) treatment (43). For the 

diagnosis of CTEPH a combination of a pulmonary angiogram and RHC is needed, after at 

least three months of anticoagulation (3, 44). With a pulmonary angiogram typical findings 

of CTEPH can be detected, such as ring-like stenoses, webs/slits and chronic total occlusions 

(pouch lesions or tapered lesions) (3, 10). For CTEPH the same cut-offs at RHC as PAH are 

needed (4). 

Cardiac magnetic resonance (CMR) imaging is a non-invasive tool that provides high-

resolution images of the heart. CMR is considered to be the golden standard in assessing RV 

function (45). It provides accurate information about RV mass, volumes and other markers 

of RV function. Many RV parameters, such as ejection fraction (EF), end-diastolic volume 

(EDV) and stroke volume index are highly predictive of mortality and survival(45). Beyond 

conventional CMR imaging, (ventricular) strain analysis can be used to identify regional 

dysfunctional myocardial contractility with normal global RV function (46). 

Heritable pulmonary arterial hypertension 

Genes associated with heritable pulmonary arterial hypertension 

The heterogeneous genetic landscape of PAH seems to converge around three 

pathobiological concepts: 1) imbalanced TGF-β/BMP (transforming growth factor-beta and 

bone morphogenic protein) signaling; 2) abnormal vascular tone; 3) defective lung vascular 

development. The mechanistic relevance of some of the more recently identified gene 

variants associated with PAH remains elusive.  

TGF-β/BMP-signaling 

In 2000, heterozygous pathogenic germline variants in the gene BMPR2 were identified as a 

genetic cause in familial PAH (33, 47). Homo- or heterodimers of BMPs interact with 

heteromeric complexes of four type I and three type II receptors (48). More than 30 BMP 

ligands signal through these receptors, such as: BMP9 or BMP10 (49). The activated 

heteromeric receptor complex activates intracellular signaling (50-53). Following BMP 

binding and receptor complex formation, activation of receptor-associated R-SMAD (an 

acronym from the fusion of Caenorhabditis elegans SMA genes and the Drosophila Mad, 

Mothers against decapentaplegic) occurs subsequently regulating expression of target genes 

(53, 54). Pathogenic variants have been identified in these intermediaries of BMP signaling, 

such as SMAD9. Heterozygous pathogenic variants of SMAD9 have been shown to contribute 

to dysregulation of the BMP response (55). However, pathogenic variants in SMADs are rare 
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in PAH (56, 57). 

Pathogenic variants in ACVRL1 (Activin A receptor type II-like kinase-1; also known as ALK1), 

part of the TGF-β superfamily, were first recognized to cause Hereditary Hemorrhagic 

Telangiectasia (HHT) type 2 (58, 59). HHT can be associated with pulmonary arteriovenous 

malformations and pulmonary arterial hypertension, occasionally indistinguishable from 

IPAH(58). Another relevant co-receptor in BMP pathway signaling is endoglin (ENG) (60). 

Pathogenic variants in the ENG gene, encoding a type I integral membrane glycoprotein 

receptor, have been identified in PAH patients and again also in HHT (61, 62). The high 

expression of BMPR2, ACVRL1 and ENG in pulmonary endothelium, strongly suggests that 

pulmonary endothelial cell dysfunction plays an important initiating role in PAH 

pathogenesis. 

Recently, a case control study was performed by Graf et al. in order to identify novel genes 

associated with PAH (29). The cohort consisted of diagnosed PAH patients without associated 

conditions. However, in the majority of patients genetic screening was not yet performed 

and some diagnoses had to be revised from IPAH to HPAH. Significant overrepresentation of 

rare variants in PAH cases was observed in GDF2 (growth differentiation factor 2), ATP13A3 

(a P5-type ATPase), AQP1 (aquaporin-1), and SOX17 (SRY-Box 17)(29). GDF2 encodes the 

circulating BMP9 ligand for the BMPR2 receptor. The pathogenic variants were associated 

with reduced circulating BMP9 ligand and decreased activity. Additionally, lower BMP10 

levels were also found, mostly in PAH females. This strongly suggest mostly BMP9, but also 

BMP10, to be of significance in PAH development (63, 64). Pathogenic variants in the GDF2 

have also been identified in HHT (64, 65).   

Furthermore, pathogenic variants in CAV1 (caveolin-1) were identified by exome sequencing 

in PAH patient cohorts(66). CAV1 (Caveolin-1), one of the major proteins of caveolae which 

is defined as coating of plasma membranes, are highly expressed in endothelial cells (66). 

Loss of CAV1 was shown to decrease BMPR2 membrane localization and BMP signaling (67) 

Regulation of vascular tone  

KCNK3 (potassium channel subfamily K member 3) encodes a potassium channel sensitive to 

extracellular changes and is abundantly expressed in human pulmonary arterial smooth 

muscle cells (68). Downregulation or inhibition of KCNK3 causes pulmonary smooth muscle 

cell depolarization, proliferation and pulmonary arterial constriction. Pathogenic variants in 

this gene have been identified in HPAH (69, 70).  

Lung vascular development  

18 | Chapter 1



Pathogenic variants in the T-box protein 4 (TBX4) gene were initially identified in patients 

with the autosomal dominant disorder named “small patella syndrome”, in some cases 

associated with childhood onset PAH. Recently, pathogenic variants in TBX4 were also 

reported in adult-onset PAH (31, 71). The TBX4 gene is part of the T–box gene family which 

plays an important role in the vascular and parenchymal development of lungs and formation 

of the lower limbs (31, 72).  

Evidence was also found for involvement of the Kinase Insert domain receptor gene (KDR) in 

PAH (29, 73). The KDR gene encodes the receptor VEGFR2 (vascular endothelial growth factor 

receptor 2)  for VEGF-A, thereby transducing the signal for most of VEGF effects. VEGF 

signaling influences pulmonary endothelial cells during development and in adult life (73).  

Gene variants associated with PAH through an undefined mechanism  

Recently identified genes potentially associated with PAH include tissue kallikrein 1 (KLK1) 

and gamma-glutamyl carboxylase (GGCX) (74). Pathogenic variants in KLK1 are associated 

with systemic hypertension (75). For PVOD, a major advance in the molecular diagnosis was 

the finding of biallelic pathogenic variants in EIF2AK4 (eukaryotic translation initiation factor 

2 alpha kinase 4). Pathogenic variants are identified in the vast majority of familial cases 

and in 20-25% of sporadic cases(76). Detection of proven homozygous or compound 

heterozygous pathogenic variants in this gene are sufficient for accurately establishing the 

diagnosis of PVOD without the need for lung biopsy (77). Pathogenic variants in EIF2AK4 have 

shown to prevent oxidative damage (77). However, the exact pathophysiology between 

EIF2AK4 pathogenic variants and vascular proliferation and lung vessel remodeling remains 

unanswered. In addition, several studies reported cases of PVOD patients carrying 

pathogenic BMPR2 variants (78-80).  

Disease penetrance 

HPAH is characterized by an autosomal dominant pattern of inheritance with an incomplete 

penetrance (81), with the exception of EIF2AK4 pathogenic variants, which inherit in an 

autosomal recessive way (77). Most information on disease penetrance is available from 

patients with BMPR2 pathogenic variants. Female BMPR2 mutation carriers are 

approximately 3-times more likely to develop PAH compared to males (26). In the DELPHI-2 

study (ClinicalTrials.gov: NCT01600898) asymptomatic BMPR2 mutation carriers are 

screened at baseline and annually for at least 2 years with the main objective of 

characterizing BMPR2 mutation carriers, assessing their risk of occurrence of PAH and 

thereby early detection and treatment of PAH. Recently, the DELPHI-2 study showed that  
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asymptomatic BMPR2 mutation carriers have a 2.3% risk per year of developing PAH. The 

incidence of PAH is higher in females than in males: 3.5% and 0.99% per year, respectively 

(26). It is still unestablished what factors influence the penetrance of PAH. The higher 

penetrance in females could be due to alterations in estrogen metabolism. Experimental 

data has suggested a role for estrogen in cell proliferation and damage repair, but also in 

vascular tone (82). In addition, several studies have suggested the role of inflammatory 

mediators in PAH disease penetrance, such as TNF-α (tumor necrosis factor alpha). TNF-α 

was shown to reduce BMPR2 expression in patients with BMPR2 pathogenic variants, 

exacerbating the impaired BMP signaling in carriers of a BMPR2 mutation (83). Also, potential 

environmental factors could influence disease penetrance, however no studies have yet 

addressed this. Thus, extensive prospective cohort studies are needed to study affected and 

unaffected mutation carriers for a systematic approach in identifying disease modifying 

factors in the development of PAH. 

Genotype-phenotype correlation 

HPAH pathogenic variants can be associated with specific disease characteristics and 

prognosis, but may also aid in early recognizing signs of HPAH (26). However, most 

pathogenic variants share indistinguishable clinical features where clinical trials yet have to 

establish mutation specific disease characteristics. Below a summary of PAH-associated 

genes and their specific characteristics is provided. 

BMPR2 

Patients carrying a pathogenic BMPR2 variant are typically mostly females and present at a 

younger age (mid-30s) with more hemodynamic impairment compared to IPAH patients and 

HPAH patients with other pathogenic variants (84). Pathogenic BMPR2 variants are not only 

associated with an earlier age at diagnosis but also with a shorter time to death or lung 

transplantation, resulting in younger age at death (85). PAH patients carrying a pathogenic 

variant in BMPR2 are less likely to respond to vasodilator testing compared to IPAH and other 

HPAH subtypes, which is correlated with a poor long-term outcome (20). Non-BMPR2 carriers 

show a vasodilator response 5-times more often compared to BMPR2 mutation carriers (20). 

TBX4 

PAH patients harboring pathogenic variants in TBX4 present at a broad age range varying 

from birth to late adulthood (31). Again, disease penetrance is higher in females. Although 

not always obvious, features of a small-patella syndrome are observed in most patients: 

hypoplasia or aplasia of the patella, ossification defects of the ischia and inferior pubic rami 

and anomalies of the feet such as a large gap between the first and second toe (sandal gap) 
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(31). The TBX4 gene is of major importance in embryonic lung development and pathogenic 

variants result in bronchial and parenchymal abnormalities (from sporadic small tracheal or 

bronchial wall cysts to frank interstitial lung disease) with a wide clinical presentation, such 

as dyspnea and exercise limitation (72). Inevitably, patients show features of ventilatory 

impairment and decreased diffusion capacity (DLCO). Survival seems better than in PAH 

patients carrying a BMPR2 pathogenic variant. However, prognosis remains severe (31). 

ENG and ACVRL1 

ENG pathogenic variants are detected in up to 88% of patients with HHT, some of these 

patients having PAH (61). HPAH patients with an ENG pathogenic variant are, on average, 10 

years younger at the time of diagnosis in comparison to IPAH patients, but no other 

distinctive clinical differences have been observed so far (61). Patients harboring ENG 

pathogenic variants could present with symptoms attributed to HHT, such as spontaneous 

and recurrent epistaxis which usually starts around the age of 12. Telangiectasias are most 

evident on the lips, tongue, buccal mucosa, face, chest, and fingers (86). Pathogenic variants 

in ACVRL1 have also been described to cause both HHT and PAH. Patients present at younger 

age compared to BMPR2 mutation - and non-mutation carriers and the presence of HHT 

mostly precedes PAH (58). Upon identification of a pathogenic variant in these genes, 

physicians should be cautious for clinical features of HHT. However, a clear phenotypic 

characterization of patients with ENG and AVRL1 pathogenic variants and PAH has yet to be 

established.  

KDR 

Patients with pathogenic KDR variants tend to present with low DLCO and radiological 

evidence of interstitial lung disease. Specific high-resolution CT imaging (HRCT) findings are 

reticulations, septal lines and ground glass opacities, mild emphysema and mediastinal 

enlarged lymph nodes (73). It has therefore been suggested that pathogenic variants in KDR 

present with a unique combination of PAH and ILD (30, 73). 

EIF2AK4 

EIF2AK4 pathogenic variants are associated with a young age at diagnosis (early 30s) and 

with a DLCO <50% despite normal spirometry compared to PVOD patients without an EIF2AK4 

pathogenic variant (23). Most likely, these patients are often misdiagnosed as having IPAH 

(23). HRCT is of great value in diagnosing PVOD as the majority of patients display features 

of mediastinal lymphadenopathy, interlobular septal thickening and centrilobular ground-

glass opacities (24). However, HRCT at time of diagnosis may not always accurately identify 

the underlining disease (87). Patients harboring EIF2AK4 pathogenic variants show worse 
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survival compared to patients with a pathogenic variant in BMPR2  and those without any 

mutations (23). This suggests that younger IPAH patients with a low DLCO should always be 

genetically tested for EIF2AK4, as a diagnosis of PVOD may have been missed.  

In conclusion, recognizing certain clinical phenotypes may contribute to targeted sequencing 

and could provide information on appropriate treatment approaches. 

Genetic testing 

The growing number of disease associated genes has led to an increased demand for genetic 

counseling and testing in PAH. Genetic testing is useful to allow informed reproductive 

decisions and early diagnosis in (yet) unaffected carriers of a pathogenic variant. 

Reproductive decisions include for example refraining from having children, since women 

with PAH or an increased risk for PAH are advised to avoid pregnancy, or preimplantation 

genetic testing (PGT) in case of a male carrier of a pathogenic variant. It has been suggested 

that the hemodynamic stress during pregnancy could be the accelerating factor in developing 

PAH, urging for clinical vigilance in healthy female mutation carriers who become pregnant 

(88).  

With the development of novel non-vasodilator drugs for PAH, it may become useful to 

perform genetic testing for precision medicine in the future. It is important that prior to 

genetic testing, genetic counseling is offered to address the many psychological, financial, 

legal and ethical issues involved and also to educate patients on complex issues like 

incomplete penetrance. The patient should be informed about disease characteristics, 

genetic testing possibilities, prevention, treatment possibilities, inheritance and 

consequences for other family members. Genetic testing can provide great psychological 

relief, but can also cause a great emotional burden of uncertainty and therefore professional 

guidance and psychosocial support are of great importance. 

NGS panel 

The increasing number of known PAH-associated genes has made Sanger sequencing no 

longer the first choice in genetic testing of an index patient. Next-generation sequencing 

(NGS) allows for the investigation of multiple gene panels simultaneously. Targeted NGS 

panels have been designed that include all PAH candidate genes for utilization in clinical 

practice. However, these panels should frequently be revised as genetic discoveries expand 

and the full spectrum of genetic bases of PAH remains undefined. NGS panels should at least 

include the major disease associated genes BMRP2, EIF2AK4, TBX4, KCNK3, SMAD9, KDR and 

GDF2. In proven familial cases without an identifiable variant in these genes, analysis of the 

other (potential) genes associated with PAH (table 2) or whole exome sequencing analysis 

should be considered. Whole exome sequencing (WES) or whole genome sequencing (WGS) 
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may be considered in an attempt to identify novel genes when no pathogenic variant is 

identified using an up-to-date PAH panel in proven familial cases of PAH or PVOD. WGS is 

currently not widely used in clinical practice, but enables the identification of genetic 

variants in non-coding regions. Non-coding RNA was initially considered as transcriptional 

‘noise’, however in the past few decades, non-coding RNA were shown to participate in 

disease processes of developing PAH, emphasizing potential future applications of WGS (89). 

Clinical validity 

With advances in genomic sequencing technology an increasing number of gene-disease 

relationships have been reported. However, supporting evidence for applicability in a clinical 

setting varies widely between genes and standard guidelines for validation of putative gene 

disease associations did not exist. Therefore, the ClinGen and ClinVar initiatives were 

founded by the national human genome research institute. ClinGen aims to create a central 

resource to systematically evaluate evidence of the gene-disease associations. On the other 

hand, ClinVar collects information about individual genetic variants in these genes and their 

relationship to human health. ClinGen has developed a framework to define the clinical 

validity of gene-disease pairs in a variety of Mendelian disorders, including PAH. This 

framework provides the strength of evidence based gene-disease relationships correlating to 

a qualitative classification ranging from definitive to conflicting evidence. Variants 

identified in genes without a clear role in the underlying disease could lead to incorrect 

diagnoses and prevent further evaluation. The developed evidence-based framework defines 

clinical validity classifications for gene-disease associations in monogenic conditions (116). 

This partnership aims to share genomic and phenotypic data between clinicians, implement 

standard interpretation of genes and variants and enhance expert review of clinical 

relevance of genes and variants. Currently, as part of this initiative, a Pulmonary 

Hypertension Expert Panel is investigating gene-disease relationships for PAH, where several 

genes have been classified as definitive based on current literature (115). This initiative is 

currently ongoing and diagnostic gene panels can be adjusted accordingly and re-evaluated 

periodically for utilization in clinical practice. Genes reported to cause HPAH have been 

summarized in Table 2.  
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Gene Phenotype Mode of inheritance Reference 

BMPR2 PAH Autosomal dominant (33, 90-93) 

TBX4 PAH – SPS Autosomal dominant (72, 94-97) 

KCNK3 PAH Autosomal dominant (29, 35, 69, 74, 

94, 98-104) 

GDF2 PAH Autosomal dominant (29, 32, 51, 105) 

SMAD9 PAH Autosomal dominant (29, 55-57, 74, 

105, 106) 

ACVRL1 PAH - HHT Autosomal dominant (29, 30, 54, 58) 

ATP13A3 PAH Autosomal dominant (29, 30, 107) 

ENG PAH - HHT Autosomal dominant (29, 30, 61) 

SOX17 PAH Autosomal dominant (29, 30, 108) 

CAV1 PAH Autosomal dominant (30, 66, 109, 

110) 

EIF2AK4 PVOD, PCH Autosomal recessive (23, 29, 30, 76) 

AQP1 PAH Autosomal dominant (29, 30, 105) 

KDR PAH – ILD + low DLCO Autosomal dominant (29, 73, 111-

113) 

GGCX PAH Autosomal dominant (74, 114) 

KLK1 PAH Autosomal dominant (74, 114) 

Table 2. Genes with pathogenic variants reported to cause heritable pulmonary arterial 

hypertension (HPAH). All bold genes are reported to have a strong/definitive clinical validity (115). 

SPS: Small Patella Syndrome; HHT: hereditary hemorrhagic telangiectasia; PVOD: pulmonary veno-

occlusive disease; PCH: pulmonary capillary hemangiomatosis; DLCO: diffusing capacity of the lungs 

for carbon monoxide. 
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Unclassified genetic variants 

When a variant is found in a disease associated gene, its pathogenicity has first to be 

determined. Identification of a variance of uncertain clinical significance (VUS) leads to 

diagnostic uncertainty for clinicians and, more importantly, for patients and families. The 

increasing availability of WGS and its greater range of possibilities brings many advantages, 

however variants should be reviewed, classified systematically according to the American 

College of Medical Genetics and Genomics (ACMG) guidelines (117). Gene variants can be 

classified into 5 groups: benign, likely benign, unknown clinical significance, likely 

pathogenic or pathogenic. ACMG guidelines have established criteria for classifying variants 

for each of these classes (117). All criteria are summarized in an overview of the ACMG 

guidelines. The primary purpose is to support clinicians in medical decision making, to 

identify or confirm the cause of disease and to help the health-care providers to make 

individualized treatment decisions. When a VUS is identified, co-segregation analysis may be 

performed in affected family members only. Whenever affected family members carry this 

genetic variant, a gene - disease relationship is could become more likely. If the genetic 

variant is not identified in an affected family member, the variant should in general be 

considered not to be causal for the familial disease.  

Genetic testing and clinical screening in family members 

Identification of a likely pathogenic - or pathogenic variant in the index patient enables pre-

symptomatic genetic testing in family members. Relatives carrying the (likely) pathogenic 

variant should be referred to the pulmonary hypertension clinic for clinical assessment. 

Asymptomatic PAH in these mutation carriers can thereby be identified and clinical 

assessment can start in a timely manner. In cases of the familial occurrence of PAH (2 or 

more family members with PAH) and a genetic variant of unknown clinical significance, 

genetic testing should only be performed in family members diagnosed with PAH to assess 

co-segregation of the variant. If no (likely) pathogenic variants are detected in familial PAH, 

healthy first relatives of PAH patients should, in our opinion, be offered the option of clinical 

pulmonary assessment. In addition, WGS/WES should be considered and these families should 

be re-evaluated after a few years for re-evaluation.  

Figure 2 summarizes the recommended approach to be taken when evaluating family 

members.  
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Figure 2. Flowchart summarizing the recommended approach of familial screening in PAH 

patients. 

IPAH: idiopathic pulmonary arterial hypertension; NGS: next generation sequencing; FDR; first 

degree relatives (parents, siblings and children). 

* Echocardiography should be performed as initial non-invasive diagnostic investigation in

patients with symptoms, signs or history suggestive of PAH. Children should be referred to a

pediatric cardiologist regardless of age with given consent of the parents.

** Consider WES/WGS and reevaluate after several years
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Outline of this thesis 

Early detection of pre-capillary PH is essential to allow early and aggressive treatment of PH 

which is associated with an improved outcome (118, 119). Unfortunately, because the initial 

symptoms of pre-capillary PH(PAH and CTEPH) are relatively nonspecific (e.g. fatigue and 

exercise intolerance), a diagnosis of pre-capillary PH is rarely made at an early stage. 

Especially in CTEPH where 25-50% of patients don’t have an acute PE in their medical 

history(9). Patients often don’t seek medical advice, and physicians usually don’t recognize 

PAH or CTEPH before severe right heart failure has already developed. As a result, pre-

capillary PH (especially PAH) is detected late in the course of the disease with a majority of 

patients already displaying severe functional and hemodynamic compromise (120).  

One way to improve early detection is to screen persons at risk who can develop PAH, such 

as unaffected mutation carriers. This is highlighted in the first part of this thesis called early 

detection of heritable PAH. For this part we have used the DOLPHIN-GENESIS CVON project 

in which we aim to improve the recognition of PAH in an earlier stage. We have done this 

via a recontact project to encourage all IPAH patients to have genetic counseling and genetic 

testing. In Chapter 2, we investigated the yield of an extended NGS panel in a Dutch cohort. 

With this NGS panel we have planned to identify more HPAH patients and more unaffected 

relatives at risk to develop PAH (i.e. unaffected mutation carriers). In Chapter 3, the patient 

perspectives on this additional NGS testing for novel PAH-associated genes were studied. In 

addition, the phenotypic characteristics of TBX4 mutation carriers found in our centre were 

described in Chapter 4, aiming to improve the identification of this pathogenic variant. In 

addition, we have set up a longitudinal follow-up program for unaffected mutation carrier 

to diagnose HPAH in an early stage. Within this longitudinal follow-up program we have used 

several screening tools for the detection of HPAH. In Chapter 5, we investigated the 

application of [18F]FLT-PET in Pulmonary Arterial Hypertension in an extended cohort of 

PAH patients and unaffected mutation carriers.  

Another way to improve early detection of pre-capillary PH is to simplify the diagnostic work-

up of incident PH patients. The second part of this thesis focusses on referral of treatable 

pre-capillary PH. For this part we used the OPTICS network of local community hospitals 

which was set up for the improvement of referral of treatable pre-capillary PH. In Chapter 

6, we created a non-invasive OPTICS risk score to predict post-capillary PH without clear 

signs of left-sided heart disease. This tool could help local clinicians to guide in their decision 

whether to perform invasive diagnostic testing and to refer a possible pre-capillary PH 

patient for treatment. However, it is currently unknown how clinicians in community 

hospitals deal with this diagnostic challenge (whether to perform an invasive RHC or not for 
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the possibility to identify rare pre-capillary PH) and what factors determine their clinical 

decision. In chapter 7, we determined which patient characteristics and echocardiographic 

parameters play a role in the decision to perform a RHC in the diagnostic work-up of incident 

PH patients seen in community hospitals, aiming to improve the current diagnostic work-up 

for patients with PAH and CTEPH. 
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Abstract: 

Pulmonary arterial hypertension (PAH) is a severe, life-threatening disease, and in some 

cases is caused by genetic defects. This study sought to assess the diagnostic yield of 

genetic testing in a Dutch cohort of 126 PAH patients. Historically, genetic testing in the 

Netherlands consisted of the analysis of BMPR2 and SMAD9. These genes were analyzed in 

70 of the 126 patients. A (likely) pathogenic (LP/P) variant was detected in 22 (31%) of 

them. After the identification of additional PAH associated genes, a next generation 

sequencing (NGS) panel consisting of 19 genes was developed in 2018. Additional genetic 

testing was offered to the 48 BMPR2 and SMAD9 negative patients, out of which 28 opted 

for NGS analysis. In addition, this gene panel was analyzed in 56 newly identified idiopathic 

(IPAH) or pulmonary veno occlusive disease (PVOD) patients. In these 84 patients, NGS panel 

testing revealed LP/P variants in BMPR2 (N = 4), GDF2 (N = 2), EIF2AK4 (N = 1), and TBX4 

(N = 3). Furthermore, 134 relatives of 32 probands with a LP/P variant were tested, yielding 

41 carriers. NGS panel screening offered to IPAH/PVOD patients led to the identification of 

LP/P variants in GDF2, EIF2AK4, and TBX4 in six additional patients. The identification of 

LP/P variants in patients allows for screening of at-risk relatives, enabling the early 

identification of PAH. 

Graphical abstract 
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1. Introduction
Pulmonary arterial hypertension (PAH) is a rare and life-threatening disease with an

estimated prevalence of 5.9–60 cases per a million adults [1–3]. Due to variable and non-

specific symptoms, patients are often diagnosed well after the development of right heart 

failure, indicating a considerable delay in diagnosis. 

PAH can be classified into different subgroups, including idiopathic PAH (IPAH), heritable 

PAH (HPAH), pulmonary veno-occlusive disease (PVOD), drug and toxin induced PAH, and 

PAH associated with other conditions, including connective tissue disease, human 

immunodeficiency virus (HIV) infection, portal hypertension, or congenital heart disease [4]. 

IPAH and PVOD have similar clinical and hemodynamic characteristics but different 

pathophysiological and histological characteristics and progression rates [5]. IPAH is 

diagnosed when any potential cause or risk factor has been excluded [4]. HPAH can be 

diagnosed after the identification of a (likely) pathogenic (LP/P) genetic variant in a PAH 

associated gene [5]. HPAH generally follows an autosomal dominant inheritance pattern with 

incomplete penetrance [6]. Both IPAH and HPAH can occur sporadically or familial, when 

two or more members of a family are affected with PAH. 

Pathogenic variants in the BMPR2 gene (MIM# 131195) were identified as the main 

genetic cause of HPAH, explaining 75–90% of familial cases and 10–20% of sporadic cases [7–

10]. The BMPR2 gene belongs to the transforming growth factor β (TGF-β) superfamily and 

is involved in the regulation of cell growth and apoptosis. Evans et al. showed that compared 

to BMPR2-negative PAH patients, carriers of a pathogenic variant in BMPR2 were, on average, 

diagnosed at a younger age and had a more severe progression of the disease [7]. 

Until 2018, DNA diagnostics in IPAH patients in the Netherlands consisted of sequencing 

BMPR2 and SMAD9 (OMIM # 615342), encoding an intracellular signal tran Material S2ucer of 

the TGF-B pathway. The additional use of next-generation sequencing (NGS) techniques has 

resulted in the identification of several additional genes potentially associated with PAH [9]. 

However, these recently identified gene–disease relationships remain to be established 

beyond case-control studies and with more certainty over time. In a minority of IPAH cases, 

(potentially) associated variants have been reported in several genes including KCNK3 

(encoding a PH sensitive potassium channel), CAV1 (encoding an integral membrane 

protein), TBX4 (playing a critical role in the development of respiratory system), GDF2 (also 

called BMP9 and a member of the highly conserved transforming growth factor-β 

superfamily), AQP1 (encoding aquaporin-1), SOX17 (encoding a transcription factor involved 

in Wnt/β-catenin and Notch signaling during development), and BMPR1B (encoding a type I 

BMP receptor) [5,9,11]. EIF2AK4 variants have been reported as an autosomal recessive 
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cause of PVOD whereas variants in the BMPR2 gene have also been reported to cause PVOD 

[12–14]. 

The identification of a pathogenic variant in a patient diagnosed with IPAH/PVOD allows 

for the early detection of disease in genotype positive relatives. This enables timely 

treatment, which is important as a recent study indicated that early treatment of PAH delays 

disease progression and improves transplant-free survival [15]. Furthermore, predictive DNA 

testing enables reproductive choices, including the possibility of preimplantation genetic 

diagnosis [8]. 

Previous research has shown that genetic testing may reveal a genetic predisposition to 

the disease also in sporadic cases. In two studies, disease-causing variants were identified 

in 13–17% of sporadic IPAH/PVOD cases [8,16]. This can likely be explained by the relatively 

low penetrance in HPAH and the de novo occurrence of pathogenic variants [17–19]. While 

newly diagnosed IPAH patients can benefit from genetic counselling and DNA testing, only a 

limited number of patients undergo genetic testing and this is generally limited to 

BMPR2/SMAD9. The recent identification of additional genes involved in the disease, in 

combination with increasing evidence on health benefits of early detection of the disease in 

unaffected relatives, prompted us to offer all IPAH/PVOD patients genetic counselling and 

(extended) genetic testing using an NGS panel of 19 PAH-associated genes if necessary. Here, 

we describe the diagnostic yield of genetic testing in a Dutch cohort, in terms of identified 

(likely) pathogenic variants and the number of identified genotype positive relatives. 

2. Materials and Methods

2.1. Subjects 

Genetic testing has been offered to IPAH/PVOD patients referred to the PAH center of 

expertise in the Amsterdam UMC since 2002. Prior to the introduction of NGS technologies, 

genetic testing was not routinely offered to all patients but often only in familial cases. 

Patients with IPAH or PVOD were included in this study from January 2018 until April 2020. 

Patients in whom prior analysis of BMRP2 and SMAD9 did not result in the detection of a LP/P 

variant and patients who were not previously tested were offered the option of (extended) 

genetic testing using NGS via a letter of their treating physician. Interested patients received 

genetic counselling and could opt for genetic testing with an NGS panel consisting of 19 

genes. All included patients were unrelated. The clinical geneticist or genetic counsellor 

obtained informed consent for genetic testing from all patients. All patients provided 

consent for the use of their data for research. The study was conducted in accordance with 

the Declaration of Helsinki. The Medical Ethical Committee of the Amsterdam UMC (location 
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VUmc) assessed the study protocol and confirmed that the study was exempt from ethics 

review according to the Dutch Medical Research Involving Human Subjects Act (2017.541). 

All patients in whom a LP/P variant as a cause of their PAH was detected were 

encouraged to inform their first-degree relatives about the option of predictive DNA testing. 

For assistance, we provided personalized family letters for patients’ relatives with 

information about the disease and access to genetic counselling and—if desired—predictive 

DNA testing. Patients in whom a causal BMPR2 mutation had been detected via genetic 

testing (i.e., HPAH patients) prior to January 2018 were informed about current preventive 

and treatment options for themselves and their at-risk relatives by letter, including the 

information on preimplantation genetic diagnosis (PGD). They were also asked to inform 

their relatives, supported by an updated family letter if desired. Relatives could opt for 

genetic testing when interested. 

2.2. Data Collection 

Sociodemographic data (age at diagnosis and sex), clinical data (NYHA functional class, 

mean pulmonary artery pressure (mPAP), mean right atrial pressure (mRAP), pulmonary 

vascular resistance (PVR) and right ventricle end-diastolic volume index (RVEDVI), right 

ventricle end-systolic volume index (RVESVI), and right ventricular ejection fraction (RVEF) 

at diagnosis), as well as family history were collected. DNA diagnostics was performed at the 

DNA laboratory of Amsterdam UMC, location VUmc. Up until 2017, DNA testing of BMPR2 and 

SMAD9 were performed using Sanger sequencing. From 2018 onwards, a WES-based virtual 

panel was analyzed, which included 19 PAH-associated genes (ABCA3, ACVRL1, BMPR1B, 

BMPR2, CAV1, EIF2AK4, ENG, FOXF1, GDF2, KCNA5, KCNK3, NOTCH1, NOTCH3, RASA1, 

SMAD1, SMAD4, SMAD9, TBX4, and TOPBP1). AQP1 and SOX17 were not included in this NGS 

panel. Using the NGS test point, mutations and small insertions and deletions can be 

detected. Additionally, multiplex ligation-dependent probe amplification (MLPA) was used 

to detect large deletions or duplications of BMPR2, because our WES-based panel test does 

not allow the detection of exon deletions and duplications. 

All variants detected were classified using the ACGS/VKGL guidelines [20]. For variant 

classification, a 5-class variant classification system was used: class 1 (benign), class 2 (likely 

benign), class 3 (variant of uncertain significance), class 4 (likely pathogenic), and class 5 

(pathogenic) [21]. The classification of variants was based on the occurrence of the variant 

in control populations (gnomAD database), in silico predictions of the impact of an amino 

acid change on the function of the protein (PolyPhen2, SIFT, AlignGVGD), and in silico 

prediction of the potential impact of the nucleotide change on splicing. Variants causing 

frameshifts or premature stop codons were considered likely pathogenic (class 4) or 
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pathogenic (class 5). Variants occurring in a control population at a frequency >1% were 

considered polymorphisms (class 1). Detailed information on the analysis methods is given 

in Supplementary Materials S1. 

2.3. Statistical Analysis 

Statistical analysis was performed with SPSS (Version 25.0) and R Studio (Version 4.0.2, 

2020-06-22). Data were visualized using the R ggplot2 package. Data were described as mean 

and SD, or median and IQR, as appropriate. Chi-square tests, log-rank tests, t-tests, and 

Wilcoxon signed rank tests were used to assess the differences between clinical observations 

in patients with and without a (likely) pathogenic variant, and between patients with a 

positive and negative family history, where appropriate. A p-value of <0.05 was considered 

statistically significant. 

3. Results

3.1. Genetic analyses 

Figure 1 shows a flow-chart of the number of patients in whom genetic testing was 

performed. In total, 126 patients were included in our study. Until 2018, genetic testing at 

the Amsterdam UMC consisted of analysis of BMPR2 and SMAD9. These genes were analyzed 

in 70 of the 126 patients. In 22 of these 70 patients (31%), a LP/P variant of BMPR2 was 

identified. Additional genetic testing (NGS panel) was offered to the 48 BMPR2 and SMAD9 

negative patients, including 2 patients with a VUS in the BMPR2 gene. Of them, 28 opted for 

NGS analysis. Fifty-six patients diagnosed with PAH after 2018 were directly tested with this 

NGS panel. In total, 84 patients were genetically tested using NGS. The NGS panel yielded 

10 additional patients with a LP/P variant, 3 LP/P variants in the PAH patients previously 

tested negative for LP/P variants in BMPR2 and SMAD9 and 7 LP/P variants in the PAH group 

diagnosed after 2018. NGS panel testing revealed LP/P variants in BMPR2 (N = 4), GDF2 (N = 

2), EIF2AK4 (N = 1), and TBX4 (N = 3). In 11 out of 84 patients (9%), NGS panel revealed a 

VUS (class 3 variants). In total, a LP/P variant was identified in 32 out of 126 patients (25%). 
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Figure 1. Flow-chart of genetic analyses in idiopathic/pulmonary veno occlusive disease 

(IPAH/PVOD) patients. 

Table 1 shows the characteristics of the study population. The mean age at diagnosis 

was 49 years (SD = 16) in all patients, with a mean age of 52 years in patients without and 

37 years in patients with a LP/P variant (p = 0.001). Seventy-one percent of patients were 

female. The majority of patients (N = 114, 90%) were diagnosed with IPAH, whereas only 12 

patients were diagnosed with PVOD. Seventeen patients in our total cohort had a positive 

family history for PAH. Of the patients with a LP/P variant (n = 32), nine had a positive 

family history. In eight patients with a positive family history no LP/P variant could be 

detected. A negative family history was reported in 13 patients (41%) with a LP/P variant 

compared to 55 patients (59%) without a LP/P variant. During follow-up (median 3 years, 

range 0–7), seventeen patients died, and four patients received a lung transplant. 
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Table 1. Sociodemographic and clinical characteristics of patients eligible for genetic testing at 

diagnosis. 

All Patients 
N = 126 

No LP/P Variant 
N = 94 

LP/P Variant 
N = 32 

Characteristic N (%) N (%) ᵃ N (%) ᵃ p Value 

Sex

Female 89 (71) 66 (70) 23 (72) 0.922 

Male 37 (29) 28 (30) 9 (28) 

Age at diagnosis, years 49 ± 16 52 ± 17 37 ± 13 0.001 

Clinical diagnosis b

IPAH 114 (90) 84 (89) 30 (94) 0.031 

PVOD 12 (10) 10 (11) 2 (6) 

NYHA functional class 

NYHA I-II 36 (29) 25 (29) 11 (34) 0.587 

NYHA III-IV 78 (62) 60 (71) 18 (56) 

BMI, kg/m2 26.9 ± 5.2 27.0 ± 5.3 26.6 ± 5.0 0.757 

Hemodynamics

mPAP, mmHg 52 ± 17 50 ± 17 59 ± 14 0.008 

PVR, WU 9.9 (5.7–12.7) 8.8 (4.8–12.2) 11.9 (9.2–15.2) 0.022 

mRAP, mmHg 9 (6–11) 9 (6–11) 8 (6–11) 0.214 

PCWP, mmHg 10 ± 3 10 ± 3 9 ± 3 0.039 

CI, l/min/m2 2.5 ± 0.8 2.6 ± 0.8 2.2 ± 0.6 0.061 

RVEDVI, ml/m2 84 ± 27 82 ± 27 90 ± 27 0.243 

RVESVI, ml/m2 53 ± 26 50 ± 25 64 ± 28 0.038 

RV EF,% 38 ± 13 41 ± 12 30 ± 12 <0.001 

Family history 

No 68 (54) 55 (59) 13 (41) 0.025 

Yes 17 (13) 8 (9) 9 (28) 

Unclear 31 (25) 22 (23) 9 (28) 

Unknown 10 (8) 9 (10) 1 (3) 

Death 17 (14) 11 (12) 6 (20) 0.324 

Lung transplant 4 (3) 4 (4) 0 (0) NA c 

Median FU, years 3 (0–7) 2 (0–5) 6 (2–11) 0.001 
Data are given as mean (SD), median (range) or number (percentage). IPAH = Idiopathic pulmonary arterial 

hypertension; PVOD = pulmonary veno-occlusive disease; NYHA = New York Association functional class; BMI = body 

mass index; mPAP = mean pulmonary arterial pressure; PVR = pulmonary vascular resistance; mRAP = mean right 

atrial pressure; RVEF = right ventricular ejection fraction; RDEVI = right ventricular end-diastolic volume index; 

RVESVI = right ventricular end-systolic volume index. ᵃ Not all numbers add up to the total number of patients due to 

missing values. b Concerns p value of chi-square test performed on difference ‘idiopathic PAH’ versus ‘PVOD’, due to 

>20% of cells having an expected count less than 5. c Significance testing not possible due to small numbers 
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The variants in the group of patients with a LP/P (N = 32) were identified in BMPR2 (N = 

26), TBX4 (N = 3), GDF2 (N = 2), and EIF2AK4 (N = 1), see Table 2. One identical pathogenic 

variant in BMPR2 was identified in three unrelated probands (c.1471C > T, p.(Arg491Trp)), 

indicating a potential founder effect of this variant. VUS were found in FOXF1 (N = 3), 

NOTCH3 (N = 4), BMPR2 (N = 3), and TBX4 (N = 2), of whom two VUS were found in one 

patient (see Supplementary Table S1). 

3.2. Genotype-Phenotype Correlation 

The main clinical characteristics of the patients with and without a LP/P variant 

identified are presented in Table 1. A significant difference in age at diagnosis in patients 

with and without a LP/P variant was observed, those with a LP/P variant had a significantly 

younger age at diagnosis (p = 0.001), as shown in Figure 2. In addition, patients with a LP/P 

variant had significantly higher mPAP and PVR at diagnosis compared to those without LP/P 

variant (p = 0.008 and p = 0.022, respectively). Moreover, a significantly higher RVESVI and 

significantly lower RVEF was observed in patients with a LP/P variant, (p = 0.038 and p < 

0.001 respectively). Furthermore, a LP/P variant was identified more often in patients with 

a positive family history compared to those with a negative family history (p = 0.025). 

Figure 2. Kaplan–Meier curve for difference in age at diagnosis between patients with 
and without a LP/P variant. 
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3.3. Relatives 

Following the initial identification of LP/P variants in 32 probands, 134 relatives (range 

per family: 0–42) have been tested to date. Of the relatives pursuing predictive DNA testing, 

41 were shown to be a carrier, of whom 36 relatives carried a variant in BMPR2 (88%), 3 in 

TBX4 (7%), and 2 in GDF2 (5%). These relatives were offered annual check-ups at the out-

patient clinic to detect early signs of PAH and receive treatment accordingly. In one 

asymptomatic carrier, mild PAH was diagnosed at the first visit and treatment was 

subsequently started. Further cascade genetic testing and clinical screening is currently 

ongoing. One relative, who had opted for predictive DNA testing and turned out to be a 

carrier, successfully pursued PGD. 

4. Discussion

In this study, we describe the results of genetic testing and the characteristics in a Dutch 

cohort of 126 adult probands diagnosed with non-associated PAH or PVOD. A LP/P variant 

was identified in 25% of patients in this cohort. The vast majority of these patients had a 

LP/P variant in BMPR2 (81%). LP/P variants were detected in BMPR2 (N = 26), GDF2 (N = 2), 

EIF2AK4 (N = 1), and TBX4 (N = 3). Expanding genetic testing in 28 patients previously tested 

negative for LP/P variants in BMPR2 and SMAD9 resulted in the identification of three 

disease-causing variants (11%). Patients with a LP/P variant had worse hemodynamics and a 

younger age at diagnosis. 

In eight families with familial PAH, we were unable to identify a disease-causing variant 

with our NGS panel, pointing to the possibility of other genetic causes [27]. In these gene-

elusive families, first-degree relatives of PAH patients were offered clinical screening. 

Furthermore, these patients and other PAH patients were asked to participate in 

international efforts aimed at the identification of novel PAH associated genes [9,28,29]. 

With these international efforts, an AQP1 variant (c.583C > T; p.Arg195Trp) was identified 

in one PAH patient who tested negative on our NGS panel [9]. Novel gene–disease relations 

are established at a rapid pace for PAH and other genetic diseases. Especially when the 

identification of a genetic cause can result in health benefits in relatives, it is important to 

establish patient databases and to obtain informed consent by which mutation negative 

patients can be re-contacted for future additional genetic testing. 

In our cohort, three patients had a disease-causing variant in TBX4. Variants in TBX4 

have previously been recognized as a cause of neonatal and paediatric pulmonary 

hypertension [30,31]. However, recent studies also reported pathogenic TBX4 variants in 

adult-onset pulmonary hypertension [9,16]. We previously described the clinical 
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characteristics of our TBX4 patients indicating a female predominance, bronchial 

diverticulosis, distinct skeletal anomalies, and a history of asthma in all [32]. PAH associated 

with variants in TBX4 is clinically highly variable [33]. In addition to TBX4, we identified 

LP/P variants in GDF2, resulting in loss of BMP9 function [34]. Causal variants in GDF2 (BMP9) 

were first described in adult-onset PAH patients by Gräf et al. [9], and subsequently reported 

in two studies describing GDF2 variants in respectively 6.7% and 1.1% of sporadic PAH 

patients [31]. Interestingly, no LP/P variants were found in the other 15 PAH-associated 

genes, including SMAD9. Although SMAD9 has been repeatedly shown to cause PAH when 

disrupted, it is considered to be a very rare cause of PAH. This is confirmed by the absence 

of LP/P variants in this gene in our cohort. 

In this study, only BMPR2 was screened for larger deletions or duplications using MLPA. 

Therefore, larger deletions or duplications in the other genes on our panel may have been 

missed. Larger Copy Number Variants (CNVs) including the TBX4 gene have been reported to 

cause PAH [4]. As these CNVs often include additional genes located in proximity to the TBX4 

gene, they often cause additional features, such as intellectual disability and congenital 

defects. It is therefore unlikely that large CNVs are common in the cohort reported here, as 

such features were not present. Small deletions/CNVs, however, may have been missed in 

our cohort. In a previous study in patients with hereditary thoracic aortic aneurysms small 

CNVs were identified as a genetic cause in 6/66 (9%) patients with a LP/P variant using the 

exome hidden Markov model (XHMM; an algorithm to identify CNVs in targeted NGS data) 

[35]. Subsequent cohort studies are required to further establish gene–disease relations with 

certainty and to elucidate the role of small CNVs in PAH genes. 

In conclusion, genetic testing in a Dutch cohort of 126 non-associated PAH/PVOD 

patients revealed a LP/P variant in 32 patients (25%). BMPR2 was the main cause (88%) of 

the LP/P variants. NGS identified a genetic cause in an additional six patients. TBX4 and 

GDF2 variants were found in three and two patients with PAH, respectively. In addition, a 

homozygous variant in EIF2AK4 was identified in one PVOD patient. A genetic cause was 

identified in 21% of sporadic cases, underscoring the importance of genetic testing in 

PAH/PVOD. The identification of LP/P variants in patients allows for screening of at-risk 

relatives; in this study, 41 out of 134 unaffected tested relatives (31%) were shown to be a 

carrier. Predictive DNA testing allows for clinical screening of at-risk relatives, supporting 

the early identification of PAH and the possibility of P
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Supplementary Material S1 

Detailed information on the genetic analysis methods 

Genes associated with PAH were analyzed by a WES-based virtual gene panel. Libraries were 

prepared with the Kapa HTP kit (Illumina), capture was performed with the SeqCap EZ 

MedExome kit (Roche NimbleGen). Sequencing was performed on an Illumina HiSeq4000 HTv4 

with paired-end, 125 bp reads. The read alignment to GRCh37 (hg19) and variant calling 

were conducted with a pipeline based on the Burrows-Wheeler Aligner BWA-MEM 0.7 and the 

Genome Analysis Toolkit (GATK) 3.3.0. VCF files were filtered for variants in the genes of 

interest in Alissa (Agilent Technologies) and variant classification was performed using 

Alamut Visual according to ACGS/VKGL guidelines (1) 
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Supplementary table S1 Overview of the detected class 3 variants in unrelated PAH patients. 

Gene Nucleotide Change Amino Acid Change Pathogenicity 

TBX4 c.167C>T p.(Ala56Val) Class 3 

TBX4 c.1145A>C p.(Tyr382Ser) Class 3 

NOTCH3 c.5551C>T p.(Arg1851Cys) Class 3 
NOTCH3 c.1112del p.(Pro426Leu) Class 3 
NOTCH3 c.2803A>C p.(Asn935His) Class 3 
NOTCH3 c.2890G>C p.(Asp964His) Class 3 
BMPR2 c.848_849insATA p.(Pro283_Asn284insTyr) Class 3 
BMPR2 c.1178A>G p.(Asn393Ser) Class 3a 
BMPR2 c.2729G>A p.(Cys910Tyr) Class 3 
FOXF1 c.427G>C p.(Gly143Arg) Class 3 
FOXF1 c.613G>C p.(Gly205Arg) Class 3a 
FOXF1 c.1021C>G p.(Arg341Gly) Class 3 
Reference sequences: TBX4 NM_018488.2; NOTCH3 NM_000435.3; BMPR2 NM_001204.6; FOXF1 
NM_001451.3 
aThese variants were found in one patient 
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Abstract: 

Background: 

Pulmonary arterial hypertension (PAH) has an identifiable genetic cause in five percent of 

all PAH cases. Due to health benefits conferred by early detection of PAH and the recent 

identification of additional PAH-associated genes, we decided to offer (extended) genetic 

testing to all incident and prevalent idiopathic PAH (iPAH) and pulmonary veno-occlusive 

disease (PVOD) patients in our clinic. Here, we report the lessons learned from (re-

)contacting iPAH/PVOD patients concerning uptake, analysis of identified PAH-associated 

genes and patient perspectives of the approach. 

Methods: 

Between January 2018 and April 2020, all iPAH/PVOD patients who were not previously 

genetically tested (contact group) and those who tested negative on prior analysis of 

BMPR2 and SMAD9 variants (re-contact group) were (re-)contacted for (additional) genetic 

testing. 

Results: 

With our approach, 58% of patients (84 out of 165) opted for genetic counselling and a 

pathogenic variant was found in 12% of cases ( n = 10) (re-contact group 11% and contact 

group 13%). Eighty-six percent of participants of the survey study appreciated being (re-

)contacted for genetic testing. Mild psychosocial impact was observed.  

Conclusions: 

Our report shows the importance of (re-)contact and interest of patients (as indicated by 

the uptake, mild psychosocial impact and appreciation) in PAH. 
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To the Editor, 

1. Introduction

Pulmonary arterial hypertension (PAH) is a severe condition characterized by pulmonary 

vascular remodelling and ultimately right heart failure [1]. Approximately five percent of 

all PAH cases are reported to have an identifiable genetic cause and are classified as 

hereditary PAH (hPAH) [1,2]. hPAH generally follows an autosomal dominant inheritance 

pattern with incomplete penetrance [3]. When genetic causes and associated conditions, 

such as connective tissue disease, congenital heart disease or portal hypertension have 

been excluded, PAH is classified as idiopathic (iPAH) [1]. Pulmonary veno-occlusive disease 

(PVOD) is a pulmonary vasculopathy that is grouped together with PAH which also occurs in 

both hereditary and non-hereditary forms. PVOD has similar clinical and hemodynamic 

characteristics as iPAH/hPAH but a different pathophysiology and worse prognosis [4,5].  

 We recently identified a (likely) pathogenic variant in 25% of patients in a Dutch cohort of 

prevalent PAH patients without an associated condition [6]. The vast majority (81%) of 

these patients had a variant in bone morphogenetic protein receptor type 2 (BMPR2), 

which is known as the main genetic cause of hPAH [7]. Variants in the BMPR2 gene have 

also been reported to cause PVOD [8], although heritable PVOD is mainly caused by 

variants in EIF2AK4 [9]. Here, we report the lessons learned from re-contacting iPAH/PVOD 

patients concerning uptake, analysis of recently identified disease associated genes and 

patient perspectives of the approach. Our aim was to improve prognosis of hPAH by the 

identification of (likely) pathogenic variants in iPAH/PVOD patients and their relatives at 

risk. The identification of pathogenic variants allows for early detection and timely 

treatment of hPAH in genotype-positive relatives [10,11]. 

2. (Re-)contact procedure

2.1. Methods 

 Until 2018, genetic counselling and testing at the Amsterdam UMC PH centre was not 

routinely offered to sporadic PAH patients and was restricted to the sequencing of BMPR2 

and SMAD9 genes. Given the increasing evidence of health benefits conferred by early 

detection of PAH and the recent identification of additional genes associated with 

hPAH/PVOD, we decided in 2018 to offer genetic counselling and (extended) genetic 

testing to all incident and prevalent IPAH/PVOD patients in our clinic. A “(re)contact” 

program was set up to inform all patients about the possibility of (additional) genetic 

testing in the period between January 2018 and April 2020. In this program, all iPAH/PVOD 

3

Uptake and Patient Perspectives on Additional Testing for Novel Disease-Associated Genes | 63 



 

patients in our cohort who were not previously genetically tested and those who tested 

negative on prior analysis of BMPR2 and SMAD9 variants were (re-)contacted for 

(additional) genetic testing. Diagnosis and classification of iPAH and PVOD in all patients 

followed current guidelines [1]. In short, PAH is defined as an increase in mean pulmonary 

arterial pressure (mPAP) ≥ 25 mmHg, pulmonary vascular resistance ≥ 3 WU and a 

pulmonary arterial wedge pressure (PAWP) ≤ 15 mmHg at rest assessed via right heart 

catheterization. iPAH is diagnosed when associated conditions, such as connective tissue 

disease, HIV, drug-abuse, congenital heart disease or portal hypertension have been 

excluded. The diagnosis PVOD can be established with a high probability based on the 

combination of clinical suspicion, decreased pulmonary function tests (i.e., decreased 

diffusion capacity of the lung for carbon monoxide (DLCO), arterial blood gases (severe 

hypoxaemia) and high-resolution computed tomography of the chest ( septal lines, 

centrilobular ground-glass opacities/nodules and mediastinal lymph node enlargement). In 

some cases a lung biopsy is needed to confirm a histological diagnosis of PVOD [1,12]. 

 iPAH/PVOD patients, all unrelated, were initially (re-)contacted via an information letter 

from their treating physician (Figure 1). This letter included information about the possible 

consequences of an abnormal test result for themselves and for their relatives who could 

potentially be at risk of PAH and therefore eligible for screening. An example of the 

information letter to index patients is given in Supplementary File S1. The letter includes 

information for patients who were not previously tested (DNA-) and for those who tested 

negative on prior analysis of BMPR2 and SMAD9 variants (DNA+, MUTATION-). One week 

after receiving this information letter, a psychologist (L.M.v.d.H.) from the department of 

clinical genetics or medical doctor (S.M.A.J.) from the department of pulmonary medicine 

called the patient to provide additional information and to answer questions about genetic 

testing. Interested iPAH/PVOD patients received genetic counselling and could opt for 

genetic testing. An NGS panel was analysed, including 19 PAH-associated genes (ABCA3, 

ACVRL1, BMPR1B, BMPR2, CAV1, EIF2AK4, ENG, FOXF1, GDF2, KCNA5, KCNK3, NOTCH1, 

NOTCH3, RASA1, SMAD1, SMAD4, SMAD9, TBX4, and TOPBP1) as previously described [6]. 

When a (likely) pathogenic variant was detected, the patient was informed by the clinical 

geneticist about the identified genetic cause and its implications. In addition, the patient 

was encouraged to inform first-degree relatives about the possibility of genetic counselling 

and predictive DNA-testing. Patients with a (likely) pathogenic variant received a 

personalized letter for their relatives to support them in informing their relatives about 

hPAH/PVOD, their potential risk and how to get access to genetic counselling. hPAH 

patients in whom a pathogenic BMPR2 variant was detected prior to January 2018 were 

also informed about current screenings options for their at-risk relatives via a family-
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information letter. An example of the family-information letter is given in Supplementary 

File S2. Relatives could opt for genetic counselling and genetic testing when interested. 

Figure 1. A schematic overview of the (re-)contact approach in idiopathic pulmonary arterial 

hypertension (iPAH) patients and pulmonary veno-occlusive (PVOD) patients. All iPAH/PVOD 

patients in our cohort who were not previously genetically tested (CONTACT group) or who 

tested negative on prior analysis of the BMPR2 and SMAD9 genes (Re-CONTACT group) were (re-

)contacted for (additional) genetic testing. 

2.2 Results 

 The results of genetic testing were recently published [6]. Out of 165 iPAH/PVOD patients 

(119 contact and 46 re-contact) who were eligible for inclusion at our centre, 146 patients 

were (re-) contacted (Figure 2). Eighty-four patients (58%, 56 contact and 28 re-contact) 

pursued (additional) genetic counselling and testing. Median age at counselling was 60 

years old (range 18–78 years), 61 out of these 84 patients (73%) were female, 52 patients 

(62%) who pursued counselling had a NYHA functional class 3 or 4 and 29 patients (35%) had 

a family history of cardiovascular diseases or lung diseases. Additional genetic testing 

revealed (likely) pathogenic variants in 10 patients (12%): re-contact group TBX4 (n = 3) 

and contact group BMPR2 (n = 4), GDF2 (n = 2) and EIF2AK4 (n = 1). In 11 out of 84 patients 

(9%), genetic testing revealed a variant of unknown significance (VUS) class 3: NOTCH3 (n = 

4), BMPR2 (n = 3), FOXF1 (n = 3) and TBX4 (n = 2). One patient had two VUS (FOXF1 and 

BMPR2). After the initial identification of pathogenic variants in 10 iPAH/PVOD patients, 10 

out of 42 relatives of these patients were shown to be carriers. These relatives carried a 

(likely) pathogenic variant in TBX4 (n = 4), BMPR2 (n = 4) and GDF2 (n = 2). 
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Figure 2. Flowchart of the (re-)contact approach with patient inclusion and results of genetic 

testing. The (re-)contact approach consisted of iPAH/PVOD patients who were not previously 

genetically tested (CONTACT group) or who tested negative on prior analysis of the BMPR2 and 

SMAD9 genes (Re-CONTACT group). iPAH: idiopathic pulmonary arterial hypertension, PVOD: 

pulmonary veno-occlusive disease, NGS: next generation sequencing. 
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3. Patient perspectives

3.1 Methods 

 We administered two surveys to explore how patients responded to our (re-)contact 

approach, to evaluate its psychosocial impact and to assess whether our approach could be 

improved. The study was approved by the Medical Ethical Review Committee of the 

Amsterdam UMC, Vrije Universiteit (approval number 2017.541), and was conducted in 

accordance with the principles of the Declaration of Helsinki. Informed consent was 

obtained from all subjects. The surveys were sent out immediately after the telephone 

contact by the psychologist or medical doctor (T1) and after genetic counselling (T2, four 

months after T1). The surveys addressed sociodemographic characteristics of subjects (i.e. 

age, education, ethnicity, household composition), their health status (i.e. health 

complaints due to PAH, PAH treatment), satisfaction with the offer for additional DNA-

testing (before and after genetic counselling), the psychosocial impact of our approach 

(i.e. anxiety and worries for themselves and/or their relatives) and their ideas on whether 

and how to improve our (re-)contact approach. After genetic counselling (T2), patients 

were asked whether their opinion on the (re-)contact approach had changed. To evaluate 

the psychological impact, adapted versions of validated questionnaires (the Cancer Worry 

Scale (CWS) and the Hospital Anxiety Depression Scale (HADS)) were administered [13,14].  

3.2 Results 

 Initially, 50 out of 165 iPAH/PVOD patients provided informed consent to participate in 

the survey study. In total, 35 iPAH patients (70%) returned the survey at T1 and 28 iPAH 

patients (56%) returned the survey at T2. At T1, 18 out of 35 patients (51%) had previously 

been tested negative for variants in the BMPR2 and SMAD9 genes. Seventy-one percent 

were females with a median age of 64 years (range 29–76 years). Six patients did not 

pursue genetic counselling. Of these six patients, three were female, median age was 65 

years (range 55–73 years), two patients had previously been tested negative, five of them 

had children and three patients had no/little complaints. Twenty-nine out of the 35 

patients that returned the survey (83%, 17 contact and 18 re-contact) opted for genetic 

testing after (re-)contact and only one patient tested positive for a pathogenic variant. 

Most respondents had children (n = 30, 86%). Regardless of the results of genetic testing, 

almost all participants appreciated being (re-)contacted for (additional) genetic testing (n 

= 30, 86%), see figure 3. Almost all patients reported to be satisfied about the way they 

were informed and felt free to decide whether they would undergo (additional) genetic 

testing or not (94% and 97% respectively). We observed fairly high anxiety scores in 
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patients after re-contact (T1, HADS anxiety mean score 7.9 ± 2.2). Depression and worry 

scores were within normal ranges (HADS depression mean score of 6 ± 1.1 and CWS mean 

score of 11.1 ± 2.9). After disclosure of the genetic test results (T2), we observed similar 

levels (HADS anxiety mean score: 8.4 ± 2.0, HADS depression mean score: 6.1 ± 1.6 CWS 

mean score: 11.3 ± 3.2). A minority of patients (23%) thought the (re-)contact approach 

could be improved (Figure 3). Seventeen percent of patients would rather have had more 

information about the advantages and disadvantages of genetic testing during genetic 

counselling or via the information letter before deciding to undergo (additional) genetic 

testing. Improvements that were suggested were information provision via phone/video 

call by a specialist, such as a clinical geneticist/pulmonologist (n = 2) or specialised PAH 

nurse (n = 1) instead of a psychologist or general doctor, and information provision at the 

outpatient clinic instead of a letter and phone call (n = 1). 

Figure 3. Patients’ experiences of the re-contact approach. All responses are shown in 

percentages and divided in subcategories. 
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4. Discussion

 Although the advantages and disadvantages of re-contact genetic approaches have been 

described previously [15,16], there are no recommendations or guidelines yet for re-

contacting patients for additional genetic testing after the identification of novel disease 

associated genes. This report gives a suggestion on how to set up a (re-)contact procedure. 

(Re-)contact can reveal more hereditary PAH/PVOD cases who were originally diagnosed as 

sporadic iPAH/PVOD. With our approach, 58% of patients opted for genetic counselling and 

a pathogenic variant was found in 12% of cases (re-contact group 11% and contact group 

13%). However, more research is needed to optimize this (re-)contact procedure.  

 Identification of a genetic cause in PAH patients is important for early detection of PAH in 

at-risk relatives. Our (re-)contact approach identified 10 relatives at risk as carriers and 

these carriers will be screened annually to detect PAH in an early stage. Asymptomatic 

BMPR2 mutation carriers have a significant risk of 2.3% per year of developing PAH (0.99% 

per year in males and 3.5% per year in females) [11]. As shown in the DELPHI-2 study of 

Montani et al., annual screening of unaffected mutation carriers could be beneficial: 

Annual screening identified five PAH cases and all patients remained at low risk with oral 

PAH-specific therapy during follow-up [11]. These findings highlight the importance of 

detecting pathogenic variants in PAH patients and their relatives at risk. However, more 

research and multi-centre collaborations are needed to gain better insights in hereditary 

PAH, searching for the “second” hit and to improve early detection of PAH.  

5. Conclusion

 As expected, (re-)contact revealed new hereditary PAH/PVOD cases and genotype-positive 

relatives. Novel disease-associated genes are identified at an unprecedented rate. 

Therefore, additional genetic testing and re-contacting patients is not only relevant for 

PAH, but also for patients with other (potential) genetic diseases who underwent limited 

testing in the past, especially when early detection and treatment options provide health 

benefits. Our report shows the importance of (re-) contact and interest of patients (as 

indicated by the uptake, mild psychosocial impact and appreciation) in PAH. Requirements 

for additional re-contacting in the future are a registration of screened genes in patients 

analysed for a potential genetic disease and generic informed consent to re-contact 

patients if needed.  
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/Supplementary file S1. An example of the information letter to index patients 

Dear sir, madam, 

In your family, the hereditary lung disease pulmonary arterial hypertension has been diagnosed. The 
genetic cause was identified. It concerns the *** mutation in the *** gene. Brothers, sisters, parents 
and (minor) children of someone who carries a genetic predisposition for pulmonary arterial 
hypertension each have a 50% chance of carrying it. Family members who wish to do so can now 
have a DNA-test to find out whether they have an increased risk of contracting the disease. Children 
of deceased siblings of someone carrying the hereditary predisposition can also carry this 
predisposition, and are therefore also eligible for DNA-testing. If the parents of someone with a 
genetic predisposition passed away, family members of both parents (brothers, sisters or if they 
have died, their children) are also eligible.  

It is thus important to try reach out to all family members with this letter so that they have the 
option to decide whether they wish to opt for DNA-testing on the hereditary predisposition found in 
the family. In the enclosed information letter and on our website (www. 
https://www.vumc.nl/zorg/expertisecentra-en-specialismen/pulmonale-hypertensie-
kenniscentrum.htm.nl) you will find more information about the disease, the genetic cause and the 
possibilities and consequences of testing for it. 

Characteristics, causes and inheritance of pulmonary arterial hypertension 
For this I refer you to the attached information letter. 

How do you make an appointment for more information and/or further testing? 
If you have questions or would like to be tested on the hereditary predisposition for pulmonary 
arterial hypertension you can ask your general practitioner for a referral to a Clinical Genetics 
Clinic. To schedule an appointment, you can use the enclosed registration form, signed and stamped 
by your general practitioner, or mail or email it together with the referral letter from your 
physician (email address: ***). It is also possible to be referred to a Clinic Genetics Clinic near you. 
You will then be invited for a consultation with the clinical geneticist or genetic counsellor, and, if 
you wish, a DNA-test. 

Psychosocial workers of the Clinical Genetics Clinic are always involved in the testing of underage 
children. You will speak with one of them by telephone prior to your appointment at the outpatient 
clinic. You can find more information about this on our website. 

Information for the Clinical Genetics Outpatient Clinic 
It is important that you bring the following information with you to the clinical genetics 
consultation. 
FF number index patient: *** 
DNA laboratory: *** 
DNA family number: *** 
Gene: *** 
Mutation: *** 

Costs 
The costs for the informative consultation at the outpatient clinic and possible DNA diagnostics are 
generally covered by the basic health insurance (with the exception of some in-kind/budget 
insurances). You can check this in your insurance papers or ask your insurance company. How much 
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you still have to pay depends on how high your deductible is and whether you have already used 
part of the deductible. 

I hope to have informed you sufficiently with this. 

Sincerely,  

*** (CLINICAL GENETICIST) 

Attachments: 
1. Information letter about pulmonary arterial hypertension
2. Application form
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Supplementary file S2. An example of the family-information letter 

Dear sir, madam, 

At the VU Medical Centre, you are or have been treated for pulmonary arterial hypertension at the 
Pulmonary Disease clinic.  
RECONTACT DNA+, MUTATION-: Previously DNA-testing was performed to identify a genetic cause of 
pulmonary arterial hypertension. A genetic cause was not identified at that time. It is now possible 
to perform more extensive DNA testing  
RECONTACT DNA-: To identify a potential genetic cause of pulmonary arterial hypertension, it is 
possible to perform DNA-testing at the Clinical Genetics Clinic of the VU Medical Centre.  
In this letter, I would like to inform you about this possibility.  

Current knowledge:  
Recently, several additional genes associated with pulmonary arterial hypertension were identified.  
RECONTACT DNA+, MUTATION-: Therefore, it is now possible that - while previous DNA-testing did 
not identify a genetic cause – a genetic cause can be identified. This chance is small. Nevertheless, 
you are eligible for additional DNA-testing to exclude any currently known genetic causes of 
pulmonary arterial hypertension.  
RECONTACT DNA-: Therefore, it is possible to identify a genetic cause of pulmonary arterial 
hypertension by performing DNA-testing. In about 6% of patients with pulmonary arterial 
hypertension more than one person in the family is diagnosed with the disease. More and more 
often, it is possible to find a hereditary predisposition within these families using DNA diagnostics. 
Even if no other family members are known (yet) to have the disease, it is possible that a hereditary 
predisposition is identified. For this reason, each patient with idiopathic pulmonary arterial 
hypertension is eligible for DNA-testing.  

If a gene mutation is found that is known to cause pulmonary arterial hypertension, close family 
members have a 50% chance of also carrying the hereditary predisposition for the disease. Family 
members subsequently can also be tested if desired. Carriers of the hereditary predisposition can 
regularly be checked by the lung specialist and, if necessary, treated in time. By detecting and 
treating the disease at an early stage, health benefits can be achieved. For more information on 
pulmonary arterial hypertension and genetics, an information letter is attached. You may also like 
to visit the website www.vumc/nl/afdelingen/ph-kenniscentrum.  

How can you make an appointment for more information and/or DNA-testing? 
On *** at *** AM/PM, you will be contact by phone to further explain this letter and answer any 
questions you may have. If you subsequently decide that you would like to undergo (more extensive) 
DNA-testing for the hereditary type of pulmonary arterial hypertension, ... 

RECONTACT DNA +, MUTATION -: ... you can indicate this by filling out the enclosed application 
form. You can send the application form to VUmc, Clinical Genetics Department, Reception D, 
Antwoordnummer 7700, 1000 SN Amsterdam (no stamp needed), or send it by email it to 
klg.balie@vumc.nl . Because you previously had DNA-testing, the test can be done on DNA that has 
been stored. Therefore you do not have to visit the VU Medical Center. The result takes about two 
months. You will receive the results of the DNA-test by letter. If DNA testing reveals a hereditary 
predisposition for pulmonary hypertension, a consultation with the clinical geneticist will be 
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scheduled to further inform you about the consequences for your family members and how you can 
inform them about this. 
RECONTACT DNA -:. you can ask your general practitioner or lung specialist to refer you to the 
Clinical Genetics Clinic of the VU University Medical Center. To schedule an appointment, please fill 
out the enclosed registration form, signed and stamped by your general practitioner, or send it 
together with the referral letter from your general practitioner to VUmc, Clinical Genetics Clinic, 
Reception D, Antwoordnummer 7700, 1000 SN Amsterdam (no stamp needed), or mail it to 
klg.balie@vumc.nl.  

I hope to have informed you sufficiently with this. 

Sincerely,  

LUNG SPECIALIST/CLINICAL GENETICIST 

Attachments: 
1. Information letter 'Pulmonary hypertension and genetics’.
2. Application form

3

Uptake and Patient Perspectives on Additional Testing for Novel Disease-Associated Genes | 77 



 
 
 
 
 
 
 
 
 
 

4CHAPTER 4



Phenotypic characterization of TBX4 
mutation carriers in a single-centre cohort 
of adult patients with familial pulmonary 
arterial hypertension

Samara M.A. Jansen
Lieke van den Heuvel
Lilian J. Meijboom
Suzanne I.M. Alsters
Anton Vonk Noordegraaf
Arjan C. Houweling
Harm J. Bogaard

European Respiratory Journal, 2020, published in a different format: 
 Correspondence regarding “T-box protein 4 mutation causing pulmonary arterial 

hypertension and lung disease”: a single-centre case series



 

Abstract 
Background: 

T-box protein 4 (TBX4) mutations are not only associated with small patella syndrome but

also with a wide spectrum of lung disorders including pulmonary arterial hypertension (PAH).

TBX4 variants have been reported in both paediatric and adult PAH patients. TBX4 encodes

a transcription factor with a pivotal role in organogenesis, especially in lung branching. This

may explain the distinct phenotype observed in several patients diagnosed with heritable

PAH carrying a pathogenic TBX4 variant.

Methods:

We report the clinical characteristics of the currently known TBX4 mutation carriers in our

institute, Amsterdam UMC. Clinical data included patient demographics, medical history,

pulmonary function test and echocardiography, cardiac magnetic resonance and high-

resolution computed tomography parameters.

Results:

This TBX4 patient group consists of three carriers without PAH, one patient with early PAH

and four patients with PAH. In all but one patient, a diagnosis of PAH was made in adulthood.

Median age was 31 years for PAH patients and 39 years for carriers without PAH. Remarkably,

the patients diagnosed with PAH (N=4) were female and the carriers (N=3) without PAH were

male. All carriers of a pathogenic TBX4 variant had  skeletal anomalies including a sandal

gap in all and a small patella in one carrier without PAH and two PAH patients. All HPAH

patients had a history of mild asthma and 3/4 PAH patients had a reduced DLCO < 70%. High-

resolution computed tomography showed a spectrum of findings, in particular tracheal- and

bronchial diverticulosis. All patients received PAH-specific therapy. At follow-up (median 6

years) no patient died or underwent lung transplantation

Conclusion:

PAH due to TBX4 variants may be associated with signs of small patella syndrome and can

develop from birth to adulthood. The skeletal signs may be subtle, therefore analysis of the

TBX4 gene in adult PAH patients should be considered in their absence. PAH due to TBX4 is

associated with bronchial and parenchymal abnormalities and a female predominance is

observed.
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1. Introduction
Pulmonary arterial hypertension (PAH) is a rare and heterogeneous condition that can be 

related to underlying conditions such as connective tissue disease or congenital heart 

disease, to specific drugs or toxins, and classified into idiopathic or heritable forms (1). 

Heritable PAH can be diagnosed when a pathogenic variant in a PAH-associated gene is 

discovered. Heritable PAH generally follows an autosomal dominant inheritance pattern with 

incomplete penetrance (2). Mutations in the bone morphogenetic protein receptor type 2 

gene (BMPR2) are the main cause of heritable PAH which is seen in 75-90% of the familial 

cases and 10-20% of sporadic PAH cases (3-5). Since the use of next-generation sequencing 

(NGS) techniques and whole genome sequencing novel pathogenic variants in several genes 

causing PAH have been identified (TBX4, ATP13A3, GDF2, SOX17, AQP1, ACVRL1, SMAD9, 

ENG, KCNK3, CAV1, GDF2, BMP10) (4, 6). 

Pathogenic variants in the T-box transcription factor 4 (TBX4) causing PAH were first 

described in 2013 by Kertsjens-Frederikse et al. who reported childhood-onset PAH 

associated with mental retardation and/or dysmorphic features (7). TBX4 was identified in 

1996 as a member of other T-box genes (TBX1-5), this gene is highly expressed during 

organogenesis (8, 9). The TBX4 gene is located on chromosome 17q23.2 and plays an 

important role in the formation of the lower limb and pelvis and in branching of the lungs 

(10-12). Pathogenic variants in the TBX4 gene have clinical consequences in humans. They 

can cause the small patella syndrome (SPS) characterized by patellar aplasia or hypoplasia 

and ossification defects of the ischiopubic junction and/or the infra-acetabular axe-cut 

notches (13). In addition, femur and foot anomalies characterized by a sandal gap, i.e. a 

wide space between the first and second toe and short fourth and fifth rays of the feet, may 

accompany SPS (13).  

Pathogenic TBX4 variants are mainly reported in childhood-onset PAH in whom TBX4 

mutations are one of the main genetic causes of PAH (14-17). Recent cohort studies have 

shown that pathogenic TBX4 variants are also frequently found in adult-onset cases of PAH 

(4, 18-20). Considering the pivotal role of TBX4 in organogenesis, especially in lung 

branching, heritable PAH patients carrying a pathogenic TBX4 variant may present with a 

distinct phenotype in addition to the skeletal manifestations. Here, we present the clinical 

characteristics of the currently known TBX4 mutation carriers in our institute. 
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2. Methods

2.1. Patients selection 

We conducted a retrospective single centre study including all patients of the Amsterdam 

UMC with a pathogenic variant in the TBX4 gene, both PAH patients and relatives without 

PAH. All Patients were part of the DOLPHIN-GENESIS study (2017.318) and/or RECONTACT 

study  (2017.541). Both studies were approved by the Medical Ethical Review Committee of 

the Amsterdam UMC location VUmc and conducted in accordance with the principles of the 

Declaration of Helsinki. Informed consent was obtained from all patients. DOLPHIN-GENESIS 

is a prospective study which provides a standardized longitudinal follow-up of unaffected 

carriers of pathogenic variants predisposing to PAH aiming for early identification of vascular 

disease and provides a detailed phenotypic characterisation of (unaffected) mutation 

carriers. RECONTACT offered genetic testing with an extended NGS panel to all PAH patients 

in whom prior analysis of BMPR2 and SMAD9 did not result in the detection of a pathogenic 

variant and patients who were not previously tested.  

2.2. Genetic analysis 

Nineteen PAH predisposing genes, including the TBX4 gene, were screened with our NGS 

panel analysis as described previously (21). In short, a custom WES-based virtual panel was 

used, which included 19 PAH and PVOD-associated genes (ABCA3, ACVRL1, BMPR1B, BMPR2, 

CAV1, EIF2AK4, ENG, FOXF1, GDF2, KCNA5, KCNK3, NOTCH1, NOTCH3, RASA1, SMAD1, 

SMAD4, SMAD9, TBX4, and TOPBP1). Point mutations and small insertions and deletions are 

detectable using this panel. All mutations were classified using the ACGS/VKGL guidelines 

(22). We used a 5-class variant classification system: class 1 (benign), class 2 (likely benign), 

class 3 (variant of uncertain significance), class 4 (likely pathogenic), and class 5 

(pathogenic) (23). Likely pathogenic (class 4) or pathogenic (class 5) variants have a high 

level of evidence for the causal role of PAH development and were only used in this cohort. 

All PAH patients in whom a (likely) pathogenic variant was detected were encouraged to 

inform their first-degree relatives about the option of predictive DNA testing to detect 

carriers at risk for developing PAH. 

2.3 Patient characteristics 

Clinical data of all TBX4 mutation carriers were assessed including sociodemographic data 

(age at diagnosis and gender), medical history, NYHA functional class, NT-proBNP and clinical 

features of TBX4 mutations (SPS, sandal gap and pelvic anomalies). Pulmonary functional 

tests were performed including diffusing capacity of the lung for carbon monoxide corrected 

for haemoglobin (DLCO). Several hemodynamic measurements from the right heart 

catheterization at diagnosis were obtained, such as mean pulmonary artery pressure (mPAP), 
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pulmonary artery wedge pressure (PAWP), pulmonary vascular resistance (PVR) and cardiac 

output (CO). Cardiac output (CO) was measured by the standard thermodilution technique. 

PAH was defined as mPAP ≥ 25 mmHg and PAWP ≤ 15 mmHg and pulmonary vascular 

resistance (PVR) > 3 WU (1). With echocardiography signs of PAH were measured, such as 

pulmonary artery systolic pressure and right ventricular dilation and hypertrophy. Right 

ventricular cardiac function was measured with transthoracic echocardiography and cardiac 

magnetic resonance imaging (CMR). CMR imaging scans were performed on a Siemens 1.5T 

Avanto or Sola scanner (Siemens Medical Solutions, Erlangen, Germany). Right ventricular 

end-diastolic volume (RVEDV), right ventricular end-systolic volume (RVESV) and right 

ventricular ejection fraction (RVEF) from CMR imaging were collected. High-resolution 

computed tomography (HRCT) of the chest was analysed by an expert radiologist (LJM). 

2.4 Follow-up and clinical outcome 

After diagnosis of PAH, patients received PAH-specific therapies (calcium antagonist, 

phosphodiesterase type 5 inhibitors, endothelin receptor antagonists and prostacyclin 

derivatives) according to the clinical judgement of their treating physicians. Clinical, 

functional and haemodynamic data at follow-up were collected. 

2.5 Statistical analysis 

Variables were summarized as median [IQR] for quantitative variables or  as number 

(percentages) for categorical variables. All statistical analyses were performed with R (R 

Core Team 2019 R version 3.6.1). We used the Wilcoxon signed rank test to compare before 

and after treatment.  

 

Table 1. Overview of the detected TBX4 variants in the eight subjects. 

subject Gene 
Nucleotide 

Change 
Amino Acid Change Class Novel Reference Remark Pathogenicity 

1 TBX4 c.1164dup p.(Arg389fs) 5 Yes* NA frameshift and premature stopcodon 

2 TBX4  c.1112del p.(Pro371Leufs*8) 5 No (5)

3 TBX4  c.1112del p.(Pro371Leufs*8) 5 No (5)

4 TBX4  c.1112del p.(Pro371Leufs*8) 5 No (5)

5 TBX4 c.1164dup p.(Arg389fs) 5 Yes* NA

NA

frameshift and premature stopcodon

6 TBX4  c.40_49del p. (Phe14Argfs*28) 5  No (4)

7 TBX4  c.1112del p.(Pro371Leufs*8) 5 No (5)

8 
TBX4  c.916G > T p.(Glu306 *) 5 Yes NA 

NA

Premature stopcodon; not present in 

gnomAD and ClinVar 
*Variant in these patients was discovered in University Medical Centre Groningen, NA: not applicable 
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3. Results 

3.1 Study population and prevalence TBX4 variants 

Since 2002 until April 2020, 126 index patients (related cases excluded) were screened in 

our centre for variants in PAH predisposing genes. Until 2018, genetic testing at the 

Amsterdam UMC consisted of solely BMPR2 and SMAD9 (70 patients were tested). In 22 of 

these 70 patients (31%), a mutation of BMPR2 was identified. Since 2018, additional genetic 

testing (NGS panel) was offered to the 28 of the 48 BMPR2 and SMAD9 negative patients. In 

addition, 56 patients diagnosed with PAH after 2018 were directly screened with this NGS 

panel. In total, 84 patients were genetically tested using the NGS panel which includes the 

TBX4 gene. NGS revealed 4 PAH patients (3.2 %) from 3 unrelated families carrying a 

heterozygous pathogenic variant in the TBX4 gene. Moreover, one additional patient with 

heritable PAH due to TBX4 diagnosed at the age of 16 was referred to our hospital for 

treatment and 3 relatives (out of 5 relatives tested) were discovered as healthy TBX4 

mutation carriers without PAH. The prevalence in adults diagnosed with PAH carrying a 

pathogenic TBX4 variant in our PAH populations of only index cases at the Amsterdam UMC 

was 2.4%. The patients with a pathogenic variant included  three pre-symptomatically tested 

relatives without PAH, one patient with early PAH and four index patients with PAH. In all 

but one patient, a diagnosis of PAH was established in adulthood. Four different 

heterozygous variants in TBX4 were identified in the eight subjects, see table 1. All variants 

were classified as likely–pathogenic or pathogenic, including missense- (subject 1, 5 and 8) 

and frameshift variants (subject 2, 3 ,4, 6 and 7).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Characteristic features of the 
pelvis and the lower limb in individuals 
with TBX4 variant. A) radiograph of 
the left foot showing increased space 
between the first and second toes B) 
radiograph of the right knee 
demonstrating a small patella. C) 
Radiograph of the pelvis showing 
bilaterally absent ossification of the 
ischiopubic junction (black arrow) and 
infra-acetabular axe-cut notches (red 
arrow).
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Table 2. Clinical, functional, hemodynamic characteristics of PAH patients carrying a TBX4 variant 
 

Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 

Diagnosis  Early PAH HPAH HPAH HPAH HPAH 

Family number 1 : II-1 2: I-1 3 : I-1 1 : I-1 4 : I-1 

Characteristics      

Age at diagnosis 50 16 31 63 19 

Gender Female Female*  Female Female Female 

BMI, kg/m2 26.4 22.1 24.1 26.1 32 

NYHA functional 
class 

I II III III III 

NT-proBNP, ng/L 91 109 226 451 1627 

Medical history Asthma Asthma, colitis 
ulcerosa, ASD 

Asthma Asthma  Asthma 

Smoking > 1 pack 
year 

no no no no no 

Sandal Gap yes yes yes yes yes 

Small patella  no yes no no yes 

Pelvis anomalies NA yes NA yes NA 

Pulmonary 
function test 

     

FEV1 (% pred) 97 73 75 84 70 

FVC (% pred) 107 88 84 102 71 

FEV1/VC (%) 72 72 77 70 87 

DLCO (% pred) 98 73 58 65 65 

Echocardiography       

PASP, mmHg No TI 51 122 60 130 

Signs of PH on echo Mid-systolic 
notch PA flow 

RV dilation Mild PE, RV 
hypertrophy and 

dilation 

RV hypertrophy RV dilation 

Right heart 
catheterization 

     

mPAP, mmHg 28 45 91 43 97 

Cardiac output, 
L·min-1 

6.3 5.5 2.8 5.5 5.3 

PVR,  WU 2.4 6.9 17.9 5.5 16.9 

Wedge pressure, 
mmHg 

13 7 14 13 7 

Cardiac MRI      

RVEDV 171 97 139 127 120 

RVESV 59 34 114 52 85 

RVEF 65 65 18 59 29 

LVEF 64 65 63 70 55 

PAH specific 
treatment 

ERA ERA, PDE5-i ERA, PDE5-i ERA, PDE5-i ERA, PDE5-I, 
prostacyclin  

*at age of 25 years  old start of Female-to-Male transition. NA: information not available. BMI: body mass index, DLCO: diffusing capacity 
of the lungs for carbon monoxide, ERA: endothelin receptor antagonist, FEV1: forced expiratory volume, FVC: forced vital capacity, mPAP: 
mean pulmonary artery pressure, PA: pulmonary artery, PASP: pulmonary artery systolic pressure, PDE5-i: phosphodiesterase type 5 
inhibitor, PE: pulmonary effusion, PVR: pulmonary vascular resistance, RV: right ventricle 
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Table 3. Clinical, functional, hemodynamic characteristics of TBX4 carriers without PAH  

 

 

 

 

 
Subject 1 Subject 2 Subject 3 

Family number 2 : I-2 1 : II-2 1 : II-3 

Diagnosis  Carrier without PAH Carrier without PAH Carrier without PAH 

Characteristics    

Age at diagnosis 27 47 39 

Gender Male Male Male 

BMI, kg/m2 24.0 25.6 25.1 

NYHA functional class at diagnosis I I I 

NT-proBNP, ng/L - 24 18 

Medical history no no no 

Smoking > 1 pack year no no no 

Sandal Gap yes yes yes 

Small patella syndrome no yes no 

Pelvis anomalies yes NA NA 

Pulmonary function test    

FEV1 (% pred) 96 91 100 

FVC (% pred) 97 111 107 

FEV1/VC (%) 80 67 75 

DLCO (% pred) 120 99 99 

Echocardiography     

PASP, mmHg No TI No TI 24 

Signs of PH on echo none none none 

Right heart catheterization    

mPAP, mmHg - - 20 

Cardiac output, L·min-1 - - 8.5 

PVR,  WU - - 0.9 

Wedge pressure, mmHg - - 12 

Cardiac MRI    

RVEDV 178 236 202 

RVESV 103 115 97 

RVEF 42 51 52 

LVEF 60 58 60 

NA: Information not available,  BMI: body mass index, DLCO: diffusing capacity of the lungs for carbon monoxide, FEV1: 
forced expiratory volume, FVC: forced vital capacity, mPAP: mean pulmonary artery pressure, PASP: pulmonary artery 
systolic pressure, PE: pulmonary effusion,  PVR: pulmonary vascular resistance, RV: right ventricle 
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3.2 Clinical characteristics PAH patients carrying a TBX4 variant 

The  median age of our patients at the time PAH was diagnosed was 31 [IQR 19-50] years. 

All PAH patients were female. All PAH subjects had skeletal anomalies on clinical 

examination, including a sandal gap in all patients, and small patella and pelvis anomalies 

in two PAH patients. Distinctive characteristics of these anomalies are shown in figure 1. 

Subject demographic and clinical characteristics are shown in Table 2. Hemodynamic 

measurements were obtained via RHC and echocardiography. In all patients elevated mean 

pulmonary artery pressures (mPAP) (median 45 mmHg, IQR 43-91 mmHg) and pulmonary 

vascular resistance indices (median 6.9 WU;  IQR 5.5-16.9 WU) were demonstrated. However, 

only four out of five subjects met all criteria for a strict diagnosis of PAH based on the 

current guidelines (1). One subject had early signs of PAH including a mPAP of 28 mmHg, but 

PVR did not exceed the threshold of 3 WU (2.4 WU). At diagnosis, one patient was in NYHA 

functional class I (early PAH patient), one patient was in class II and three patients were in 

class III. Noticeably, all HPAH subjects had a medical history of asthma with a mildly reduced 

FEV1 (median 75 % of predicted value, IQR 73-84%). In addition, median DLCO was mildly 

reduced (65 % of the predicted value, IQR 65-73%), and 3 out of 4 HPAH patients had an 

abnormal DLCO < 70%. Cardiac function was measured using CMR, median of RVEDV was 127 

ml with an IQR of 120-139 ml. RVEF at diagnosis was reduced in 2 out of 5 patients, median 

was 59 % with IQR of 29-65%. High-resolution computed tomography (HRCT) was performed 

in all PAH subjects and showed a spectrum of findings, including air trapping, interlobular 

septal thickening, centrilobular groundglass opacities and small nodules, shown in table 4. 

Tracheal- and bronchial diverticulosis was found in all PAH subjects. In addition, all PAH 

subjects showed irregular bronchial walls with changes in calibres predominantly in the 

(sub)segmental bronchi.  

Table 4. Characteristics of high-resolution CT of the chest in 7 subjects carrying a TBX4 variant 

 Carriers without PAH 
n = 2 

PAH patients 
n = 5 

Bronchial lesions   
Tracheal diverticulosis 
                        Sporadic 
                        Multiple 

 
1 (50%) 

 
1 (20%) 
4 (80%) 

Bronchial diverticulosis 
                          Sporadic 
                          Multiple 

 
1 (50%) 

 
1 (20%) 
4 (80%) 

Irregular bronchial walls 1 (50%) 5 (100%) 
Parenchymal lesions   
Air trapping - 4 (80%) 
Perifissural nodules - 1 (20%) 
Subpleural nodules - 1 (20%) 
Interlobular septal thickening - 1 (20%) 
Centrilobular groundglass 
opacities 

- 2 (40%) 

Sporadic diverticulosis is defined as less than 5 protrusions, multiple diverticulosis is defined as more than 5 
protrusions. PAH: pulmonary arterial hypertension 
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3.3 Clinical characteristics TBX4 mutations carriers without PAH 

The TBX4 mutation carriers without PAH had a median age of 39 [IQR 33-43] years and all 

carriers without PAH were male. All carriers without PAH had a sandal gap, one carrier had 

pelvic anomalies and one carrier had a small patella. Clinical characteristics of the carriers 

without PAH are shown in Table 3. Two carriers without PAH were assessed by 

echocardiography alone, while one subject underwent an echocardiography and RHC for 

research purposes. The systolic pulmonary artery pressure (PASP)  on echocardiography was 

not measurable in two carriers without PAH because no tricuspid insufficiency could be 

measured. No other signs of PAH were noticed on echocardiography in these carriers. At RHC 

subject 3 had a mPAP of 20 mmHg with a PVR 0.9 WU, while a mPAP is at the threshold of 

normal, a diagnosis of PAH was ruled out. No comorbidities were observed in the TBX4 

carriers without PAH. Pulmonary function tests were normal in all carriers without PAH with 

a median FEV1 of 96% of predicted value (IQR 93-98%) and median DLCO of 99% of the 

predicted value (IQR 99-110). Cardiac function was measured with CMR, median RVEDV was 

202 ml (IQR 190-219 ml) and RVEF 51% (IQR 46-52 %). HRCT was performed in 2 out of 3 

carriers without PAH. Sporadic tracheal- and bronchial diverticulosis was found in both 

carriers without PAH. Figure 2 shows a typical example of tracheal and bronchial 

diverticulosis. In addition, all carriers without PAH showed irregular bronchial walls with 

changes in calibres comparable with the PAH patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Bronchial diverticulosis in a PAH patient carrying a TBX4 mutation. Coronal image of a 
HRCT with a maximal intensity projection (MIP) of 2mm 
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3.4 Follow-up and response to PAH-specific therapy 

All four HPAH patients and the early-stage PAH patient were treated with PH-targeted 

therapy, predominantly double combination therapy (table 2). These patients were re-

evaluated with RHC and CMR within 1-2 years after initiation of treatment (figure 3). At 

reassessment, one patient was treated with endothelin receptor antagonist (ERA) 

monotherapy, 3 patients with oral dual combination therapy of ERA and phosphodiesterase 

type 5 inhibitor (PDE5i) and 1 patient received triple combination therapy consisted of ERA, 

PDE5i, and prostacyclin derivative. At re-assessment, 3 out of 5 patients improved from 

NYHA functional class 3 to 2, the early PAH patient remained stable at NYHA class 1 and one 

patient remained stable at NYHA functional class 2. However, there was no significant 

hemodynamic improvement in mPAP (p=0.3125), PVR (p = 0.0625), CO ( p= 0.0625) or RVEF 

(p = 0.625). After a median follow-up of 6 years (1-14 years), no patient died or underwent 

lung transplantation and in only one patient PAH therapy was changed (after 9 years of 

follow-up) to triple combination therapy where a prostacyclin derivative was added to her 

medication.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Clinical parameters at diagnosis and reassessment after initiation of PAH therapy. A) 
Assessment of the mean pulmonary artery pressure (mPAP) after initiation of PAH therapy 
according to each PAH subject, B) Decrease in pulmonary vascular resistance (PVR) after the 
introduction of PAH-specific therapy, C) differences in right ventricular ejection fraction (RVEF) 
at baseline and follow-up, time between baseline and follow-up was 1-2 years.  
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4. Discussion  

We report a small cohort of 3 TBX4 carriers without PAH and 5 PAH patients carrying a 

pathogenic variant in TBX4, mostly adult-onset, from a single centre. Within this cohort we 

describe the phenotype and outcome of primarily adult-onset PAH and carriers without PAH 

associated with a TBX4 pathogenic variant. We show that HPAH patients with a TBX4 variant 

were predominantly female and often presented with a medical history of asthma, a low 

DLCO and bronchial and parenchymal radiological abnormalities on HRCT.  

In our genetically tested PAH cohort the prevalence of pathogenic variants in TBX4 was 2.4%. 

This is in line with previous cohorts with a reported prevalence of TBX4 variants from 1.3 to 

3% in adult-onset PAH (4, 19, 24). To date, it has not been possible to determine the disease 

penetrance of pathogenic variants in TBX4, due to the low number of known carriers without 

PAH of these variants (20). The onset of PAH due to a pathogenic TBX4 variant seems to have 

two peaks: one in childhood with a prevalence of 2.8% - 7.7% (7, 15-17, 24) and one in 

adulthood (16, 18, 19, 24). Both in paediatric and adult PAH cases TBX4 is the second most 

frequently mutated gene after BMPR2 (24). The reason why TBX4 variants appear to be more 

frequent in childhood-onset PAH compared to adult-onset PAH remains unclear. Early 

decease onset before reaching adulthood in childhood-onset PAH due to a TBX4 variant could 

explain this occurrence of a higher prevalence in childhood. Interestingly, children with PAH 

due to a TBX4 variant are reported to have a less severe clinical presentation at diagnosis 

and a more favourable prognosis compared to children with PAH due to a BMPR2 variant 

(25). A milder clinical course and better survival rate is also seen in adult-onset PAH due to 

a TBX4 variant in comparison with BMPR2 mutation carriers (19, 26). Additionally, in our 

cohort of patient clinical improvement is partially shown after initiation of PAH-specific 

therapy and no one in our cohort died or needed a lung transplantation. Although the clinical 

phenotype of PAH patients harbouring a TBX4 variant in general seems to be milder than in 

BMPR2 mutation carriers, it is not necessarily favourable as the disease could  eventually be 

fatal or require lung transplantation (16, 19). 

In all patients carrying a pathogenic variant in TBX4 (HPAH patients and carriers without 

PAH) a high penetrance of skeletal abnormalities is observed, this is in line with previous 

reports (7, 19). All subjects presented with a sandal gap and 1/3 of the carriers without PAH 

and 2/5 of the HPAH patients had signs of SPS. However, in some PAH patients with a TBX4 

variant signs of SPS were very mild or even absent. Thoré et al. showed that three out of 19 

TBX4 mutation carriers had no skeletal abnormalities and that PAH was the only clinical 
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manifestation of the pathogenic variant in TBX4 (19). In addition, Navas et al. reported four 

TBX4 mutation carriers with PAH without skeletal anomalies and Zhu et al. identified 12 

cases of PAH carrying a TBX4 mutation with no skeletal anomalies (16, 26). These findings 

of incomplete penetrance indicate that TBX4 should be screened in all IPAH patients even 

in absence of skeletal abnormalities.  

A female predominance was observed in our PAH patients with a TBX4 variant, this is in line 

with other forms of heritable PAH such as BMPR2 and ACVRL1 mutations (27, 28). However, 

our group size was small. Furthermore, we observed in one of our PAH patients a congenital 

heart disease (atrial septal defect); this patient had developed PAH at the age of 16. 

Congenital heart diseases such as atrial septal defects, patent ductus arteriosus, ventricular 

septal defects and patent foramen ovale are frequently observed in TBX4 mutation carriers, 

especially in childhood-onset PAH due to TBX4 (17, 19). A higher penetrance of congenital 

heart diseases in childhood-onset PAH may be explained by a higher incidence of copy 

number variants of TBX4 (17). When a copy number variation is detected it generally 

encompasses the whole TBX4 gene along with several other genes, for example the TBX2 

gene (17). The TBX2 gene (together with TBX3) plays an important role in the embryonic 

development of the heart and is associated with septal defects of the heart (29, 30). These 

findings highlight the importance of all  T-box family members as crucial players in 

embryogenesis and especially during cardiogenesis.   

In our cohort TBX4 mutations carriers showed a variety of lung abnormalities besides PAH. 

All of our HPAH patients had a history of mild asthma and 3/4 PAH patients had a reduced 

DLCO < 70%. These findings were explained by Thoré et al. who showed using histological 

evaluation of lung biopsies that TBX4 mutation carriers had abnormal distal lung 

development with emphysematous-like dystrophia, interstitial fibrosis and abnormalities of 

bronchi (19). In addition, all TBX4 mutation carriers (including carriers without PAH) 

displayed tracheal diverticulosis and irregularity of the bronchial walls at HRCT. Animal 

studies showed that TBX4 (in concert with TBX5) is important for lung branching and the 

formation of cartilage rings in the trachea (11). The lung abnormalities previously observed 

in TBX4 mutation carriers form a broad clinical spectrum. Neonatal patients have 

predominantly severe and diffuse features of growth arrest including acinar dysplasia, while 

milder features of bronchial abnormalities including interstitial remodelling are more 

common in patients diagnosed post-neonatally, in childhood or as adults(17, 18, 31, 32). 

Because airway abnormalities were observed in carriers with no signs of PAH and also 

because the degree of abnormalities on CT was not correlated to the degree of hemodynamic 

compromise, it remains to be determined whether pulmonary hypertension in TBX4 mutation 
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carriers develops as a consequence of airway abnormalities (placing this form of PH in group 

3 of the diagnostic classification). Alternatively, airway and vascular abnormalities in TBX4 

mutation carriers may develop entirely independently. 

Limitations 

Several limitations in this study need to be recognized. The main limitation was the 

retrospective data collection and the limited size of this single centre cohort. In our centre 

not all IPAH patients were genetically tested despite our efforts to contact all patients for 

genetic testing. Pathogenic variants in TBX4 may have been unrecognized in these patients.    

Conclusion 

Overall, this small cohort of carriers without PAH and PAH patients carrying a TBX4 mutation 

may help to get a better understanding of HPAH. HPAH patients with TBX4 variants were 

predominantly female and often present with a medical history of asthma, a low DLCO and 

bronchial and parenchymal radiological abnormalities on HRCT.  Further studies are required 

to better understand phenotypic expression, penetrance (including an apparently much 

higher penetrance in females) and the optimal treatment approach of TBX4 associated PAH.   
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Abstract 

Background: 

Pulmonary arterial hypertension (PAH) is a heterogeneous group of diseases characterized 

by vascular cell proliferation leading to pulmonary vascular remodelling and ultimately right 

heart failure. Previous data indicated that 3'-deoxy-3'-[18F]-fluorothymidine (18FLT) positron 

emission tomography (PET) scanning was increased in PAH patients, hence providing a 

possible biomarker for PAH as it reflects vascular cell hyperproliferation in the lung. This 

study sought to validate 18FLT-PET in an expanded cohort of PAH patients in comparison to 

matched healthy controls and unaffected bone morphogenetic protein receptor type 2 

(BMPR2) mutation carriers.  

Methods and Results: 

Dynamic 18FLT-PET scanning was performed in 21 PAH patients (15 hereditary PAH and 6 

idiopathic PAH), 11 unaffected mutation carriers and 9 healthy control subjects. In-depth 

kinetic analysis indicated that there were no differences in lung 18FLT k3 phosphorylation 

among PAH patients, unaffected BMPR2 mutation carriers and healthy controls.  Lung 18FLT 

uptake did not correlate with hemodynamic or clinical parameters in PAH patients. 

Sequential 18FLT-PET scanning in three patients demonstrated uneven regional distribution 

in 18FLT uptake by 3D parametric mapping of the lung, although this did not follow the 

clinical course of the patient.  

Conclusion: 

We did not detect significantly increased lung 18FLT uptake in PAH patients, nor in the 

unaffected BMPR2 mutation carriers, as compared to healthy subjects. The conflicting 

results with our preliminary human 18FLT report may be explained by a small sample size 

previously and we observed large variation of lung 18FLT signals between patients, 

challenging the application of 18FLT-PET as a biomarker in the PAH clinic.  
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Introduction: 
Pulmonary arterial hypertension (PAH) is a heterogeneous group of diseases that is 

characterized by obliteration and narrowing of the vascular lumen, leading to increased 

pulmonary vascular resistance and ultimately right heart failure (1-3). Featuring in the 

pathobiology of PAH are phenomena also encountered in cancer, such as enhanced 

proliferation, apoptosis-resistance (4-6), altered mitochondrial metabolism (7) and chronic 

inflammation (8), although it is still unclear whether this is true in all PAH patients and at 

all stages of the disease. One of the most important risk factors for the development of PAH 

is a mutation in the gene coding for the bone morphogenetic protein receptor type 2 (BMPR2) 

(9). Subjects carrying this pathogenic variant have an increased risk to develop PAH, but 

currently there are no methods to predict which unaffected mutation carriers will develop 

PAH. To date, screening and monitoring of disease progression rely on indicators of right 

ventricular dysfunction (10) and no biomarkers of pulmonary vascular remodeling in PAH are 

available. Thus, there is an urgent need for non-invasive quantification of vascular 

remodeling in patients with PAH or in subjects at risk (11). 

Recently, several studies used positron emission tomography (PET) to provide anatomical 

and metabolic information in the PAH lung (7, 12-15). In animal models of PAH, uptake of 

fluorine-18-labelled 2-fluoro-2-deoxyglucose FDG (18FDG), a marker of glucose metabolism, 

correlated with disease severity (13). Increased mean lung parenchymal uptake was also 

observed in a cohort of 20 patients with PAH (18 with idiopathic PAH (IPAH)) (13). In another 

recent study,  cardiac and lung standardized uptake value (SUV) of 18FDG was found higher 

in 30 PH patients (9 IPAH, the rest of various PH groups) compared to healthy controls (16). 

As 18FDG measures glucose metabolism, it represents proliferative vascular cells as well as 

inflammatory cell accumulation, limiting its potential in measuring  vascular remodelling in 

humans directly (13, 17). It is recognised that 18FDG PET lacks specificity as a clinical tool 

for the diagnosis of PAH, furthermore, lung 18FDG uptake did not correlate with any clinical 

marker in PH patients (13, 16). 3’-deoxy-3’-[18F]-fluorothymidine (18FLT), a thymidine 

analogue, has recently emerged as a more sensible tracer for imaging lung vascular 

proliferation in PAH (12). 18FLT is routinely used in clinical oncology (18) as it depicts tumour 

growth in a variety of malignancies (19), and correlates with histological proliferation 

markers such as Ki-67 and proliferating cell nuclear antigen (20, 21). 18FLT phosphorylation 

by thymidine kinase 1 leads to 18FLT retention within the cell, thereby providing a 

quantitative measurement of proliferating tissue (20).  

We previously showed increased 18FLT uptake in pre-clinical models of PAH and in 

preliminary clinical data with a small group (n=8) of IPAH patients (12). We compared 18FLT 
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uptake from the contralateral lung of patients with one-sided pulmonary malignancies as 

control subjects. Herein, we conducted an expanded clinical 18FLT-PET study a) to include a 

larger group of PAH patients and an appropriate control group of healthy subjects, aiming 

to validate the clinical application of 18FLT-PET as a biomarker for PAH severity; b) to include 

a group of unaffected BMPR2 mutation carriers, aiming to assess if 18FLT-PET can 

discriminate carriers that may be at risk of developing the subclinical pulmonary vascular 

remodeling. 

Methods: 
Patient population 

This study was conducted in accordance with the principles of the Declaration of Helsinki. 

Approval was obtained from the Medical Ethical Review Committee of the VU University 

Medical Centre (2017.334) and informed consent was obtained from all subjects. All subjects 

were recruited between 2015 and 2019 and all PAH patients were diagnosed according to 

current guidelines (3). Our expanded cohort consisted of eight PAH patients (five heritable 

PAH (HPAH) and three IPAH) from previous published study (12) with 13 newly scanned PAH 

patients (10 HPAH and three IPAH). We also studied 11 unaffected BMPR2 mutation carriers 

and nine matched healthy controls (siblings without a BMPR2 pathogenic variant). Three PAH 

patients were scanned twice during their clinical course. The most recent 18FLT-PET scan 

was used in the expanded cohort.  

Right Heart Catheterizations and Cardiac Magnetic Resonance Imaging: 

All patients underwent right heart catheterization (RHC) and cardiac magnetic resonance 

(CMR) imaging within 6 weeks of the 18FLT-PET scan as previously described (22). In short, a 

7F balloon-tipped flow-directed triple-lumen Swan-Ganz catheter (Edwards Lifesciences 

LLC, Irvine, CA) was inserted in the pulmonary artery via the jugular vein under local 

anaesthesia and constant electrocardiography (ECG) monitoring, and measurements were 

performed according to the guidelines (3). With RHC mean pulmonary artery pressure 

(mPAP), pulmonary vascular resistance (PVR), mean right atrial pressure (mRAP), pulmonary 

arterial wedge pressure (PAWP) and cardiac output (CO) were measured. CO was measured 

using the thermodilution method. PVR was calculated as 80x(mPAP-PAWP)/CO. CO was 

indexed to body surface area (BSA) and shown as cardiac index (CI). CMR imaging scans were 

performed on a Siemens 1.5T Sonato or Avanto scanner (Siemens Medical Solutions, Erlangen, 

Germany). Right ventricular end-diastolic volume index (RVEDVI), right ventricular end-

systolic volume index (RVESVI) and right ventricular ejection fraction (RVEF) from CMR 

imaging were collected. The load on the right ventricle was calculated, i.e. arterial 

elastance (Ea) = mPAP / stroke volume. Stroke volume was measured by CMR. Acquisition 
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and post processing was performed following our standard protocol as described previously 

(22). 

FLT-PET scanning 

Dynamic 60-minutes 18FLT-PET scanning was performed after a fasting period of 6 hours 

following the scanning protocol that was previously described (12). All participants were 

positioned supine with lungs and the aortic branch in the field of view of the Philips Ingenuity 

TF PET/CT (Philips healthcare, Best, Netherlands). A cannula was placed in the arm vein for 

injection of radioisotope. First, a low-dose computed tomography (CT) scan was performed 

in all subjects to correct for photon attenuation, scatter and lung densities. 18FLT was 

synthesized as described previously (23). After a bolus injection of 370MBq of 18FLT in 5 ml 

saline at 0.8ml/s, blood samples were drawn at 5, 10, 20, 30, 40 and 60 minutes to correct 

the image derived plasma input function for radiolabelled metabolites (18F-glucuronide) (12). 

Dynamic PET imaging was started at the time of 18FLT intravenous injection for 1 hour and 

emission data was reconstructed into a 36-frame format (1x10, 8x5, 4x10, 3x20, 5x30, 5x60, 

4x150, 4x300 and 2x600s) using the 3-Dimensional Row-Action Maximum Likelihood Algorithm 

(3D-RAMBLA), applying all appropriate corrections for dead time, decay, scatter, attenuation 

and normalization. 

Kinetic Modelling and Data Analysis 

Plasma kinetic modelling was performed using Inveon Research Workplace software (Siemens 

Healthcare Molecular Imaging) which was fitted with a Matlab-based in-house kinetic analysis 

software package (CLICKFIT). Since the Philips Ingenuity TF PET/CT scanner and software 

was updated during the conduction of patient recruitment of our expanded cohort, the 

plasma kinetic model calculated via MATLAB 5.3 software, which was used in the preliminary 

results,  was not compatible anymore and all data from the expanded cohort was 

reconstructed and analysed using CLICKFIT. Whole-lung tissue time-activity curve (TAC) was 

calculated from lung PET images co-registered with region of interest (ROI) drawn on lung 

CT images, covering the lung volume with clearly visible boundaries adjusted by CT density 

thresholding. The ROI was finalized with 1-cm automated erosion from the edge to prevent 

partial volume effects. To obtain arterial input function, ROI was drawn on the pulmonary 

artery (PA) at the level of the pulmonary trunk using early frames. Metabolite corrected PA 

blood TAC was used as input function and whole lung TAC was used as output function to fit 

in the software package CLICKFIT. Per voxel, the K3 rate derived from a reversible 2-

compartment 4k model was considered as proliferation rate and used as total lung 18FLT 

uptake. Typically, we have generated k3 value of 25000 voxels (2mm3 per voxel) from each 
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human lung. Voxels with k3 ≤0 or k3 ≥1 were considered as noise and excluded less than 1% 

of total voxels). For mid-lung 18FLT uptake, a 2-cm region at the level of the bifurcation of 

the PA was used for analysis. For the correction of lung density (air-correction) a CT-

generated lung segmentation was generated and used following Patlaks reversible model 

formula: Air correction = (1-Vb)/(1-Vb-Vair) (24). Further analysis by 3-dimensional (3D) 

parametric mapping of computed per-voxel 18FLT uptake, such as Texture Analysis, 

Heterogeneity Index and Metabolic Tumour Volume measurement were developed to 

measure the heterogeneity in tracer uptake per voxel level in the lung. 

Statistical Analysis 

Data were described as either mean (± standard deviation) for continuous variables and as 

absolute numbers (%) for categorical variables. Between-group differences were compared 

using one-way ANOVA with Bonferroni post-hoc correction. Differences between control 

groups were tested using the Student t-tests or chi-square tests, after visually checking for 

normal distributions. Non-normal distributed variables were LOG-transformed or tested 

using Wilcoxon signed rank test. Correlations between 18FLT uptake (k3) and clinical 

variables were determined by linear regression analyses. Throughout the analyses a p-value 

of <0.05 was considered statistically significant. All statistical analyses were performed with 

R (R Core Team 2019 R version 3.6.1) and Graphpad Prism for Windows version 8 (Graphpad 

Software, La Jolla, CA). 
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Table 1. Baseline characteristics and hemodynamics 

Healthy 
controls 

n = 9 

Unaffected 
mutation 
carrier 
n = 11 

PAH 

n = 21 

p-value

Age (yr) 47 ± 17 46 ± 18 45 ± 13 0.953 
Male, n(%) 4 (44%) 4 (36%) 7 (33%) 0.846 
NYHA functional class, 
I/II/III/IV (n) 

9/0/0/0 11/0/0/0 4/12/5/0 <0.001 

BMI, kg/m2 28.1 ± 5.7 24.6 ± 4.1 24.8 ± 3.7 0.134 
NT-proBNP, ng/ml - 21 [13-35] 229 [58-667] 0.001 
Hb, mmol 8.9 ± 0.9 9.1 ± 0.8 9.3 ± 1.4 0.725 
Medical history 
Malignancy 0 (0%) 0 (0%) 0 (0%) NA 
Hypertension 2 (22%) 0 (0%) 2 (10%) 0.249 
Diabetes Mellitus 0 (0%) 0 (0%) 1 (5%) 0.614 
VTE/pulmonary embolism 1 (11%) 0 (0%) 1 (5%) 0.517 
Treatment 
Treatment Naïve, n(%) 9 (100%) 11 (100%) 1 (5%)* <0.001 
Monotherapy (ERA or PDE5I), 
n(%) 

- - 1 (5%) - 

Dual combination therapy 
(ERA + PDE5I or PDE5i + 
prostacyclin* 0), n(%) 

- - 13 (62%) - 

Triple combination therapy 
(ERA + PDE5I + prostacyclin), 
n(%) 

- - 6 (29%) - 

Hemodynamic characteristics -
Heart rate,  beats/min 74 ± 10 72 ± 11 75 ± 12 0.769 
mPAP, mmHg - 15 [14-17] 50 [42-57] <0.001 
PAWP, mmHg - 9 ± 2 10 ± 3 0.291 
mRAP, mmHg - 5 ± 2 8 ± 3 0.039 
PVRI, dyn.s/cm-5/m2 - 47 [41-66] 362 [281-498] <0.001 
Cardiac index, l/min/m2 - 3.0 ± 0.5 2.7 ± 0.7 0.241 
Cardiac magnetic resonance 
imaging 
RVEDVI, ml/m2 72 [58-81] 56 [54-69] 92 [75-111]* <0.001 
RVESVI, ml/m2 30 [26-35] 22 [20-26] 48 [41-70]* <0.001 
RVEF, % 58 ± 6 61 ± 5 44 ± 12* <0.001 
LVEF, % 66 ± 5 66 ± 7 62 ± 13 0.444 
Data are given as mean(SD), median [IQR] or percentages *significant difference in post-hoc 
analysis , BMI: body mass index, Hb: haemoglobin, VTE: venous thromboembolism, ERA: 
endothelin receptor antagonist, PDE5I: phosphodiesterase type 5 inhibitor, mRAP: mean right 
atrial pressure, mPAP: mean pulmonary arterial pressure, PVRI: indexed pulmonary vascular 
resistance, PAWP: pulmonary arterial wedge pressure,  RVEDVI: Indexed right ventricular end-
diastolic volume; RVESVI: Indexed right ventricular end-systolic volume; RVEF: right ventricular 
ejection fraction, LVEF: left ventricular ejection fraction 
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Results 
Characteristics of the subjects 

21 PAH patients, 11 unaffected BMPR2 mutation carriers and 9 controls were studied. 

The baseline characteristics of all subjects are summarized in table 1. The female to male 

ratio was 2:1. The control group was comparable in age, BMI and gender. As expected, NYHA 

class, NT-proBNP concentration and right ventricle (RV) volumes differed between the 

groups (all p-values <0.001). The patients that were scanned in our preliminary report were 

similar in clinical characteristics (supplementary table 1).  

18FLT k3 phosphorylation rate 

For Kinetic modelling and data analysis, CLICKFIT was used. This method gave similar 

results in 18FLT-uptake, expressed as k3 phosphorylation, in the PAH patients from the 

preliminary results for which MATLAB 5.3 software was used previously (supplemental figure 

S1). Comparing to lung 18FLT uptake in control subjects, the mean 18FLT phosphorylation k3 

was not significantly different in PAH patients (fig. 1A), so as in the unaffected BMPR2 

mutation carriers. This unsignificant statistics of lung 18FLT uptake remained among the 

three groups after correction for lung density measured by CT (k3 score, fig. 1B). We also 

analysed the 18FLT phosphorylation k3  in the mid-region of the lungs (12) and no significant 

differences were observed among the PAH patients, unaffected BMPR2 mutation carriers and 

controls (fig. 1C). Stratification of the PAH patient groups considering age, subtype of PAH, 

NYHA class, therapy or co-morbidity did not show correlation to lung 18FLT phosphorylation 

k3 measurements.  
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Correlation with clinical parameters 

We examined the relationship between the lung 18FLT uptake (k3) and 

cardiopulmonary hemodynamic parameters in PAH patients and unaffected BMPR2 mutation 

carriers. No correlation was observed between lung  18FLT uptake with mPAP and indexed 

PVR in PAH patients (r2 =0.05, p=0.317 and r2 =0.003, p=0.813 respectively) and in unaffected 

mutation carriers (r2 =0.15, p=0.265  and r2 =0.20, p=0.194 respectively). Lung  18FLT uptake 

also did not correlate with hemodynamic parameters by CMR, such as RVEDVI, RVESVI, RVEF 

and the load on the ventricle (arterial elastance; figure 2 C-F).  
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Follow up scans 

We performed further analysis by 3D parametric mapping in three PAH patients that 

were scanned sequentially (fig. 3), aiming to define the previous observation of 

heterogeneous lung 18FLT uptake within the PAH group (12).  Our data demonstrated the 

uneven regional 18FLT uptake (patch distribution) in the PAH patient lungs. Further analysis 

presented the comparative histogram distribution of voxel wise 18FLT phosphorylation rates 

of the two sequential 18FLT PET scans in the three PAH patient (fig. 3). The comparative 

data indicated no significant differences between the two sequential scans in patients 1 and 

2, but a left shift was observed in patient 3, indicating a reduced 18FLT phosphorylation rate 

in the second scan. The sequential lung18FLT uptake data did not related to the hemodynamic 

parameters gained from these three PAH patients (fig. 3 and suppl. table 2).  
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Discussion 
This study conducted 18FLT-PET in PAH patients in comparison with a group of healthy 

control subjects and unaffected BMPR2 mutation carriers. Kinetic modelling of the lung 18FLT 

uptake indicated that there were no significant differences of the lung 18FLT phosphorylation 

k3 in PAH patients comparing to the healthy control subjects. The lung 18FLT uptake in PAH 

patients did not correlate with the clinical and hemodynamical parameters. In depth 3D 

parametric mapping of the sequential 18FLT-PET data from three PAH patients during their 

follow up showed uneven regional lung 18FLT uptake in these individuals. However, 18FLT 

lung uptake did not relate to the hemodynamic clinical parameter changes. We report for 

the first time that lung 18FLT uptake in unaffected BMPR2 mutation carriers, who are prone 

to develop PAH, are similar to the healthy control subjects. 

The present study is a carefully designed follow-up study of our previous 18FLT 

project, aiming to qualify the clinical application of 18FLT-PET in the PH clinic. In the 

previous study, the control 18FLT lung uptake data was calculated from the contralateral 

healthy lung lobe of patients with one-sided pulmonary malignancies. Three out of six cancer 

patients were receiving chemotherapy <1 month before 18FLT-PET scanning. The current 

study employed an appropriate group of matched control subjects. These healthy subjects 

were younger than the previous control projects with cancer (age 47 vs 68 years, p= 0.015). 

Nevertheless, the present data demonstrated that the 18FLT lung uptake levels (k3) of these 

9 healthy control subjects are comparable to the previous demonstrated control 18FLT lung 

uptake levels. The current 8FLT-PET study has expanded the previous small cohort study to 

a larger cohort of 21 PAH patients and produced an improved clinical data set. We 

demonstrated no significant differences in lung 18FLT uptake between the PAH patients and 

control healthy subjects, which conflicts with the preliminary human 18FLT-PET study due to 

a small sample size previously and large variation of lung 18FLT signals between patients.  

It remains a challenge to develop an appropriate PET tracer that detects, localizes 

and monitors pulmonary vascular pathology in PAH. 18FDG-PET and 18FLT-PET have been used 

in oncology to stratify patients and assess disease progression and response to treatment and 

predict clinical outcomes. Increased 18FDG lung signals with heterogeneous distribution were 

described in IPAH as well as in PAH patients due to systemic lupus erythematosus (SLE-PAH) 

(13, 14), consistent with its property in tracking both proliferation and inflammation events. 

However, there were no significant correlations between lung 18FDG uptake with 

hemodynamic and severity parameters in IPAH patients detected (14, 15), whilst data from 

SLE-PAH patients confirmed that the increased lung 18FDG uptake reflects an active 

inflammatory disease status in the lung which impacts remodelling process. In comparison, 
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18FLT-PET is a recognised as marker of evaluating whole tumour proliferation heterogeneity. 

We are challenged by the relatively lower 18FLT uptake compared to 18FDG (17) and the large 

air volume in the lung, although 18FLT has a low background uptake in the thorax as shown 

in our previous data that indicated a relatively lower noise threshold than 18FDG (25). The 

present study applied the rate of 18FLT phosphorylation, k3, calculated from the in-depth 

kinetic 2T4k modelling of the lung 18FLT signal for reflecting proliferation events in the lung 

(12), however, k3 did not discriminate PAH patients from control healthy subjects, 

contradicting to our original hypothesis. Additionally, the unaffected BMPR2 mutation 

carriers presented a tighter mean of lung 18FLT phosphorylation k3 similar to the healthy 

control subjects. 

We found that there is considerable larger variation in the distribution of lung 18FLT 

uptake in the PAH patients and there is visually heterogeneity in the lung 18FLT signal 

distribution within the lungs of each patient. Further stratification considering PH 

phenotype, therapy used, age, gender, duration of disease or hemodynamic parameters did 

not define any significant relevance with lung 18FLT phosphorylation k3. Comparing k3 

phosphorylation of unaffected BMPR2 mutation carriers with healthy controls or PAH patients 

did not show differences. It remains difficult to state if FLT-PET was unable to detect latent 

vascular proliferation, or if the lung vasculature of these mutation carriers is indeed 

unaffected until a second hit occurs. The data from sequential 18FLT PET scans that follows 

up three PAH patients under combination treatments (Prostacyclin, ERA, PDE5I) is 

informative, however, 18FLT lung uptake did not relate to hemodynamic or clinical parameter 

changes over time. Patient 3 started with prostacyclin treatment in between the sequential 

FLT-PET scans, and his k3 value decreased impressively. It may be that a decrease in vessel 

wall remodelling  was due to prostacyclin treatment (26), or that the vascular remodelling 

simply ‘burns out’ at a late phase of the disease. We are limited to make a direct correlation 

between 18FLT signal with pulmonary pathology in the same human study subjects, the 

natural history of the pulmonary pathology following clinical presentation is unknown. It may 

be episodic or particularly active at the start of the disease and reduced in the later phase. 

Evidence of vascular proliferation that is tracked by FLT imaging might be episodic or more 

evident in some patients than others irrespective of their clinical impairment at the time of 

imaging.  

In the past decade, several clinical trials have targeted cancer-like features in PAH. 

Inhibition of endothelial cell-and smooth muscle cell proliferation by for example tacrolimus 

(27) and mercaptopurine (28) showed some hemodynamic improvement, but in small patient

groups and with serious side-effects. As there is still no evidence of structurally abnormal
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growth factor receptors in the PAH vasculature, clinical trials with growth factor inhibitors 

such as tyrosine kinase inhibitors have not yet shown an overall clinical benefit (29-31). This 

indicates that the general consensus of sustained proliferative signalling in PAH might be 

more nuanced and complex.   

Limitations 

Several limitations of this study need to be recognized. A relatively small number of PAH 

patients and control subjects were included, which may affect the generalizability of the 

study. In addition, the majority of PAH patients received PAH specific therapy, mostly double 

therapy. As endothelin receptor blockage decreased pulmonary artery smooth muscle cell 

proliferation (PASMC) and improved microvessel density (32), and proliferation of PASMC was 

dose dependently reduced by both phosphodiesterase-5 inhibitors (33) and treprostinil (26) 

this may have mitigated small pulmonary artery remodelling.  

Conclusion 

The current study with a larger expanded PAH patient cohort established a valuable and 

critical clinical 18FLT-PET data set. We could not detect significant differences in lung 18FLT 

phosphorylation rate k3 in PAH patients in comparison to the age matched healthy controls, 

nor in unaffected BMPR2 mutation carriers. Our data informed and challenged the 

application of 18FLT-PET as a biomarker in PH clinic. Larger cohorts of PAH patients validating 

the use of 18FLT-PET and novel tracers with a higher sensitivity for tracking PAH disease 

pathology are needed which may help to improve the detection of PAH and tailoring therapy 

strategies. 
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Supplemental table 1: Comparison between patients in the preliminary study and in the expanded 
dataset 

Preliminary study 
n=8 

Expanded cohort 
n=13 

p-
value 

Age (yr) 46 ± 12 44 ± 14 0.732 
HPAH, n(%) 5 (63%) 9 (69%) 1.000 
Male, n(%) 4 (50%) 3 (23%) 0.427 
NYHA functional class, I/II/III/IV (n) 2/4/2/0 2/8/3/0 0.834 
BMI, kg/m2 24.6 ± 3.7 24.9 ± 3.7 0.825 
NT-proBNP, ng/ml 190 [30-654] 229 [70-485] 0.943 
Medical history 
Malignancy 0 0 NA 
Hypertension 2 (25%) 0 0.259 
Diabetes Mellitus 1 (13%) 0 0.802 
VTE/pulmonary embolism 0 1 (8%) 1.000 
Treatment 
Treatment Naïve, n(%) 1 (13%) 0 0.802 
Monotherapy (ERA or PDE5I), n(%) 1 (13%) 0 0.802 
Dual combination therapy (ERA + PDE5I or 
PDE5i + prostacyclin* 0), n(%) 

3 (38%) 11 (85%) 0.081 

Triple combination therapy (ERA + PDE5I + 
prostacyclin), n(%) 

3 (38%) 2 (15%) 0.530 

Hemodynamic characteristics 
Heart rate,  beats/min 79 ± 8 73  ± 14 0.236 
Mean pulmonary artery pressure, mmHg 45 [44-55] 53 [42-57] 0.704 
Pulmonary arterial wedge pressure, mmHg 9 [7-10] 12 [10-13] 0.017 
Mean right atrial pressure, mmHg 6 [3-8] 9 [7-10] 0.117 
Pulmonary vascular resistance, dyn.s/cm-5 318 [222-366] 367 [308-511] 0.296 
Cardiac index, l/min/m2 2.9 ± 0.7 2.7 ± 0.7 0.470 
Cardiac magnetic resonance imaging 
RVEDVI, ml/m2 91 [79-101] 92 [75-111] 0.999 
RVESVI, ml/m2 49 [44-63] 48 [34-70] 0.329 
RVEF, % 39 ± 11 47 ± 12 0.104 
LVEF, % 63 ± 8 60 ± 16 0.565 
18FLT PET K3 phosphorylation 
Mid-region 0.081 [0.067-0.107] 0.057 [0.053-0.068] 0.053 
Whole lung 0.079 [0.065-0.095] 0.076 [0.067-0.083] 0.828 
Data are depicted as mean(SD), median [IQR] or percentages, , BMI: body mass index, VTE: 
venous thromboembolism, ERA: endothelin receptor antagonist, PDE5I: phosphodiesterase type 5 
inhibitor, mRAP: mean right atrial pressure, RVEDVI: Indexed right ventricular end-diastolic 
volume, RVESVI: Indexed right ventricular end-systolic volume, RVEF: right ventricular ejection 
fraction, LVEF: left ventricular ejection fraction 
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Abstract 

Background: 

While most newly presenting patients with pulmonary hypertension (PH) have an elevated 

pulmonary artery wedge pressure (PAWP), identification of such so-called post-capillary PH 

can be challenging. A non-invasive tool predicting an elevated PAWP in incident PH patients 

may help avoid unnecessary invasive diagnostic procedures.  

Methods and results: 

A combination of clinical data, ECG and echocardiographic parameters was used to refine a 

previously developed left heart failure risk score in a retrospective cohort of pre- and post-

capillary PH patients. This updated score (renamed OPTICS risk score) was externally 

validated in a prospective cohort of patients from 12 Dutch non-referral centres. Using the 

updated OPTICS risk score, the presence of post-capillary PH could be predicted on the basis 

of: BMI ≥ 30 kg/m2, diabetes, atrial fibrillation, dyslipidaemia, history of valvular surgery, 

sum of SV1 and RV6 on electrocardiography and left atrial dilation.  81 post-capillary PH 

patients and 66 pre-capillary PH patients were included in the external validation cohort. 

Using a predefined cut-off > 104,  the OPTICS score had a 100% specificity for post-capillary 

PH (sensitivity 22%). In addition, we investigated whether a high probability of heart failure 

with preserved ejection fraction (HFpEF), assessed by the H2FPEF score, similarly predicts 

the presence of an elevated PAWP. A high HFpEF probability (H2FPEF score ≥ 6) was less 

specific for post-capillary PH. 

Conclusions: 

In a community setting, the OPTICS risk score can predict an elevated PAWP in PH patients 

without clear signs of left-sided heart disease. The OPTICS risk score may be used to tailor 

the decision to perform invasive diagnostic testing. 
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Clinical Perspective 

What is new? 

- The OPTICS risk score, which is based on a combination of medical history and simple 

findings on the electrocardiogram an echocardiography, accurately predicts the 

presence of post-capillary PH in incident patients newly presenting with PH in a non-

referral setting 

- In patients with a new diagnosis of PH, a high H2FPEFscore does not exclude the 

possibility of precapillary PH   

What are the clinical implications? 

- Using the OPTICS risk score can help tailor the decision to perform invasive diagnostic 

testing. 

- Treatable pre-capillary PH can be missed when the likelihood of post-capillary PH is 

based on the H2FPEF score. 
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1. Introduction 
Because of profound differences in management, it is of great clinical importance to make 

a distinction between pre- and post-capillary pulmonary hypertension (PH). Pre-capillary PH 

includes treatable conditions such as pulmonary arterial hypertension (PAH) and chronic 

thromboembolic PH (CTEPH) (1, 2). When echocardiography shows clear signs of systolic left 

ventricular dysfunction or left sided valvular disease, post-capillary PH is often diagnosed 

without performing a right-heart catheterization (RHC). The distinction between pre- and 

post-capillary PH is much more challenging in patients without clear signs of left sided heart 

disease. Many of these patients suspected of PH are elderly and have multiple 

comorbidities(3). Particularly in patients with heart failure with preserved ejection fraction 

(HFpEF), echocardiography can remain inconclusive and further invasive diagnostic steps 

may be required. In a considerable number of clinics access to RHC is limited and may require 

referral to a tertiary PAH centre.  

Previous studies have indicated that around 12-19% of patients referred to a tertiary PH 

centre for RHC are found to have an elevated pulmonary artery wedge pressure (PAWP) i.e. 

post-capillary PH, despite a priori suspicion of pre-capillary PH (4-6). Because a diagnosis of 

post-capillary PH usually does not change heart failure management, a considerable 

proportion of patients undergoes a RHC without subsequent treatment implications. On the 

other hand, it is likely that many other patients are denied a proper diagnosis of (treatable) 

pre-capillary pulmonary hypertension because a RHC is perceived as too invasive, too costly 

and because the pre-test likelihood of pre-capillary PH is low. To facilitate non-invasive 

prediction of post-capillary PH, several scoring models have been developed. These models 

are typically based on echocardiography or on a combination of echocardiography and 

clinical parameters (7-12).   

We previously developed a left heart failure (LHF) risk score to predict an elevated PAWP 

on the basis of medical history, ECG and echocardiography (11). When this risk score was 

used with the highest possible specificity for the presence of an elevated PAWP in incident 

PH patients (to ensure recognition of all possible cases of pre-capillary PH), the score 

allowed identification of post-capillary PH in 20% of patients. In principle, use of the score 

would allow prevention of unnecessary RHCs in 20% of patients. However, left valvular heart 

disease worse than mild on echocardiography was one of the strongest independent 

predictors of an elevated PAWP in PH patients in the LHF risk score, while in daily practice 

the possibility of pre-capillary PH is generally not considered in patients with significant left-

sided valve disease. It is therefore desirable to refine the predictive algorithm and to tailor 
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the risk score for use in a population of PH patients without significant valve disease but 

with still a high pre-test likelihood of post-capillary PH due to HFpEF (3).  

The H2FPEF score was originally developed in a primarily HFpEF population to discriminate 

between HFpEF and noncardiac causes of dyspnoea, and relies on six simple clinical 

characteristics and echocardiographic measurements(12). One of these predictors is a 

pulmonary artery systolic pressure (PASP) > 35 mmHg. In the setting of HFpEF, an elevated 

PASP would usually point to post-capillary PH. Up to 70% of patients with HFpEF may present 

with post-capillary PH (2). While the H2FPEF score has been well validated to assess the 

probability of HFpEF, it is unclear whether the score can also be used to predict the presence 

of an elevated PAWP in incident PH patients. Because the population of pre-capillary 

patients is currently aging and presents with more co-morbidities, some patients with pre-

capillary PH may actually have a high HFpEF probability. In that case, a high probability of 

HFpEF, assessed by the H2FPEF score, should not obviate the search of other causes of 

treatable pre-capillary PH, such as CTEPH. 

In this study, we aimed (1) to refine a previously developed LHF risk score for the detection 

of an elevated PAWP in PH patients without clear signs of left-sided heart disease and (2) to 

externally validate this risk score (renamed OPTICS risk score) in a prospective cohort of PH 

patients in non-referral centres.  In addition, we investigated the specificity of a high H2FPEF 

score for post-capillary PH.    

2. Methods 

2.1 Development OPTICS risk score 

2.1.1 Patient selection 

The authors declare that all supporting data are available within the article [and its online 

supplementary files]. The first part of our study comprised of a refinement of the previously 

developed LHF score (11). We included in a retrospective cohort all patients suspected of 

PAH who attended our PH referral centre between April 1998 and December 2012 and in 

whom ultimately a diagnosis was made of PAH or post-capillary PH. This cohort was for 79% 

similar to the cohort previously studied by Jacobs et al. (11). In addition to the previously 

used exclusion criteria of a likely diagnosis of post-capillary PH due to systolic heart failure 

(LVEF <50%), we now excluded left valvular disease more than mild on echocardiography, 

according to current guidelines(13).   

2.1.2 Study design 

Diagnosis of PH and PH classification in all patients followed standard criteria indicated by 

current guidelines (2). The classical definition of PH as a condition with a mean pulmonary 
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artery pressure (mPAP) greater than 25 mmHg was used, not greater than 20 mmHg. The 

reason for using this definition was that specific treatments are currently still only proven 

when mPAP is equal to or greater than 25 mmHg. Therefore, the importance of performing 

a RHC is still defined by the classical cut-off value. If PAWP was >15 mmHg at rest or 

increased >18 mmHg immediately after 500 mL of saline infusion over 5 min, a diagnosis was 

made of post-capillary PH (14, 15). If no reliable wedge was obtained, left ventricular end 

diastolic pressure (LVEDP) was measured. RHC was performed in our institution in a team of 

three PH clinicians. PAWP was measured at end-expiration at rest and over multiple 

breathing-cycles. In cases of atrial fibrillation, we measured the PAWP after the onset of the 

QRS complex and just before the v-wave. 

Potential predictors of post-capillary PH were documented from the medical history, ECG 

and echocardiography. Potential predictors included: age; body mass index > 30 kg/m2 

(obesity); sex; a medical history of hypertension, diabetes, dyslipidaemia (non-fasting total 

cholesterol > 5 mmol/l;  HDL-C < 1.0 mmol/l and/or LDL-C >3 mmol/L), atrial fibrillation 

(paroxysmal or persistent) or left heart disease (either coronary artery disease or history of 

left valvular surgery without residual left valvular heart disease at PH diagnosis); and 

smoking history >1 pack-year. From the ECG, evidence of left ventricular hypertrophy (S 

deflection in V1 (SV1) in millimetres and R deflection in V6 (RV6) in millimetres) and 

presence or absence of ECG evidence of left atrial dilation were taken. Left atrial dilation 

on ECG was defined as prolonged P wave duration of > 120 ms in leads I or II with negative 

portion of the P wave  ≥ 1mm in depth and ≥ 40ms in duration in lead V1 (16). From the 

echocardiographic parameters, only the presence of left atrial dilation was taken as 

potential predictor.  Left atrial (LA) dilatation on echocardiography was defined as indexed 

LA volume above 34 mL/m2 (17). When actual measurements were not available, the 

description (dilated/non-dilated) of LA dilation were used.  We did not include other 

echocardiographic descriptors of LV diastolic function, such as the ratio of peak early mitral 

inflow velocity to peak early diastolic velocity of the septal annulus (E/E’) to stay as close 

as possible to the original LHF risk score. Echocardiographic exams were scored by a 

cardiologist blinded to the diagnosis; ECG data were measured by an observer blinded to the 

final diagnosis. 

2.1.3 Statistics 

All measurements were graded dichotomously (present or absent) as mentioned in section 

2.1.2, except ECG predictors SV1 and RV6. This is in line with what was used in the previous 

LHF risk score.  ROC curve analysis was applied to assess the optimal cut-off point for age. 

The optimal cut-off point was obtained based on the highest sensitivity and specificity 
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values. We observed that the optimal cut-off point for age was 59 years old, with a sensitivity 

of 75%, specificity of 59% and area under the receiver operating characteristics curve (AUC) 

of 0.696, and therefore dichotomized it to age ≥ 59 years old. Univariate logistic regression 

was used to evaluate the effect of the predictor. Selecting all univariate predictors (p<0.10), 

a multivariate logistic analysis with stepwise backward elimination determined the final 

model. Throughout the analyses a p-value of <0.05 was considered statistically significant. 

The performance of the model was determined by the discriminative abilities of the model, 

obtained via AUC. The coefficients in the model were transformed into easy-to-use risk 

scores by dividing all regression coefficients by the lowest coefficient value. The clinical 

performance of the risk score was also evaluated via AUC, sensitivity, specificity, positive 

and negative predictive values and probability, at different cut-off values of the OPTICS risk 

score. As it is important not to misclassify any treatable pre-capillary PH, a specificity of 

100% is considered as most favourable. 

2.2. External validation of the OPTICS risk score 

2.2.1 Patient selection 

In this pre-planned prospective external validation study, data directly derived from the 

OPTICS network of 12 Dutch non-referral community hospitals was used to validate the 

refined OPTICS risk score. The OPTICS network was launched in January 2015 and continues 

to collect data on incident PH patients in participating centres. In order to improve 

diagnostic and clinical care for PH patients, all participating centres adhere to the following 

(diagnostic) workflow: 1. A team consisting of at least one cardiologist and one pulmonologist 

identifies all patients with signs, symptoms or risk factors for PH and undertakes further 

diagnostic steps (e.g. computed tomography, pulmonary function test, echocardiography). 

2. After multidisciplinary consultation, the local PH team determines whether a RHC is

required in order to rule-out pre-capillary PH. In patients with overt post-capillary PH or PH

due to pulmonary disease, RHC is not routinely performed, according to current guidelines

(2). All patients discussed by the local PH team are anonymously entered in an online registry 

(part of PAHtool, Inovoltus, Portugal). Detailed entry criteria for inclusion in the registry are

1. suspected PH on echocardiography (tricuspid regurgitation velocity >2,8 m/s and/or other

echocardiographic signs for PH)  2. uncertainty about the cause of PH (defined as possible

pre-capillary PH, warranting multi-disciplinary consultation), 3. incident cases, defined by

either absence of signs of PH on a previous echo or right heart catheterization, or no previous

investigations for PH performed. Patients with systolic heart failure (LVEF<50%) or significant

valvular heart disease (more than mild at PH diagnosis) are excluded from the registry (13).
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Also, scleroderma patients in whom echocardiography is performed for PH screening 

purposes are excluded from the registry. 

Risk score Sensitivity Specificity  PPV  NPV Accuracy Probability 

OPTICS score ≥ 104 23 100 100 86 87  0.88 

PPV: positive predictive value, NPV: negative predictive value 

Figure 1. Receiver operator characteristic curve and optimal cut-off point of the OPTICS risk 

scoring system for prediction of post-capillary PH  

2.2.2 Study design 

The external validation study included all patients with a final diagnosis of PAH, CTEPH or 

post-capillary PH, diagnosed between January 2015 and October 2018 in whom 

hemodynamics were performed because diagnostic doubt persisted after multi-disciplinary 

consultation (endpoint final validation cohort, figure 1). A final diagnosis of PH was made in 

the presence of a mPAP ≥ 25 mmHg. The presence of a PAWP >15 mmHg at rest or LVEDP > 

15 mmHg resulted in a diagnosis of post-capillary PH. PAWP tracings were assessed during 

end expiration at rest and over multiple breathing-cycles. In cases of atrial fibrillation, we 

measured the PAWP after the onset of the QRS complex and just before the v-wave. The 

RHC was either reviewed by PH clinicians from the referral centre or by local experienced 

PH physicians specifically trained in RHC performance and evaluating PAWP tracings. In pre-

capillary PH, significant lung disease was ruled out by lung function testing (including 

spirometry and diffusion capacity) and high-resolution computed tomography (CT), 

according to current guidelines (2). CTEPH was diagnosed based on a combination of findings 

from CT angiography, perfusion scintigraphy and pulmonary angiography.  
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The registry was approved by the local ethics committee in the Netherlands and was not 

considered to fall within the scope of the Medical Research Involving Human Subjects (WMO) 

(approval number 2014326). All requirements of the hospital research and ethical review 

board were met and no informed consent statement was required.  

2.2.4. Statistics 

Patient characteristics were described as either mean (± standard deviation) for continuous 

variables and as absolute numbers (%) for categorical variables. Student T-tests and chi-

square tests were performed to compare patient characteristics between patients with pre- 

and post-capillary PH. Throughout the analyses, a p-value of <0.05 was considered 

statistically significant. As there are no generally accepted approaches to estimate the 

sample size for a validation study we used all data available for this study(18). In the external 

validation cohort, the developed OPTICS risk score was calculated for each patient and 

sensitivity, specificity, negative predictive value (NPV), positive predictive value (PPV), 

accuracy and probability were measured at a predefined cut-off value.  

2.3.  Prediction of post-capillary PH by the H2FPEF score 

The H2FPEF score enables discrimination of HFpEF from non-cardiac causes of dyspnoea and 

can assist in determination of the need for further diagnostic testing in the evaluation of 

patients with unexplained dyspnoea (12). A higher score (e.g. 6-9) can establish the diagnosis 

of HFpEF with reasonable high confidence.  The H2FPEF score consists of the following 

components: Heavy (body mass index > 30 kg/m2 ); Hypertensive (2 or more antihypertensive 

medicines); Atrial fibrillation (paroxysmal or persistent); Pulmonary hypertension (PASP > 35 

mmHg); Elderly (age > 60 years); and Filling pressure (Doppler echocardiographic E/e’> 9). 

For each clinical variable a number of scoring points were given (12). With these clinical 

variables, a high probability  of HFpEF assessed by the H2FPEF score may also be useful for 

the prediction of post-capillary PH. 

To investigate whether the presence of PH in a patient with a high HFpEF probability almost 

exclusively points to the presence of an elevated PAWP, sensitivity, specificity, NPV, PPV 

,accuracy and probability of the H2FpEF scores were determined.  For the calculation of the 

probability of HFpEF, a cut-off ≥ 6 points and the online tool of the continuous model of the 

H2FPEF score were used(12).  Model discriminatory properties were evaluated using AUC. In 

addition, change in logistic regression coefficient was measured to explore whether the 

combined use of the OPTICS risk score and H2FPEF score can improve the prediction of an 

elevated PAWP in incident PH patients.   
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Table 1. General characteristics and hemodynamics of the development cohort 

Pre-capillary PH Post-capillary PH P-value

Patients, n 331 73

Age,  years 53 ± 17 64 ± 14 < 0.001 

Males, n(%) 95 (29%) 16 (22%) ns 

BMI, kg/m
2
 25.9  ± 5.8 31.7  ± 7.5 < 0.001 

BMI ≥ 30 kg/m
2* 74 (22.4%) 42 (61%) <0.001 

Medical history of 

Diabetes, n(%)* 55 (17%) 44 (60% ) < 0.001 

Atrial fibrillation,  n(%)* 29 (9%) 30 (41%) < 0.001 

Hypertension,  n(%) 77 (23%) 44 (60%) < 0.001 

Dyslipidaemia,  n(%)* 37 (11%) 22(30%) < 0.001 

Smoking > 1 pack year,  n(%) 159 (49%) 37 (52%) ns 

Valvular surgery without residual left 
valvular disease,  n(%)* 

4 (1%) 15 (21%) < 0.001 

Coronary artery disease,  n(%) 24 (7%) 20 (27%) < 0.001 

Left heart disease,  n(%) 27 (8%) 28 (38%) < 0.001 

ECG 

Left atrial dilatation,  n(%) 44 (14%) 5 (7%) ns 

SV1+RV6,  mm* 11 ± 6 15 ± 8 < 0.001 

Echocardiography 

Left atrial dilation,  n(%)* 66 (20%) 49 (70%) <0.001 

Right heart catheterisation 

mRAP, mmHg 7 [4-12] 9 [ 6-14] 0.001 

mPAP, mmHg 49 ± 16 40 ± 12 < 0.001 

Cardiac output, L·min
-1
 5.0 ± 2.0 5.4 ± 1.3 ns 

Heart rate, beats·min
-1
 80 ± 14 74 ± 13 0.006 

PVR,  dyn·s·cm
-5
 655 [ 407-1014] 287 [ 170-412] <0.001 

Wedge pressure, mmHg 8 [ 5-11] 21 [19-23] < 0.001 

Mixed venous O2 saturation, % 64 ± 10 66 ± 9 ns 

Data are given as mean(SD), median (IQR) or percentages, BMI: body mass index, SV1+ RV6: sum 
of S wave in V1 and R wave in V6 on ECG (in mm), mRAP: mean right atrial pressure, mPAP: mean 
pulmonary arterial pressure, PVR: pulmonary vascular resistance. * independent predictors of the 
OPTICS risk score. 
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3. Results
3.1. Clinical characteristics and model building OPTICS risk score 

331 pre-capillary PH and 75 post-capillary PH were included in the development cohort, 

supplemental figure S1. Patient characteristics and hemodynamics at diagnosis are shown in 

table 1. Mean age of patients with a diagnosis of pre-capillary PH was 53 years and 64 years 

in post-capillary PH patients (p-value < 0.001).  

Univariate logistic regression was performed on predefined potential predictors of post-

capillary PH and results are presented in supplemental table S1. Using backward multivariate 

logistic regression, the following parameters were identified as predictors of post-capillary 

PH: BMI ≥ 30 kg/m2, a medical history of Diabetes, Atrial fibrillation (paroxysmal or 

persistent), dyslipidaemia and history of valvular surgery, the sum of SV1 and RV6 on 

electrocardiography (in millimetres), and the presence of LA dilation on echocardiography 

(table 2).  

Table 2. Results from the backward multivariate logistic regression, identifying independent 

predictors of post-capillary PH and subsequently derived OPTICS risk scoring system 

OR (95% CI) P-value OPTICS 
risk score* 

BMI ≥ 30 kg/m
2 4.64 [2.12-10.15] <0.001 22 

Medical history  of  

Diabetes 6.49 [2.99-14.12] <0.001 26 

Atrial fibrillation, any 4.65 [1.79-12.07] 0.001 21 

Dyslipidaemia 3.27 [1.31-8.11] 0.01 17 

Valvular surgery without residual 
left valvular disease 

52.96[9.23-303.79] <0.001 56 

ECG 

SV1+RV6 per mm 1.07 [1.02-1.13] 0.006 1x [SV1+RV6] 

Echocardiography 

Left atrial dilation 4.33 [1.97-9.52] <0.001 21 

BMI: body mass index, SV1+ RV6: sum of S wave in V1 and R wave in V6 on ECG (in mm). *: Total 
risk score is calculated as follows. For presence of a BMI above 30 kg/m2, the patient is 
attributed 22 points. If a medical history of diabetes is present, an additional 26 are scored, and 
if a history of atrial fibrillation is present (paroxysmal or permanent atrial fibrillation), an 
additional 21 points are scored. 17 points are given for a history of Dyslipidaemia and 56 points 
are scored for a history of valvular surgery without residual left valvular disease. SV1 + RV6 on 
ECG in millimetres is the risk score attributed for the ECG in each patient. For the presence of 
left atrial dilatation on echocardiography, the patient is attributed 21 points. The total score in 
each patient constitutes the OPTICS risk score for that individual. 
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The following model was constructed: 

-5.44 + (1.54 x BMI ≥30) + (1.88 x DM) + (1.53 x AF) + (1.21 x dyslipidaemia) + (3.98 x Valve

surgery) + (0.07 x ECG) + (1.48 x LA dilatation)

This model had a high predictive value with R2=0.64 and an AUC of 0.93, supplemental figure 

S2. From the model, the OPTICS risk score was derived (table 2). The OPTICS risk score 

resulted in similar predictive values (R2=0.64, AUC 0.93, 95% CI 0.89-0.96),   as shown in 

figure 1. Supplemental table S2 shows the performance of the OPTICS risk score in terms of 

sensitivity, specificity, accuracy, positive and negative predictive values and probability at 

different risk score categories. Supplemental figure S3 shows the distribution of the OPTICS 

risk score for each group (pre-capillary PH and post-capillary PH). Using a risk score cut-off 

value of ≥ 104, post-capillary PH could be non-invasively predicted in 24% of the post-

capillary PH patients, with a PPV of 100%, probability of 0.88 and 100% specificity, figure 1. 

Using the OPTICS risk score ≥ 104, no pre-capillary PH patients were predicted as having 

post-capillary PH. 

Figure 2. Flow chart representing patients numbers and study methods of the external OPTICS 

cohort. PH: Pulmonary Hypertension, PAH: Pulmonary Arterial Hypertension, IPAH: idiopathic 

pulmonary arterial hypertension, HPAH: hereditary pulmonary arterial hypertension, PAH-CHD: 
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PAH due to congenital heart disease, PAH-CTD: PAH due to connective tissue disease, PCWP: 

wedge pressure, LVEDP: left ventricular end diastolic pressure 

Table 3. General characteristics and hemodynamics of the validation cohort 

Pre-capillary PH Post-capillary PH P-value

Patients, n 66 81 

Age,  years 66 ± 13 69 ± 11 0.042 

Male, n(%) 37 (56%) 33 (41%) ns 

BMI, kg/m2 27.3 ± 5.5 31.3 ± 7.3 < 0.001 

BMI ≥ 30 kg/m
2* 13 (20%) 37 (46%) 0.002 

Medical history 

Diabetes, n(%)* 10 (15%) 30 (37%) 0.005 

Atrial fibrillation,  n(%)* 9 (14%) 34 (42%) <0.001 

Hypertension,  n(%) 39 (59%) 71 (88%) <0.001 

Dyslipidaemia,  n(%)* 15 (23%) 42 (52%) 0.001 

Smoking > 1 pack year,  n(%) 34 (52%) 43 (53%) ns 

Valvular surgery  without residual left 
valvular disease, n(%)* 

2 (3%) 5 (6.2%) ns 

Coronary artery disease,  n(%) 12 (18%) 30 (37%) 0.020 

Left heart disease,  n(%) 14 (21%) 32 (40%) 0.028 

ECG 

Left atrial dilatation,  n(%) 11 (18%) 6 (10%) ns 

SV1+RV6,  mm* 14 ± 6 15 ± 6 ns 

Echocardiography 

Left atrial dilation,  n(%)* 17 (30%) 56 (70%) <0.001 

Right heart catheterisation 

mRAP, mmHg 10 [7-11] 12 [9-16] 0.001 

mPAP, mmHg 45 ± 11 36 ± 9 < 0.001 

Cardiac output, L·min-1 4.9 ± 1.7 5.5  ± 1.5 0.028 

Heart rate, beats·min-1 80 ± 16 73  ± 15 0.031 

PVR,  dyn·s·cm-5 551 [390-890] 204 [147-274] <0.001 

Wedge pressure, mmHg 11 ± 3 21 ± 6 < 0.001 

Mixed venous O2 saturation, % 63 ± 12 64 ± 8 0.725 

NTproBNP,  pg/mL 1244 [320-2881] 687 [271-1463] 0.137 

Data are given as mean(SD), median (IQR) or percentages, BMI: body mass index, SV1+ RV6: sum 
of S wave in V1 and R wave in V6 on ECG (in mm), mRAP: mean right atrial pressure, mPAP: mean 
pulmonary arterial pressure, PVR: pulmonary vascular resistance.  
* independent predictors of the OPTICS risk score.
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3.2. External validation OPTICS risk score 

3.2.1 Patient selection and clinical characteristics 

Between January 2015 and October 2018, 439 patients at community hospitals with signs of 

PH on echo were included in the OPTICS registry, see figure 2. 292 patients received a final 

diagnosis of post-capillary PH or PH due to lung disease based on multidisciplinary 

consultation and without a perceived need to perform a RHC. The OPTICS validation cohort 

consisted of the 147 patients in whom the presence of treatable pre-capillary PH could not 

be excluded and who therefore underwent a RHC. Clinical characteristics of these patients 

are presented in table 3. 

The majority of the population in the Netherlands is of Caucasian descent, while race or 

ethnicity are not routinely documented. Mean age of patients with a final diagnosis of pre-

capillary PH was 66 years and 69 years in post-capillary PH patients. Patients with post-

capillary PH had significantly higher BMI, presented more often with LA dilatation, had more 

comorbidities, a lower mPAP and a lower pulmonary vascular resistance (PVR) (all p-values 

<0.05).  

Risk score Sensitivity Specificity  PPV  NPV Accuracy Probability 
OPTICS score ≥ 104 22 100 100 49 55  0.94 
H2FPEF score ≥ 6 48 92 88 59 67  0.82

PPV: positive predictive value, NPV: negative predictive value 

Figure 3. External validation of the OPTICS risk score and H2FPEF score 
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3.2.2 External performance of the OPTICS risk score 

Using the proposed risk score cut-off ≥ 104, 1 out of 5 patients in whom the presence of pre-

capillary PH could not be excluded, could be noninvasively predicted as post-capillary PH 

(sensitivity 22%) without missing any pre-capillary cases (specificity 100% and PPV 100%). 

Sensitivity, specificity and probability for the prediction of post-capillary PH are presented 

in figure 3. The OPTICS risk score could not be obtained in 15 patients (10%) due to missing 

data. AUC in the external validation cohort for OPTICS risk score was 0.81 (95% CI 0.73-0.88). 

A continuous scale of the predicted probabilities according to several cut-off points is shown 

in figure 4. 

Figure 4. Description of the OPTICS risk score and point allocation for each clinical parameter 
with associated probability of having post-capillary PH based on the total score as estimated from 
the model 
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3.2.3. Prediction of post-capillary PH by the H2FPEF score 

The H2FPEF score was able to predict post-capillary PH when applying a cut-off ≥ 6 with a 

sensitivity of 48% and specificity of 92% (figure 3 and 5).  A high HFpEF probability, using the 

cut-off ≥ 6 with the H2FPEF score, was present in 5 pre-capillary PH patients (4 CTEPH and 

1 PAH due to congenital heart disease). In addition, using the continuous model of the H2FPEF 

score (probability > 0.9 for the prediction of HFpEF) 14 pre-capillary PH patients had an high 

probability of HFpEF (6 CTEPH, 4 idiopathic PAH, 2 PAH due to congenital heart disease, 1 

PAH due to connective tissue disease and 1 PVOD). The H2FPEF score could not be calculated 

in 2 patients due to missing data. AUC in the external validation cohort for H2FPEF score was 

0.79 (95% CI 0.72-0.87), as shown in figure 3.  

 

 

 

 

 

 

 

Figure 5. Pyramid graphs from the validation cohort of patients with post-capillary PH and pre-

capillary PH, divided according to the OPTICS risk score outcomes or H2FPEF score outcomes of 

individual patients. The blue line represents a cut-off of ≥ 104 for the OPTICS risk score and ≥ 6 

for the H2FPEF score. 

We performed a probability analysis to explore whether a combined use of the H2FPEF score 

(continuous model) and the OPTICS risk score can improve the prediction of an elevated 

PAWP in PH patients. Solely post-capillary PH was predicted when a probability > 0.9 for 

both scores was present (figure 6). By using the OPTICS score combined with the H2FpEF 

score an additional value was observed in the multivariate analysis for the prediction of post-

capillary PH (42% change in logistic regression coefficient for the H2FPEF score, 0.706 to 

0.410). 
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Figure 6. Probability analysis of post-capillary PH by H2FPEF score and OPTICS score, divided 
according to PH group. PH: Pulmonary Hypertension. 

4. Discussion
In daily clinical practice, it is often difficult to distinguish between pre- and post-capillary 

PH. A RHC is frequently required when echocardiography alone remains inconclusive.. 

Because RHC is invasive, costly and often requires referral to a PH expert centre, it is 

desirable that the procedure is performed only in patients with a high pre-test likelihood of 

treatable pre-capillary PH. A non-invasive tool  for the prediction of an elevated PAWP in 

PH patients with a high specificity may help to avoid unnecessary diagnostic procedures. In 

the updated OPTICS risk score, we show that prediction of an elevated PAWP in PH patients 

is possible using easily obtained non-invasive variables. The OPTICS risk score, developed in 

a tertiary PAH centre, showed good performance in the setting of non-referral community 

hospitals. The score accurately predicted an elevated PAWP in 22% of the PH patients 

without clear signs of left heart disease, with a specificity of 100%. The H2FPEF score, 

developed to predict HFpEF in patients with unexplained dyspnoea, was also able to predict 

post-capillary PH (sensitivity 48%). However, a high probability for HFpEF with the H2FPEF 

score was also detected in pre-capillary PH patients (specificity of 92%). This underlines the 

fact that a high probability of HFpEF, assessed by the H2FPEF score, should not obviate the 

search for other causes of treatable pre-capillary PH, such as CTEPH. 
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Risk factors for post-capillary PH are well known (15, 19-22). However, the distinction 

between pre- and post-capillary PH remains challenging. Any effort made to improve this 

distinction is helpful, but this should not lead to missing treatable pre-capillary PH. Early 

diagnosis and treatment of PAH is essential to improve clinical outcomes (2, 23). From our 

data, a history of valvular surgery, diabetes and atrial fibrillation were independent 

predictors of post-capillary PH. Atrial fibrillation and diabetes are both well known risk 

factors for post-capillary PH (15, 19, 22). Interestingly, dyslipidaemia is an independent 

predictor for post-capillary PH due to HFpEF. Dyslipidaemia is a known risk factor for the 

development of left heart disease, but is also frequently observed in patients with HFpEF 

(15, 24).  Several reports have shown that left valvular heart disease is a risk factor for the 

development of post-capillary PH(20-22). The current study showed that prior left valvular 

surgery without residual left valvular heart disease is still a strong risk factor for the 

development of post-capillary PH. This risk factor was also reported by Vachiéry et al (2019) 

in the series world symposium on pulmonary hypertension (15). Another study has shown 

that 15% of patients with severe mitral regurgitation and without any complications prior to 

valvular surgery (e.g. no atrial fibrillation or pulmonary hypertension) develop congestive 

heart failure during 15-years of follow-up (25). In contrast with previous research, in the 

current study older age was not found to be an independent predictor for post-capillary PH 

(12, 15, 22). This is in line with the observation of a changing phenotype of pre-capillary PH 

in the current era: PAH patients are older at the time of diagnosis and have more 

comorbidities (26, 27). For accurate non-invasive prediction of post-capillary PH, the data 

from medical history, ECG and echocardiography have to be combined, like the OPTICS 

score, because a single risk factor has insufficient discriminatory power. 

Although our updated OPTICS risk score was developed from a retrospective single-centre 

cohort, we externally validated our risk score in a prospective setting of community 

hospitals. By excluding patients with overt left valvular disease, our updated risk score 

differs from the original LHF risk score (11). A history of left heart disease, including a history 

of coronary artery disease and/or left valvular disease, was not included in the updated 

OPTICS risk score. Coronary artery disease is well known as a common risk factor for post-

capillary PH and left heart failure, however a history of coronary artery disease is less 

common in patients with post-capillary PH due to HFpEF (13). Bonderman et al (8) adopted 

a different strategy to facilitate non-invasive decision making by excluding the presence of 

pre-capillary PH.  A decision tree was developed which combines the absence of right 

ventricular strain on ECG with low NT-proBNP levels in order to effectively exclude pre-

capillary PH (8). Our model differs from the model by Bonderman et al. (8), as we aimed to 

identify post-capillary PH as alternative cause of PH, while Bonderman et al. aimed to 
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exclude pre-capillary PH. High NT-proBNP levels are known to reflect RV dysfunction and 

dilatation (28). However, not all pre-capillary PH patients have an elevated NT-proBNP at 

diagnosis, especially in patients with PAH associated with connective tissue disease a normal 

NTproBNP is frequently found (29). These pre-capillary PH patients with a normal NT-proBNP 

may have relatively mild disease, possibly with adaptive right ventricular remodelling. 

Nevertheless, the model of Bonderman et al. (8) and our OPTICS risk score may have 

additional value in reducing the need for RHC. 

The OPTICS risk score and H2FPEF score similarly integrate clinical and imaging data that are 

easy to obtain. However, each model adopts a different strategy to facilitate non-invasive 

diagnostic decision making: either by prediction of HFpEF which includes elevated SPAP as 

a variable or by prediction of post-capillary PH.  In the present external validation study, we 

show that in the setting of community hospitals, application of the updated OPTICS risk score 

ensures that no patients with treatable pre-capillary PH are  labelled as having an elevated 

PAWP.  In contrast, a high probability of HFpEF assessed by the H2FPEF score (score ≥ 6 or 

probability > 0.9 with the continuous model) was not exclusively found in patients with post-

capillary PH.  In our cohort, 5 pre-capillary PH patients had a score ≥ 6, 14 pre-capillary PH 

patients had a high probability of HFpEF > 0.9 with the continuous model. A high probability 

of HFpEF in pre-capillary PH patients, assessed by the  H2FPEF score, could be due to HFpEF 

as a comorbidity. We observed multiple comorbidities at diagnosis in these patients, 

especially atrial fibrillation was prevalent. Elevated right-sided filling pressures and 

structural changes can cause primarily dilatation of the right atrium and right ventricle with 

subsequent tricuspid regurgitation and this may trigger atrial fibrillation and atrial flutter 

(30, 31). In our cohort we observed atrial fibrillation (predominantly paroxysmal atrial 

fibrillation) in 9-14% of the pre-capillary PH patients, which is in line with the COMPERA 

registry (32). In addition, post-capillary PH due to HFpEF or combined pre- and post-capillary 

PH could stay unrecognised in a standard RHC procedure. Invasive hemodynamics measured 

during exercise RHC may have revealed post-capillary PH in these patients. On the other 

hand, most of these pre-capillary PH patients with a high probability of HFpEF did have 

symptoms of chronic thromboembolic disease, which is a treatable disease.  Importantly, 

this underlines the fact that even when there is a high suspicion of HFpEF in a new patient 

with dyspnoea due to pulmonary hypertension, other treatable causes of PH such as venous 

thromboembolic disease should be excluded, preferably via perfusion scanning (2).  

In the present study we purposely chose not to create a new tool for the detection of PH 

with a high sensitivity for pre-capillary PH. Several widely used methods are sensitive enough 

to detect PH, such as echocardiographic tricuspid regurgitation velocity, dilatation of 
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ventricle or atrium and mid-systolic notching of the pulmonary artery flow in combination 

with clinical risk factors (2). All patients included in our cohort were suspected of pulmonary 

hypertension and had signs of PH on echocardiography. In addition, we chose not to itemize 

more complex echocardiographic parameters such as pulse wave Doppler of the right 

ventricle outflow tract (9, 10). Notwithstanding the promising performance of these 

parameters in distinguishing between pre- and post-capillary PH, they are not always easily 

assessable in busy, non-expert settings. As such, in the present study we favoured testing 

the use of risk scores incorporating unambiguous and easy to obtain variables for the 

detection of post-capillary PH. 

In spite of the potential reduction of unnecessary patient referrals when applying the OPTICS 

risk score, about 78% of patients with post-capillary PH in our study still presented with a 

low OPTICS risk score. These patients typically have no previous history of coronary artery 

disease, a preserved ejection fraction, no signs of left ventricular hypertrophy or valvular 

dysfunction. Therefore, the clinical significance of a low OPTICS risk score seems to be 

limited and a low risk score does not appear to be particularly useful in predicting pre-

capillary PH. Possibly, a score that incorporates more sophisticated measures of diastolic 

dysfunction could improve the non-invasive diagnosis for this specific group of patients with 

post-capillary PH. For instance, a recent study demonstrated the independent predictive 

value of left atrial strain and isovolumetric relaxation time derived from echocardiography 

as indicators of elevated filling pressures in HFpEF (33). However, the potential incremental 

value in predicting post-capillary PH in the community setting needs to be addressed in 

future studies. 

Limitations 

The development cohort was assembled throughout a relatively long time period from 1998 

to 2012. Therefore, echocardiographic data were heterogeneous and at times incomplete. 

For instance, E/e’ data were often lacking in the development cohort. This is probably 

explained by the fact that the E/e’ ratio was only added to the advised parameters to 

register in 2016 (13, 34). However, we tried to stay as close as possible to the original LHF 

risk score by using this cohort of patients. For external validation we included only patients 

in whom a RHC was performed, which may have result in a selection bias. Nevertheless, this 

bias would not have resulted in a better performance of the OPTICS score. In addition, the 

diagnosis of pre- versus post-capillary PH relied primarily on PAWP/LVEDP tracings at rest or 

combined with saline infusion, which can be considered an oversimplification of the “real-

world” setting. Also, as Doppler echocardiographic E/e’ was not available in 24% of patients, 
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we interpreted the missing values as an absent E/e’ > 9. This may have resulted in a lower 

sensitivity of the H2FPEF score, but would not have impacted the specificity of the score. 

Clinical implications 

Based on the current data, the use of the OPTICS risk score in daily clinical practice will 

enable predicting post-capillary PH in a subset of patients in whom a RHC is considered. A 

high OPTICS score can tailor the diagnostic work up and should prompt further investigation 

into the possible presence of post-capillary PH, even when echocardiography does not 

provide obvious evidence of the presence of left sided heart disease. A high probability of 

HFpEF with the H2FPEF score was not exclusively found in post-capillary PH patients. 

Therefore, a high probability of HFpEF in a new patient with pulmonary hypertension does 

not obviate the search for other causes of treatable pre-capillary PH, such as CTEPH. Of 

note, the referral of patients with a high suspicion of post-capillary PH can still be considered 

in case of persisting diagnostic doubt or when severe PH or RV dysfunction is present and 

improved prognostication is desirable. Also, when post-capillary PH with a pre-capillary 

component is suspected (i.e. combined post- and pre-capillary PH), patients may still benefit 

from referral to expert centres for trial participation or disease management. Potential 

applications of the OPTICS score outside daily clinical practice include improving or 

comparing patient phenotypes and redefining inclusion criteria for clinical trial 

participation.   

Conclusion 

The present study shows that in the real-world community hospital setting, the new updated 

OPTICS score can predict the presence of an elevated PAWP in PH patients without clear 

signs of left-sided heart disease. Patients in whom pre-capillary PH cannot be excluded, the 

OPTICS score could aid in guiding the decision to refer a patient to PH expert centres and 

may help avoiding unnecessary diagnostic procedures.  
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Table S1. Odds ratios for post-capillary PH from univariate logistic regression 

 
OR (95% CI) P-value 

Males 0.69 [ 0.38-1.28] 0.242 

Age ≥ 59 years 4.13 [2.34-7.27] < 0.001 

BMI ≥ 30 kg/m
2
 5.38 [ 3.11-9.31] <0.001 

Medical history  of      

Diabetes 7.61 [4.39-13.21] <0.001 

Atrial fibrillation, any 7.27 [3.98-13.27] <0.001 

Hypertension 5.00 [2.94-8.53] <0.001 

Dyslipidaemia 3.42 [1.86-6.26] <0.001 

Smoking > 1 pack year 1.15 [0.69-1.92] 0.594 

Valvular surgery 21.1 [6.78-65.95] <0.001 

Coronary artery disease 4.83 [2.49-9.35] <0.001 

Left heart disease 7.01 [3.79-12.95] <0.001 

ECG     

Left atrial dilatation 0.49 [0.18-1.27] 0.141 

SV1+RV6 per mm 1.08 [1.04-1.12] <0.001 

Echocardiography     

Left atrial dilation 9.19 [5.16-16.39] <0.001 

BMI: body mass index, SV1+ RV6: sum of S wave in V1 and R wave in V6 on ECG (in mm), Atrial 
fibrillation, any: paroxysmal or permanent atrial fibrillation 
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Table S2. Sensitivity, specificity, positive predictive value, negative predictive value and 
accuracy at various cut-off points using the OPTICS risk scoring system 

 

Risk score Sensitivity Specificity PPV NPV Accuracy Probability 

≥ 0 100 0 17 Na 17 0.00 

≥ 13 100 37 25 100 48 0.01 

≥ 26 97 51 28 99 58 0.03 

≥ 39 92 71 39 98 74 0.07 

≥ 52 89 82 50 97 83 0.15 

≥ 65 75 93 70 95 90 0.31 

≥ 78 58 97 79 92 90 0.53 

≥ 91 38 98 83 89 88 0.74 

≥ 104 23 100 100 86 87 0.88 

≥ 117 16 100 100 86 86 0.95 

≥ 130 9 100 100 84 85 0.98 

≥ 143 6 100 100 84 84 0.99 

Data are presented as %. NA: not applicable. PPV: positive predictive value, NPV: negative 
predictive value 
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Figure S1. Flow chart representing patients numbers and study methods of the development 

cohort. PH: Pulmonary Hypertension, PAH: Pulmonary Arterial Hypertension, IPAH: idiopathic 

pulmonary arterial hypertension, HPAH: hereditary pulmonary arterial hypertension, PAH-CHD: 

PAH due to congenital heart disease, PAH-CTD: PAH due to connective tissue disease, PVOD: 

pulmonary veno-occlusive disease, PCWP: wedge pressure, LVEDP: left ventricular end diastolic 

pressure 
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Figure S2. Receiver operator characteristic curve of the multivariate risk model for prediction of 

post-capillary PH in a population at risk for pre-capillary PH 
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Figure S3. Pyramid graph from the development cohort of patients with post-capillary PH and 

pre-capillary-PH, divided according to the OPTICS risk score outcomes of individual patients 
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Abstract  

Background:   

The recognition of pre-capillary pulmonary hypertension (PH) has significant implications for 

patient management. However, the low a priori chance to find this rare condition in 

community hospitals (contrasting with the high chance of finding post-capillary PH) may 

create a barrier against performing a right heart catheterization (RHC). This could result in 

misclassification of PH and delayed diagnosis/treatment of pre-capillary PH. Therefore, we 

investigated patient characteristics and echocardiographic parameters guiding the decision 

to perform a RHC in incident PH patients in Dutch community hospitals.  

Methods:  

Multivariable logistic analysis was performed on data from the OPTICS registry of incident 

PH patients without overt left heart or chronic lung disease, running in 12 community 

hospitals in the Netherlands and aiming to optimize referral patterns for patients with 

(suspected) PH.  

Results:  

275 patients (71±12 years old) were included in the analysis. 157 patients were diagnosed 

by RHC (34 chronic thromboembolic PH, 38 pulmonary arterial hypertension (PAH), 81 post-

capillary PH, four miscellaneous PH), while 118 patients were labelled as probable post-

capillary PH without hemodynamic confirmation. Multivariable analysis showed that older 

age (> 60 years), absence of prior VTE or PAH-associated conditions and echocardiographic 

parameters (left ventricular diastolic dysfunction grade 2-3, LA dilatation, absence of right 

atrial dilatation and tricuspid regurgitation velocity < 3.7 m/s) were independently 

associated with the decision to abstain from performing a RHC.  

Conclusions:  

Older age, absence of prior VTE or PAH-associated conditions, and echocardiographic 

parameters are independently associated with the decision to abstain from performing a 

RHC. As such, especially elderly patients may be at an increased risk of diagnostic delays 

and missed diagnoses of treatable pre-capillary PH, which could lead to a worse prognosis.  
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1. Introduction  
Pulmonary hypertension (PH) is relatively common in prevalent disorders such as chronic 

lung disease and left heart failure . At the same time, PH can point to the presence of a 

much rarer but treatable condition, such as pulmonary arterial hypertension (PAH) or chronic 

thromboembolic pulmonary hypertension (CTEPH) (1, 2). While routine radiology, pulmonary 

function testing and echocardiography reveal most cases of chronic lung disease and left 

heart disease with systolic or valvular dysfunction as a cause of PH, it is much more 

challenging to differentiate between PAH, CTEPH and PH due to heart failure with preserved 

ejection fraction (HFpEF) (3). The ultimate distinction often requires the performance of an 

invasive right heart catheterization (RHC) with measurement of the pulmonary arterial 

wedge pressure (PAWP). PAH and CTEPH are forms of pre-capillary PH, diagnosed when the 

PAWP is smaller than or equal to 15 mmHg (1). In patients with suspected post-capillary PH, 

routine RHC is not recommended (3) and usually reserved for those listed for (transplant) 

surgery.  While the identification of PAH and CTEPH has significant implications for patient 

management, the low a priori chance to find these rare conditions against the backdrop of 

a high prevalence of post-capillary PH, may create a barrier against performing an invasive 

RHC. This diagnostic dilemma is particularly felt in community hospitals, where the access 

to RHC may be limited and treatable pre-capillary PH is rarely seen. However, not 

performing a RHC in some patients could lead to a delay in diagnosis, misclassification of PH 

and withholding treatment for pre-capillary PH. 

It is currently unknown how clinicians in community hospitals deal with this diagnostic 

challenge and what factors determine their clinical decision whether or not to perform a 

RHC. Over the past 20 years, the time from onset of symptoms up to receiving the correct 

diagnosis of PH has not significantly decreased (2) . Therefore, it is essential to understand 

clinical decision making in community hospitals in order to improve the current diagnostic 

work-up for patients with PAH and CTEPH. We aimed to determine which patient 

characteristics and echocardiographic parameters play a role in the decision to perform a 

RHC in the diagnostic work-up of incident PH patients seen in community hospitals.  
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2. Methods

2.1. Patients and study design 

Clinical characteristics of incident PH patients prospectively enrolled in the Dutch OPTICS 

registry between January 2015 and January 2019 were analyzed. The OPTICS network is a 

network of 12 community hospitals located in different regions in the Netherlands (see 

supplemental figure I), originally set up for external validation of the OPTICS risk score (4) 

and to optimize referral patterns for patients with (suspected) pulmonary hypertension. The 

network of community hospitals is set up around one PH referral center at the Amsterdam 

UMC. Each community hospital in the network assigns a local multidisciplinary PH team 

consisting of at least one cardiologist and one pulmonologist. Members of the network attend 

annual meetings at the Amsterdam UMC to be updated on the diagnosis and treatment of 

PH. Because the OPTICS risk score predicting the presence of postcapillary PH was externally 

validated and communicated in the network in January 2019 (4), later patient entries were 

not included in the current analysis. The registry has been approved by the local ethics 

committees of the participating hospitals and the analysis described in this paper was not 

considered to fall within the scope of the Medical Research Involving Human Subjects (WMO) 

(approval number 2014326). All requirements of the hospital research and ethical review 

board were met and no informed consent statement was required for entry into the registry. 

Entry criteria for inclusion in the registry are (1) suspected PH on echocardiography 

(tricuspid regurgitation velocity (TRV) ≥2,8 m/s and/or other echocardiographic signs of PH), 

(2) uncertainty about the cause of PH (i.e. possible pre-capillary PH, warranting multi-

disciplinary consultation) and (3) incident cases, defined by either absence of signs of PH on

previous echocardiography or RHC, or no previous investigations for PH performed.  Patients

with a likely diagnosis of PH due to systolic left heart failure (left ventricular ejection

fraction <50%) or significant valvular heart disease (more than mild at PH diagnosis)

according to current guidelines (5, 6) are excluded from the registry. However, patients with

mild to moderate left valvular heart disease were included in case of uncertainty about the

cause of PH.

All patients discussed by the local PH team were anonymously entered in an online registry 

(part of PAHtool, Inovoltus, Portugal). The majority of variables entered in this registry were 

dichotomously stored (graded present/absent, except age, E/e’, E/a, NT-proBNP and TRV). 

This set-up of the registry was chosen to cater to the busy schedule of the local physicians 

who preferred a quick enrolment in the study. By dichotomization, the true 

judgement/interpretation of the local physician was captured. In the current study, patients 

with a likely diagnosis of group 3 PH were also excluded, because a lack of benefit from PAH 
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specific treatment usually renders RHC unnecessary in these patients. Diagnosis of PH and 

PH classification in all patients followed current guidelines (1). The classical definition of 

PH (mPAP ≥25 mmHg) was still in use at the time of data entry and can be considered as 

more relevant to the decision to perform a RHC, because the revised definition (mPAP 

>20mmHg) currently has no therapeutic consequences. All patients with a high suspicion of 

PAH/CTEPH were referred to an expert centre for additional screening and treatment. 

2.2. Role of patient characteristics and echocardiographic parameters in the diagnostic 

work-up  

In order to identify how patient characteristics and echocardiographic parameters affect the 

decision to perform a RHC, a comparison was made between patients who did or did not 

undergo a diagnostic RHC. If a patient was referred to another expert center for RHC instead 

of the Amsterdam UMC, these results were also captured in the registry. All available patient 

demographics, presence of comorbidities and parameters derived from transthoracic 

echocardiography were compared between groups. Conditions associated with PAH (graded 

as present/absent) included connective tissue disease, human immunodeficiency virus (HIV) 

infection, drug abuse, liver cirrhosis, congenital heart disease and schistosomiasis. 

Transthoracic echocardiography was performed according to current guidelines (7). The 

majority of measurements were dichotomously (i.e. present or absent) entered in our 

registry by the local cardiologist. The presence of grade 1-3 diastolic dysfunction was 

measured during PH work-up by the local cardiologist according to current guidelines, using 

early diastolic mitral inflow velocity (E), late diastolic mitral peak A velocity (A), early 

diastolic mitral annular tissue velocity (e’), E/A ratio and the E/e’ ratio (9). When atrial 

fibrillation was present, diastolic dysfunction was measured using Septal E/e’ ratio (≥11)(9). 

The effect of patient characteristics and echocardiographic parameters on the decision to 

perform a RHC was investigated with univariable- and multivariable logistic analysis. To 

ensure a fair comparison in these analysis, categorical and continuous variables were 

dichotomized. Diastolic dysfunction was classified dichotomously as overt diastolic 

dysfunction (grade 2-3) or absence/grade 1 diastolic dysfunction. This distinction was made 

because pre-capillary PH patients frequently have risk factors for LV diastolic dysfunction 

and may experience (mild) LV diastolic dysfunction (10, 11). In addition, the cut-off TRV ≥ 

3.7 m/s (equivalent of mPAP ≥ 40 mmHg) was reported as a measure of moderate to severe 

PH (12). The cut-off NTproBNP > 300 ng/l was used as a measure of intermediate risk used 

in current PH guidelines (1). The cut-off age > 60 years was chosen because this cut-off is an 

independent predictor of HFpEF (cause of post-capillary PH) and used in the H2FPEF score 

(13). 
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2.3.  Arguments for not performing a right heart catheterization 

To explore whether other factors than the collected patient characteristics and 

echocardiographic parameters affected the diagnostic work-up of PH patients, arguments to 

abstain from performing a RHC were collected by means of an email to the local healthcare 

providers. For all 118 patients who did not receive a RHC, the following open question was 

asked to the local healthcare providers via email: “Which  factors have guided you in the 

decision not to perform a RHC in this patient?”. All members of the local PH team were 

asked this question, they were aware that their answers were part of the study. For all the 

118 answers via email a thematic analysis was conducted. Initial coding analysis of each 

answer was performed independently by SMAJ and AEHihV. The codes were discussed by the 

two researchers and modified until they reached agreement. Main themes were derived from 

the coding analysis. The emails were repeatedly read to check whether the derived themes 

were consistent with the data.  

2.4. Statistical methods  

Continuous variables are presented as mean ± SD or median [IQR] and categorical variables 

as absolute numbers (%). Between-group differences were tested using two-sided t-tests or 

chi-square tests, after visually checking for normal distributions. Univariable logistic 

regression was performed to test the association between various patient characteristics and 

RHC performance as dependent variable. For this analysis all measurements were 

dichotomously (present or absent) entered, as mentioned in sections 2.1 and 2.2. The 

influence of potential confounders in the relation between patient characteristics and RHC 

performance was explored by conducting multivariable logistic analysis selecting all 

univariable predictors (p<0.1). Once the full multivariable model was created, stepwise 

backward elimination was performed. The multivariable analysis was reported according to 

the TRIPOD statement (14). In all analyses, a p-value of <0.05 was considered statistically 

significant. Missing data were handled in the univariable/multivariable logistic analysis by 

using case-wise deletion.   
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Table 1. Characteristics of patients in whom RHC is performed vs no RHC.  
 
 RHC not performed RHC performed P-value 

Patients n 118 157  
Female gender, n (%) 83 (70%) 82 (52%) 0.004 
Age (years)  76 ± 9 67 ± 12 <0.001 
BMI (kg/m2) 28.6 ± 5.6 29.7 ± 6.8 0.218 
Comorbidities     
  Hypertension, n (%) 99 (84%) 114 (73%) 0.038 
  Hypercholesterolemia, n (%) 49 (42%) 60 (38%) 0.667 
  Diabetes, n (%) 34 (29%) 40 (25%) 0.631 
  Coronary artery disease, n (%) 33 (28%) 44 (28%) 1.000 

  Obesity, n (%)  38 (32%) 57 (36%) 0.562 
  AF, n (%) 58 (49%) 44 (28%) 0.001 
  COPD, n (%) 14 (12%) 23 (15%) 0.623 
  Prior VTE, n(%) 8 (7%) 41 (26%) <0.001 
  PAH-associated conditions, 

n(%) 4 (3%) 32 (21%) 
<0.001 

  Number of comorbidities* 3 [2-4] 3 [2-4] 0.760 
Echocardiography    
  LV hypertrophy, n (%) 39 (33%) 39 (25%) 0.715 
  LA dilatation, n (%) 89 (75%) 76 (48%) <0.001 
  TRV ≥ 3.7 m/s, n (%) 10 (8%) 50 (32%) < 0.001 
TRV (m/s) 3.2 ± 0.3 3.5 ± 0.6 <0.001 
  RV dilatation, n (%) 34 (29%) 83 (53%) < 0.001 
  RA dilatation, n (%) 57 (48%) 91 (58%) 0.032 
  Overt diastolic dysfunction   
grade 2-3 , n (%) 38 (32%) 25 (16%) <0.001 

E/e’ 11.7 [9.6-15.1] 9.9 [6.5-12.8] 0.002 
E/A 1.1 [0.8-1.5] 0.8 [ 0.6-1.1] <0.001 
NT-proBNP >300 ng/l, n (%) 51 (43%) 81 (52%) 0.906 
NT-proBNP (ng/l) 1150 [444-2635] 1281 [509-3049] 0.703 
Data are given as mean (SD), median (IQR) or percentages (%). * total number of comorbidities (min 
0-max 9). PAH associated causes included: connective tissue disease, congenital heart disease, liver 
cirrhosis, HIV, drug abuse). AF: atrial fibrillation, BMI: body mass index, LVH: left ventricular 
hypertrophy, LA: left atrial, RA: right atrial, RV: right ventricular, TRV: tricuspid regurgitation 
velocity, VTE: Venous thromboembolic event. 
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3. Results 
3.1 Study population 
Clinical data from 275 patients in the OPTICS registry was used (figure 1).  A RHC was used 

to come to a final diagnosis in 157 patients; this included 81 cases of post-capillary PH and 

76 cases of potentially treatable pre-capillary PH (27% of the original population and 48% of 

those undergoing RHC). Thirty-eight pre-capillary cases were ultimately classified as PAH, 

34 as CTEPH and four as PH due to miscellaneous conditions. One hundred eighteen patients 

did not undergo RHC and all were labelled by the local teams, on the basis of clinical 

determination, as most likely post-capillary PH (figure 1). Mean age of the total cohort was 

71 ± 12 years. Patient characteristics are presented in table 1. Patients in whom no RHC was 

performed were on average nine years older (76 ± 9 vs 67 ± 12 years, p<0.001), were 

predominantly female and had more comorbidities such as atrial fibrillation (all p-values < 

0.05).  As shown in table 1, LA dilatation and overt diastolic dysfunction grade 2-3 were 

more often present in patients who did not undergo RHC, while RV dilatation and RA 

dilatation were more pronounced in patients in whom RHC was performed ( all p-values 

<0.05).  Additionally, RHC was more commonly performed in patients with moderate to 

severe PH on echocardiography (TRV ≥ 3.7 m/s) and with a history of VTE or PAH-associated 

conditions. 

 

 

 

 

 

 

 

 

 

Figure 1. Flow chart representing patients numbers and study methods. PH: Pulmonary 
Hypertension, PAH: Pulmonary Arterial Hypertension, CTEPH: Chronic Thromboembolic 
Pulmonary Hypertension. 
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Comparing the characteristics of patients who had confirmed post-capillary PH via RHC to 

patients with presumed post-capillary PH without a RHC, patients with confirmed post-

capillary PH were younger (69 vs. 76, p = < 0.001) and had higher pressures (TRV ≥ 3.7 m/s, 

21% vs. 8%, p = 0.034), supplemental table I. 

Table 2. Univariable and Multivariable analysis of predictors for the RHC performance. 

Univariable analysis Multivariable analysis 

Odds 

Ratio 
95%CI P-value

Odds 

Ratio 
95%CI P-value 

Chi-

square 

value 

Age > 60 0.17 0.07-0.43 <0.001 0.19 0.06-0.66 0.008 <0.001 

Overt diastolic 

dysfunction grade 2-3 

0.31 0.16-0.58 <0.001 0.43 0.50-0.92 0.029 0.007 

LA dilatation 0.33 0.19-0.57 <0.001 0.41 0.19-0.90 0.026 0.007 

Atrial fibrillation 0.40 0.24-0.67 <0.001 

Female gender 0.46 0.28-0.76 0.003 

Systemic hypertension 0.51 0.28-0.93 0.028 

NT-proBNP >300 ng/l 0.85 0.34-2.14 0.726 

Diabetes Mellitus 0.85 0.49-1.44 0.537 

Hypercholesterolemia 0.87 0.54-1.42 0.579 

LV hypertrophy 0.88 0.50-1.51 0.613 

Coronary artery disease 1.00 0.59-1.71 0.991 

Number of 

comorbidities 

1.04 0.89-1.23 0.577 

Obesity 1.25 0.75-2.07 0.392 

COPD 1.28 0.63-2.60 0.504 

RA dilatation 1.78 1.08-2.94 0.024 3.04 1.37-6.73 0.006 0.006 

RV dilatation 2.98 1.76-5.05 <0.001 

Prior VTE 4.90 2.20-10.92 <0.001 3.57 1.23-10.38 0.019 0.014 

TRV ≥ 3.7 m/s 6.52 3.12-13.64 <0.001 3.52 1.41-8.82 0.007 <0.001 

PAH-associated 

conditions 

7.34 2.52-21.44 <0.001 
4.03 1.01-16.16 

0.049 0.033 

CI: confidence interval, COPD: chronic obstructive pulmonary disease, LA: left atrial, LV: left 
ventricle, NT-ProBNP: N-terminal pro brain natriuretic peptide, OR: odds ratio, PAH: pulmonary 
arterial hypertension, RA: right atrial, RV: right ventricle, TRV: tricuspid regurgitation velocity, 
VTE: venous thromboembolic event. 

Variables entered in the backward stepwise model in the multivariable analysis: Age above 60, 
overt diastolic dysfunction grade 2-3, LA dilatation, Atrial fibrillation, Female, systemic 
hypertension, RA dilatation, RV dilatation, TRV ≥ 3.7 m/s, prior VTE, PAH associated conditions 
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3.2 Clinical factors associated with a diagnostic work-up using RHC 

Univariable- and multivariable logistic analyses were done to investigate patient 

characteristics and echocardiographic parameters determining the decision to perform a 

RHC. Some variables used in the univariable/multivariable analysis had missing data. For 

example, on a total of 275 patients the gradation of diastolic dysfunction was not available 

in 69 patients and LA dilatation was missing in 34 cases.  Univariable logistic analysis 

demonstrated that older age (> 60 years), female gender, LV diastolic dysfunction, LA 

dilatation, atrial fibrillation and hypertension were associated with the decision to forgo a 

RHC. In contrast, the presence of RA dilatation, RV dilatation and TRV ≥ 3.7 m/s on 

echocardiography, prior VTE and PAH-associated conditions were associated with performing 

RHC (table 2 and figure 2). Subsequently, backward multivariable logistic regression analysis 

was performed, including the parameters with a predictive p-value < 0.05. In multivariable 

analyses, only age > 60 years, diastolic dysfunction grade 2-3, LA dilatation, TRV <3.7 m/s, 

absence of prior VTE or PAH-associated conditions, and absence of RA dilatation remained 

significantly associated with the decision not to perform a RHC (table 2).  

Figure 2. Univariable predictors for RHC performance. AF: atrial fibrillation, CI: confidence 
interval, COPD: chronic obstructive pulmonary disease, LA: left atrial, LV: left ventricular, OR: 
odds ratio, NT-ProBNP: N-terminal pro brain natriuretic peptide, RA: right atrial, RHC: right 
heart catheterization, RV: right ventricular, TRV: tricuspid regurgitation velocity. 
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No independent predictive value of gender was observed. Figure 3 shows the distribution of 

RHC performance according to these six independent predictors. RHC was performed in only 

17 (27%) of patients older than 80 years. Nine of these patients (53%) were diagnosed with 

pre-capillary PH after RHC (five CTEPH, three PAH due to connective tissue disease and one 

idiopathic PAH).  

In contrast, 86% of patients younger than 60 years (32 patients) underwent RHC and pre-

capillary PH was diagnosed in 18 cases (56%) after RHC (eight CTEPH, five IPAH, one 

pulmonary veno occlusive disease (PVOD), two PAH with congenital heart disease, one PAH 

due to drug intoxication and one PAH due to connective tissue disease). In addition, prior 

VTE was an independent predictor of a RHC performance. In the group of patients with a 

RHC performance pre-capillary PH patients had more often a history of VTE compared to 

post-capillary PH patients (37% vs. 16%, p = 0.006).  

 3.3 Argument not to perform RHC according to the healthcare providers 

To explore whether other arguments than the collected patient characteristics and 

echocardiographic parameters affected the diagnostic work-up of PH patients, local 

healthcare providers were asked to indicate the factors that had played a role in their 

decision not to perform RHC. In total, 118 patients did not received a RHC and of those 

patients arguments for not performing a RHC were collected. All 24 physicians responded 

with arguments for these patients, there were no missing cases. As shown in figure 4, evident 

diastolic dysfunction was the dominant argument against RHC in the majority of cases (32%). 

In 21% of patients, the combination of older age with overt diastolic dysfunction was used 

as the leading argument not to perform a RHC. Factors such a frailty and mild symptoms led 

to a decision to forgo a RHC in older patients only (10% and 8%, respectively). These patients 

had some signs of  diastolic dysfunction, but this was not the main reason to forgo a RHC. 

In only 8% of cases, patient preferences determined the decision to abstain from performing 

a RHC. One patient was referred for RHC after re-evaluating her case, but the RHC confirmed 

the prior tentative diagnosis of post-capillary PH.  
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Figure 4. Arguments not to perform a right heart catheterization by the healthcare provider. 
PH: pulmonary hypertension 

4. Discussion

We analyzed patient characteristics and echocardiographic parameters guiding the 

diagnostic work-up of PH patients without overt chronic left heart disease or chronic lung 

disease in community hospitals to improve the current diagnostic work-up for patients with 

PAH and CTEPH. As expected, prior VTE, PAH-associated conditions and an 

echocardiographic suggestion of moderate to severe PH (TRV ≥ 3.7 m/s and RA dilatation) 

were independent predictors of the decision to perform a RHC. The presence of overt 

diastolic dysfunction (grade 2-3) and LA dilatation did not favor RHC performance. 

Remarkably, older age (> 60 years) was independently associated with the decision to abstain 

from RHC. In response to the open question for arguments against performing a RHC, older 

age was one of the main reasons reported by local clinicians. Therefore, especially elderly 

patients may be at an increased risk of diagnostic delays and missed diagnoses of treatable 

pre-capillary PH. 

Risk factors for pre- and post-capillary PH are well-known (1, 3, 5). However, it is much less 

clear how these risk factors guide local clinicians in their decision to perform a RHC and/or 
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refer patients to an expert center. In the present study, we assessed patient characteristics 

and echocardiography parameters that affect the decision to perform a RHC. This knowledge 

could ultimately improve the current diagnostic work-up for patients with PAH and CTEPH. 

Of note, systolic or valvular left heart disease and chronic lung disease were excluded in all 

patients in the study. We confirmed several echocardiographic parameters as independent 

predictors of the decision to perform a RHC (1). RA dilatation and TRV ≥ 3.7 m/s are well 

established risk factors for PAH; for instance higher hemodynamic pressures (mPAP, i.e. 

higher TRV) are found in PAH compared to post-capillary PH (15-17). The fact that a RHC is 

less likely to be performed in patients with overt diastolic dysfunction grade 2-3 and/or LA 

dilatation is also in line with the current guidelines, in which presence of diastolic 

dysfunction/ LA dilatation is considered as a sign of left heart disease and thus increases the 

possibility of post-capillary PH (1, 5).  

Remarkably, older age was an independent factor predicting the decision to forgo a RHC in 

the diagnostic work-up of local healthcare providers. This finding raises the concern that 

RHC is underutilized in the elderly. In the current era, patients with pre-capillary PH are 

older at diagnosis and present with more comorbidities (18-20). It is known that 

comorbidities can mask symptoms of PAH, leading to a delay in the correct diagnosis (21, 

22). Humbert et al. showed that nine percent of the population in PH centers in France was 

older than 70 years at the time of diagnosis (23). PAH due to connective tissue disease is 

also frequently seen in older patients, for example 57% of scleroderma patients older than 

60 developed PAH (24). In addition, CTEPH is a disease of older age with a mean age ranging 

from 60-69 years (25, 26). Because left-sided heart disease is the main cause of PH in the 

elderly (16, 27) and the pre-test likelihood of pre-capillary PH in the elderly remains low, 

clinical scoring systems such as the OPTICS risk score may help to tailor the decision to 

perform a RHC (4).  

Not performing a RHC and misclassify a pre-capillary PH patients as having post-capillary PH 

has major consequences. Humbert et al. showed that early diagnosis (i.e. WHO functional 

class I/II) is important for a better prognosis in PAH patients (28). Misclassification leads to 

diagnostic delays and also treatment delays. This is also important for CTEPH, as the only 

curable subgroup of PH. Pulmonary endarterectomy (PEA) may cure most CTEPH patients, 

patients who do not undergo treatment ( i.e. PEA, balloon pulmonary angioplasty or 

medication) for CTEPH have severe functional limitations, poor quality of life and a worse 

prognosis (29, 30). Early diagnosis of CTEPH and referral to an expert centre for treatment 

is therefore essential to improve prognosis or to cure the disease.  
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One important remaining question is whether identifying pre-capillary PH in the elderly leads 

to effective treatment. Previous research has shown that CTEPH can be treated effectively 

in the elderly (31, 32). Garcia-Alonso et al. showed that response to and complications from 

treatment with balloon pulmonary angioplasty or pulmonary endarterectomy are comparable 

between older and young patients (33). It therefore remains of paramount importance to 

consider acute or chronic thromboembolism in all incident patients with PH and perform the 

appropriate imaging study, as indicated in the diagnostic algorithm from the 6th world 

symposium of PH (2). Like CTEPH, PAH is treatable in elderly patients (20-22). Hoeper et al. 

reported that after one year of therapy 23% (87 patients) of PAH patients > 65 years were in 

functional class I/II compared to 4.5% (17 patients) at baseline (20). Several studies have 

shown, however, that older patients diagnosed with idiopathic PAH usually do not receive 

upfront combination therapies or prostacyclins, whether or not related to side effects and 

drug discontinuations (20, 22, 34). Despite the low pre-test likelihood of pre-capillary PH in 

the elderly, older age should not be one of the main reasons not to perform RHC as treatment 

could still be effective when used carefully. Because many randomized clinical trials 

systematically excluded elderly PH patients with comorbidities, more clinical studies are 

needed to address the benefit of PAH treatment in the geriatric population.  

Limitations 

Several limitations in this study need to be recognized. Although the OPTICS registry 

encompasses a high number of relevant clinical parameters, some missed variables may have 

played a role in the decision to perform RHC. However, by including arguments from the 

local healthcare providers we limited the likelihood of missing clinically relevant variables. 

In addition, most of the variables were entered in our registry as dichotomous values, making 

the inclusion process fast and easy for local physicians. The interpretation of these variables 

could be slightly different among physicians working at different community hospitals. 

However, via these dichotomous variables the true judgement of the local physicians was 

captured.  We used for our statistical analysis a step-wise backward elimination approach 

with variables with a p-value ≤ 0.1 in the univariable logistic analysis. We are aware that 

this method has limitations (35). Centers included in the OPTICS registry are not necessarily 

representative for other community hospitals in- or outside the Netherlands. The educational 

sessions and training provided to physicians in the OPTICS network may have influenced the 

quality of patient care and the availability of RHC. It may be expected that the relative 

underutilization of RHC in the elderly is more prevalent outside of the OPTICS network. 
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Conclusion 

Older age (> 60 years), diastolic absence of prior VTE,  absence of PAH-associated conditions 

and  echocardiographic parameters (left ventricular diastolic dysfunction grade 2-3, LA 

dilatation, absence of right atrial dilatation and tricuspid regurgitation velocity < 3.7 m/s) 

are independently associated with the decision to abstain from performing a RHC in incident 

PH patients without evident left heart of lung disease. As such, especially older age could 

contribute to diagnostic delays and missed diagnoses of treatable pre-capillary PH, possibly 

leading to a worse prognosis. The performance of a RHC in the elderly may be even lower 

outside a network of hospitals as used in this study. 
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Supplemental figure I. Situation map of the Dutch OPTICS network. The yellow point represents 
the Amsterdam UMC location Vrije Universiteit. Point 1 represents Spaarne Gasthuis at 
Hoofddorp, point 2 is Haaglanden medical centre at The Hague, point 3 represents Haga hospital 
at The Hague, point 4 is Jeroen Bosch hospital at ‘s Hertogensbosch, point 5 represents Catharina 
hospital at Eindhoven, point 6 is Rijnstate at Arnhem, point 7 represents Gelre hospital at 
Apeldoorn, point 8 is Ziekenhuisgroep Twente at Almelo, point 9 represents Isala at Zwolle, point 
10 is Antonius hospital at Sneek, point 11 represents Medical centre Leeuwarden at Leeuwarden 
and point 12 is Martini hospital at Groningen. The small dots around the hospital signifies other 
annexes of the hospital. 
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Supplemental table I. Comparison characteristics of patients who had a right heart catheterisation 
(RHC) and confirmed post-capillary pulmonary hypertension (PH) to patients with presumed post-
capillary PH without RHC 

Presumed post-

capillary PH without 

RHC 

Post-capillary PH with 

RHC performance 

P-value

Patients n 118 81 
Female gender, n (%) 83 (70%) 48 (59%) 0.142 
Age (years) 76 ± 9 69  ± 11 <0.001 
BMI (kg/m2) 28.6  ± 5.5 31.2  ± 7.3 0.004 
Comorbidities 

 Hypertension, n (%) 99 (84%) 71 (88%) 0.594 
 Hypercholesterolemia, n (%) 49 (42%) 42 (52%) 0.196 
 Diabetes, n (%) 34 (29%) 30 (37%) 0.287 
 Coronary artery disease, n (%) 33 (28%) 30 (37%) 0.232 

 Obesity, n (%) 38 (32%) 38 (47%) 0.051 
 AF, n (%) 58 (49%) 33 (41%) 0.305 
 COPD, n (%) 14 (12%) 16 (20%) 0.185 
 VTE, n(%) 8 (7%) 13 (16%) 0.059 
 PAH risk factors, n(%) 4 (3%) 9 (11%) 0.058 
 Number of comorbidities* 3 [2-4] 3 [2-5] 0.006 
Echocardiography 

 LV hypertrophy, n (%) 39 (33%) 21 (36%) 0.941 
 LA dilation, n (%) 89 (75%) 56 (70%) 0.319 
 TRV ≥ 3.7 m/s, n (%) 10 (8%) 14 (21%) 0.034 
 RV dilation, n (%) 34 (29%) 29 (40%) 0.371 
 RA dilation, n (%) 57 (48%) 42 (55%) 0.597 
 Overt diastolic dysfunction 
grade 2-3, n (%) 38 (32%) 20 (25%) 0.206 

NT-proBNP >300 ng/l, n (%) 51 (43%) 41 (51%) 0.907 
Data are given as mean (SD), median (IQR) or percentages (%). * total number of comorbidities (min 
0-max 9). Bold values are statistically significant. AF: atrial fibrillation, BMI: body mass index, LVH:
left ventricular hypertrophy, LA: left atrial, RA: right atrial, RV: right ventricular, TRV: tricuspid
regurgitation velocity.
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Supplemental table II. Overview of quotes and themes regarding the open question what factors 
played a role in the decision not to perform a right heart catherisation. 

Theme Number of 
mentions, (n) 

Results/Quotes 

   

Overt post-
capillary PH 

n=70 “Based on the presence of left atrial dilatation and diastolic 
dysfunction grade II is group 2 PH considered as final diagnosis 
and a RHC unnecessary.” 
 
“Based on left branch bundle block on ECG, high E/e’, older age 
and systemic hypertension in medical history is left-sided heart 
failure considered as cause of PH.” 
 
“PH caused by left heart disease such as mild valvular heart 
disease, ischemic cardiomyopathy, LAVI  66 and decreased left 
ventricular systolic function during follow-up. No therapeutic 
consequences with/without a RHC partly due to older age.” 

Older age n=42 “It was a very elderly woman. After recompensation therapy 
with diuretics by her cardiologist she was much better.” 
 
“due to older age and already treated with anticoagulation a 
RHC would not have clinical consequences. “ 
 
“Based on left atrial dilatation and older age post-capillary PH 
would be the obvious cause of PH.” 

Mild 
symptoms 

n=29 “Normal pulmonary artery pressures with follow-up, mild 
symptoms and overt post-capillary PH.” 
 
“Clinically only a few complaints in combination with older age, 
therefore a conservative approach was performed. “ 
 
“No complaints and diastolic dysfunction/ HFpEF most obvious 
cause of PH.” 

Frailty n=16 “Based on older age and overall fragile condition a RHC was not 
performed.” 
 
“Based on impaired cognition and older age”.  
 
“Wheelchair bound with extensive comorbidities, died in 2017 
and did not prefer a RHC.” 

Combination 
group 2/ 3 
PH 

n=12 “Clearly post-capillary PH, but also combined with group 3 PH 
due to obstructive sleep apnoea syndrome.” 
 
“Mildly elevated pulmonary artery pressures caused by obesity 
hypoventilation syndrome  in combination with post-capillary 
PH.” 
 
“Diastolic dysfunction in combination with COPD.” 

Patients 
preferences 

n=10 “Other comorbidities, overall poor condition and patient did not 
preferred a RHC procedure”.  
 
“No RHC performed at request of the patient. “ 
 
“Patient did not want any further diagnostics, possible post-
capillary PH based on atrial fibrillation for which a pacemaker 
and diastolic dysfunction.” 
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Summary 

The focus in my thesis is on two forms of treatable pre-capillary pulmonary hypertension 

(PH): pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary 

hypertension (CTEPH) (1). In patients with pulmonary arterial hypertension (PAH), 

pulmonary vascular resistance (PVR) is increased due to abnormal proliferation of 

endothelial cells, smooth muscle cell hypertrophy and vasoconstriction. In patients with 

CTEPH, fibrotic intravascular material causes narrowing/occlusion of the (small) pulmonary 

arteries (2). In PAH and CTEPH alike, the right ventricle (RV) adapts to the increased 

pressures by enhancing contractility and by increasing wall thickness via hypertrophy (3). 

Current treatment options for pre-capillary PH decrease the PVR and thereby reduce the RV 

afterload. Afterload is rarely normalized, however, except perhaps after lung 

transplantation or pulmonary endarterectomy for CTEPH. When pulmonary hypertension is 

sustained or even progressive, RV adaptation will ultimately fail. The RV begins to dilate, 

cardiac output will decrease and in the final stage the RV fails. As the status of the RV 

determines prognosis, early detection of pre-capillary PH is of great value to prevent/delay 

RV failure. Early detection of pre-capillary PH allows early and aggressive treatment which 

is associated with improved outcome (4, 5). However, due to its rarity and nonspecific 

clinical presentation, pre-capillary PH is usually diagnosed late in the disease course when 

RV failure already occurs. In this thesis, we focused on the improvement of early detection 

of pre-capillary PH.  

Part 1. Early detection of heritable PH 

Early detection of PH is facilitated by recognition of risk factors for the development of the 

condition in those who are susceptible. Awareness of the presence of a genetic risk factor 

for the development of hereditary PAH is a good example. In recent years, several PAH-

associated pathogenic variants have been identified. Heritable PAH (HPAH) generally follows 

an autosomal dominant pattern with incomplete penetrance (6). Most information about 

disease penetrance is known from BMPR2 pathogenic variants. Females are 2-3 times more 

likely to be affected than males (estimated at 42% in females and 14% in males) (7). 

Therefore, relatives of HPAH patients could be at risk for developing HPAH. Over the past 

years genetic counselling and testing has become more integrated in PAH care, and allows 

genetic screening for PAH-associated pathogenic variants in patients as well as in 

asymptomatic relatives (6, 8). In chapter 2, we investigated the yield of an extended next 

generation sequencing (NGS) panel (consisted of 19 genes) in a Dutch cohort of 126 unrelated 

idiopathic PAH (IPAH)/ pulmonary venous occlusive disease (PVOD) patients. In 22 patients 

a pathogenic BMPR2 variants was detected with an analysis of solely BMPR2 and SMAD9. 
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Additional genetic testing with NGS in patients who were not tested before or previously 

tested negative on BMPR2 and SMAD9 ( n=84) revealed 10 new pathogenic variants. In total, 

a (likely) pathogenic variant was detected in 25% of patients. To improve early detection of 

PAH, 134 relatives of 32 probands with a pathogenic variant were tested. Forty-one relatives 

were found to be unaffected carriers. These carriers could be screened annually for early 

detection of HPAH.  

In the previous study, not all IPAH/PVOD patients were interested in genetic testing. To find 

out whether our (re)contact approach could be improved to gain more enthusiasm for 

genetic testing, we have set up a survey study. In chapter 3,  we studied patient perspectives 

on additional NGS testing for novel PAH-associated genes. With our approach, which 

consisted of an information letter about genetic testing and a phone call from a general 

doctor/psychologist one week after receiving the letter, 58% of patients opted for genetic 

counselling. The majority of participants (86%) of the survey study appreciated being (re-

)contacted for genetic testing. Suggestions for improvements were to provide more 

information about the advantages and disadvantages of genetic testing during genetic 

counselling or via the information letter, and to approach patients via phone/video call by 

a specialist, either a clinical geneticist or pulmonologist. Knowing the patient perspectives, 

our approach for genetic testing could be improved and in the future more IPAH/PVOD 

patient and relatives could be screened for PAH-associated pathogenic variants allowing 

early detection.  

In chapter 4, we searched for phenotypic characteristics of TBX4 mutations carriers aiming 

to improve the identification of this pathogenic variant in the outpatient clinic. HPAH due 

to TBX4 pathogenic variants is characterized by signs of the small patella syndrome or a 

sandal gap. In addition, on high resolution CT a variety of bronchial and parenchymal 

abnormalities are observed, such as tracheal- and bronchial diverticulosis. These signs may 

be subtle, therefore genetic testing for pathogenic variants in the TBX4 gene should be 

considered in their absence. However, these phenotypic characteristics could help to screen 

relatives of known HPAH patients with a TBX4 pathogenic variant.  

Via genetic counselling and screening we identified unaffected mutation carriers/relatives 

who are at risk for developing PAH. We know that early detection of PAH improves prognosis 

(4). However, early detection of PAH is only possible if we have sufficient screening tools. 

Within the DOLPHIN-GENESIS CVON consortium we have set up a longitudinal follow-up 

program. Within this program we used several (potential) screening tools for the detection 

of HPAH. One of these screening tools is [18F]FLT-PET. In chapter 5, we investigated the 

application of 18FLT-PET in PAH in an extended cohort of PAH patients and unaffected BMPR2 
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mutation carriers. 18FLT-PET is routinely used in oncology as its signal correlates with 

proliferation markers Ki-67 and proliferating cell nuclear antigen (9). To date all screening 

and monitoring tools for PAH rely on indicators of right ventricular dysfunction (10, 11). 

Measuring vascular remodelling and proliferation via 18FLT-PET in PAH would be another way 

to screen for PAH especially in patients at risk (unaffected carriers). However, we observed 

no differences in 18FLT phosphorylation between PAH patients, unaffected BMPR2 mutation 

carriers and healthy controls. In addition. Our sequential 18FLT-PET scanning in three PAH 

patients during follow-up did no match with their hemodynamic or clinical course, 

questioning the application of 18FLT-PET as a screening and monitoring tool in the PAH clinic. 

Part 2. referral of treatable pre-capillary PH 

Early detection of pre-capillary PH is not only possible via the detection of unaffected 

mutation carriers at risk and providing an annual screening program. Another way is to 

simplify the diagnostic work-up of incident PH patients and to identify what kind of clinical 

characteristics local clinicians use for their diagnostic work-up. In chapter 6, we created a 

non-invasive risk score for predicting an elevated pulmonary arterial wedge pressure (PAWP) 

in incident PH patients without clear signs of left heart disease. This OPTICS risk score was 

externally validated in a prospective cohort of 147 patients from 12 Dutch non-referral 

centres using the presence of: BMI ≥ 30 kg/m2, diabetes, atrial fibrillation, dyslipidaemia, 

history of valvular surgery, sum of SV1 and RV6 on electrocardiography and left atrial 

dilatation on echocardiography.  Using a predefined cut-off > 104,  the OPTICS score had a 

100% specificity for post-capillary PH (sensitivity 22%). This risk score may help avoid 

unnecessary invasive diagnostic procedures, such as a right heart catheterization (RHC), and 

could speed up the diagnostic process for PH patients such as earlier referral of potential 

treatable pre-capillary PH patients.  

Until now, we don’t know what kind of clinical characteristics are influencing local clinicians 

in their diagnostic work-up of incident PH patients, especially for the decision whether to 

perform a RHC or not. Over the past 20 years, the time from onset of symptoms up to 

receiving the correct diagnosis of PH has not significantly decreased (11). Therefore, it is 

essential to understand clinical decision making in community hospitals in order to improve 

early detection of pre-capillary PH patients. In chapter 7, we determined which patient 

characteristics and echocardiographic parameters played a role in the decision to perform a 

RHC in the diagnostic work-up of incident PH patients seen in community hospitals. As 

expected and as recommended by current PAH guidelines (10), prior VTE, PAH-associated 

conditions and an echocardiographic suggestion of moderate to severe PH (TRV ≥ 3.7 m/s 

and RA dilatation) were independent predictors of the decision to perform a RHC. The 
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presence of overt diastolic dysfunction (grade 2-3) and LA dilatation did not favour RHC 

performance because they are considered as signs of left heart disease and thus increases 

the possibility of post-capillary PH. Remarkably, older age (> 60 years) was independently 

associated with the decision to abstain from RHC. As such, especially elderly patients may 

be at an increased risk of diagnostic delays and missed diagnoses of treatable pre-capillary 

PH, which could lead to a worse prognosis. To improve early detection for the elderly, we 

need to raise more awareness that the elderly may also benefit from treatment when pre-

capillary PH is diagnosed. 

Future perspectives 

Part 1. Possible implications of genetic testing for treatment  

In chapter 2, 3 and 4, we investigated the outcome of additional genetic testing such as 

numbers of newly identified heritable PAH and newly identified unaffected mutation carriers 

(relatives). If we focus on heritable PAH, patients may benefit from more genetic testing in 

the future. Currently, treatment strategies aim to achieve low risk status defined by good 

exercise capacity, quality of life and RV function with low mortality risk (12). Treatment of 

PAH can roughly be divided into three categories: 1) Supporting therapy (diuretics, 

anticoagulants) 2) vasodilator therapy with high dose calcium channel blockers (CCB) in 

patients with proven acute vasoreactivity and (combinations of) other PAH approved drugs, 

according to prognostic risk; and 3) consideration of lung transplantation (12). Besides CCBs, 

established PAH specific drugs are endothelin receptor antagonists (ERA) such as Bosentan, 

Ambrisentan and Macitentan,  phosphodiesterase type 5 inhibitors (PDE5i) such as Sildenafil 

and Tadalafil, and prostacyclin analogues such as Epoprostenol and Treprostenil. More 

recently, the soluble guanyl cyclase stimulator Riociguat and the prostacyclin receptor 

agonist Selexipag were added to the therapeutic armamentarium (13, 14).   

The increasing number of novel genes associated with PAH and knowledge of the involved 

molecular pathways has led to the discovery of possible novel therapeutic targets. Given the 

central role of bone morphogenetic protein (BMP) signaling in the pathogenesis of PAH, 

rescuing or enhancing the BMPR2 pathway gained the most interest. Pre-clinical studies have 

already shown that administering BMP9, thereby increasing the availability of BMP9 ligand, 

induced a favourable hemodynamic response (15, 16). Restoring full length proteins by 

reading through nonsense variants in BMPR2 and SMAD9 is possible by the use of specific 

medication such as Ataluren (17). Both approaches effectively restore BMP signalling. 

Another approach is increasing BMPR2 receptor density, for example using the medication 

chloroquine that inhibits lysosomal degradation in experimental PAH (18). Also, etanercept, 

a TNF-α inhibitor, reduces inflammation and degradation of BMPR2(19).  
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Nearly 4000 FDA-approved drugs and bioactive compounds were screened for induction of 

BMPR2 signalling. FK506 (tacrolimus) activated BMP signalling most effectively, rescuing 

endothelial dysfunction and reversing pulmonary hypertension in animal models (20). These 

findings were supported by a randomized placebo-controlled phase IIa trial. Low-level FK506 

is well tolerated and increases BMPR2 in subsets of PAH patients (21).  

More recently, 6-mercaptopurine (6-MP) was shown to activate BMP signalling through 

activation of the Orphan nuclear receptor Nur77, a key regulator of proliferation and 

inflammation in vascular cells (22). Pharmacological activation of Nur77 by 6-MP restores 

microvascular endothelial cells (MVEC) function by restoring proliferation, inflammation and 

BMP signalling. Additionally, 6-MP prevents and reverses abnormal vascular remodelling and 

right ventricle hypertrophy in hypoxic rat model of severe PAH. Unfortunately, use in human 

PAH patients was complicated by significant side effects (23).  

Recently, positive results were reported from treatment with the novel recombinant fusion 

protein Sotatercept, which is composed of the extracellular domain of the human activin 

receptor type IIA fused to the Fc domain of human IgG. Sotatercept acts as ligand trap for 

the TGF-β family ligands, restoring the balance between promoting and inhibiting BMP 

signals. Treatment with Sotatercept results in a decrease in pulmonary vascular resistance 

and an 18-month active-drug extension period is currently ongoing (24). Finally, PAH patients 

may potentially benefit from the drug Elafin, a peptidase inhibitor 3. Elafin in animal models 

was shown to reverse pulmonary hypertension, reduce elactase activity and improve 

endothelial function (25). Currently, a randomized, placebo-controlled, blinded trial is 

completed which evaluated the safety, tolerability, pharmacokinetics and 

pharmacodynamics of Elafin in healthy adult subjects as its being developed for the 

treatment of PAH (ClinicalTrials.gov: NCT03522935)(26).  

Besides BMP signalling, modulation of ion channels may serve as a therapeutic target. 

Dysfunctional potassium channels due to KCNK3 pathogenic variants can be recovered by the 

phospholipase A2 inhibitor ONO-RS-082 which was shown in lung tissue samples of IPAH 

patients (27).  

The therapeutic approaches mentioned above emphasize the utility of translating disease 

associated genes and the involved pathways into therapeutic targets. With the growing 

number of identified PAH-associated genes, more knowledge is gained and possible 

molecular pathways for therapeutic intervention are identified. Additionally, rapid advances 

in genome editing are made, such as the development of engineered nucleases like the 

CRISPR/Cas9 system, bringing genome editing closer to integration in clinical practice (28). 

Mutational correction in cardiovascular disease, like PAH, could be a realistic future 

approach. 
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Although an increasing number of pathogenic variants in PAH has been identified, much 

remains unexplored. Currently, large scale cohorts are being followed to acquire better 

insights in HPAH. More knowledge will be gained about casual genes and their molecular 

pathways and hopefully will result in additional therapeutic interventions and better 

understanding of disease development. A systematic approach assessing novel genes and 

their clinical associations will provide potential paths forward using molecular medicine with 

the ultimate goal of improving early detection and PAH patient care.   

Novel screening tools for early detection of heritable PAH 

In chapter 5, we investigated the application of 18FLT-PET as a novel screening tool for early 

detection of PAH. Unfortunately,  18FLT-PET showed no differences in 18FLT phosphorylation 

between PAH patients, unaffected BMPR2 mutation carriers and healthy controls and is 

therefore at the moment not suitable as a screening tool for early detection of vascular 

remodelling and endothelial proliferation in PAH. However, the DOLPHIN-GENESIS 

consortium aims to improve the recognition of PAH at an earlier stage and uses a variety of 

possible screening modalities such as: echocardiography, blood sampling, cycle ergometry 

and cardiac magnetic resonance imaging (CMR).   

In patients with PAH, transthoracic echocardiography often reveals a high tricuspid 

regurgitation velocity (TRV) which could be seen as a surrogate for high pressures in the 

pulmonary artery (29). However, in unaffected mutation carriers TRV is often not applicable 

due to lower pressures in the pulmonary artery and subsequently absence of tricuspid 

regurgitation (30). Therefore, to detect PAH in an earlier state (i.e. latent phase of PAH) in 

mutations carriers, a more refined screening modality is needed. CMR could be the screening 

modality of choice. It provides not only information about global heart function (RV ejection 

fraction, RV volumes), but also regional heart function (wall motion) (31). Recent extensive 

improvements/developments in CMR sequences and post-processing techniques enable 

better diagnostic accuracy in the onset stage of cardiovascular diseases (32). While ejection 

fraction (global function) provides a simple and insightful measure of assessing RV systolic 

function (in majority of cases reduced in PAH), it may not be sufficiently sensitive to detect 

subtle changes in the early phase of PAH (33). Myocardial deformation imaging (strain) has 

been shown to be a more sensitive marker than ejection fraction in detecting subclinical 

abnormalities in ventricular contractile function  (34, 35). Recently, CMR  feature  tracking 

has been developed and allows post-process quantification of myocardial strain using tissue 

voxel motion from cardiac MRI cine images (35). High agreement has been demonstrated 
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between CMR feature tracking and myocardial tagging which is the golden standard for 

assessing myocardial wall motion (36).  RV strain analysis has been shown to be a useful tool 

in assessing disease severity and prognosis in patients with PAH, but has not yet been used 

to measure early wall motion adaptation/dysfunction in unaffected mutation carriers (37, 

38). So this post-processing technique would be of interest to use and see if we could find 

early wall motion adaptation/dysfunction in unaffected mutation carriers. Another way to 

detect early wall motion adaptation/dysfunction in unaffected mutation carriers could be a 

machine learning approach applied to CMR. Swift et al. has already shown with a tensor-

based machine learning approach applied to CMR that they could diagnose PAH with a high 

diagnostic accuracy ( area under the curve at receiver operating characteristic analysis = 

0.92) (39). This new technique is developing rapidly, is less time consuming and has great 

potential for early detection of PAH.  

Another screenings tool of interest is chest computed tomography (CT) with contrast. 

Previous research showed that chest CT accurately visualizes characteristics of PAH such as 

abrupt narrowing and tapering of the peripheral pulmonary vessels and may reveal 

parenchymal abnormalities (40). Rahaghi et al. created three-dimensional reconstructions 

of the pulmonary vasculature using CT angiograms of 18 CTEPH patients and 15 controls (41). 

He showed that CTEPH patients exhibited greater pruning of distal vasculature, greater 

dilatation of proximal arteries and increased tortuosity in the pulmonary arterial tree (41). 

Visualizing the pulmonary vasculature could also provide initial clues of PAH. In PAH, 

angiogenesis is disturbed with loss and progressive obliteration of pre-capillary arteries 

leading to a pattern of pulmonary vascular rarefaction (42). However, it is unknown whether 

unaffected mutation carriers already have pulmonary vascular abnormalities. Therefore, 

more research is needed to provide a detailed phenotypic description of unaffected mutation 

carriers.  

Part 2. Optimizing diagnostic care and referral 

The OPTICS network of community hospitals was set up to optimize referral of pre-capillary 

PH. Creating the OPTICS risk score (chapter 6) was one of the great achievements of this 

network. By creating a non-invasive tool to detect post-capillary PH, with a 100% certainty, 

in patient with possible pre-capillary PH and no signs of left heart disease the work-up of PH 

is easier. However, despite a 100% specificity of the OPTICS risk score for the prediction of 

an elevated PAWP post-capillary PH, a substantial number of patients with post-capillary PH 

could still not be identified when using this risk score. An important next step will be to 

enhance the sensitivity of our risk score by exploring additional parameters/tools to be used 

together with the OPTICS risk score. One option could be to include additional sophisticated 
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echo parameters. Current heart failure guidelines rely strongly on E/e’ ratio in the diagnostic 

work-up of heart failure with preserved ejection fraction (HFpEF) (43). However, several 

studies have shown that E/e’ ratio has only a moderate to poor ability to predict elevated 

filling pressures (44-46). Therefore, including E/e’ may not be particularly useful in 

predicting post-capillary PH. Hummel et al. showed in a recent study that two other 

echocardiographic parameters, left atrial (LA) reservoir strain and isovolumetric relaxation 

time (IVRT), could moderately predict elevated PAWP pressures in patients with suspected 

post-capillary PH due to HFpEF (45).  Despite the more commonly used LA volume index for 

the assessment of LA function, LA reservoir strain seems to be a better predictor for elevated 

PAWP pressures (45). These parameters could be explored in future studies to optimize the 

OPTICS risk score.  

Another attractive option to improve the sensitivity of the OPTICS risk score is combining 

the OPTICS risk score with a blood-based platelet diagnostic algorithm (47). This algorithm 

was originally developed for cancer diagnostic purposes. Platelet-mRNA expression profiles 

have shown to be a sensitive biomarker for the prediction of for example lung cancer (47). 

Blood platelets are circulating anucleated cell fragments that originate from megakaryocytes 

and are known for their role in haemostasis and initiation of wound healing (48). Their RNA 

transcripts are either from the megakaryocytes or isolated RNA transcripts from other 

circulating cells, such as tumour cells (49). Moreover, external stimuli, such as activation of 

platelet surface receptors, induce specific splicing of pre-mRNAs in these circulating 

platelets (50). This makes the mRNA profile of platelets highly dynamic and of interest for 

diagnostic purposes for PH as well. Recently, we have extended the work of Best et al. by 

using this platelet diagnostic algorithm for the prediction of PH (Smits et al, submitted). 

Blood platelet RNA was isolated from 177 prevalent patients with different subtypes of PH 

as well as 195 controls clinically not suspected of PH. This algorithm, using swarm 

optimisation enhanced classification algorithm, could detect PH with a 93% sensitivity, 57% 

specificity, 74% accuracy, 0.89 (95%CI 0.84-0.94) area under the curve. This platelet score 

could be optimized for the detection of for example post-capillary PH as well. It would be 

possible to incorporate the platelet algorithm in the OPTICS risk score in a sequential way. 

For example, when a low risk score is present (score < 104), a blood-based liquid biopsy for 

the platelet algorithm could be performed. This would make the diagnosis of post-capillary 

PH easier and faster when clear signs of left heart disease are not present. Taken together, 

optimizing diagnostic care and referral for pre-capillary PH patients still faces challenges. 

To improve early diagnosis, it continues to be important to raise awareness of all subtypes 

of PH and to improve decision making when it comes to invasive diagnostic testing and 

referral of patients to the expert centre. 
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De term pulmonale hypertensie (PH) beschrijft de situatie waarbij de druk in de longvaten 

verhoogd is. PH kan ontstaan vanuit verschillende onderliggende problemen. In Groep 1 PH, 

oftewel pulmonale arteriële hypertensie (PAH), is er sprake van een vernauwing van de 

kleine longvaten en dit leidt tot een hogere weestand en hogere druk in het longvaatbed. 

De vernauwing van de kleine longvaten wordt veroorzaakt door abnormaal gedrag van cellen 

(endotheelcellen) in de wand van longvaten die niet alleen snel delen, maar ook toenemen 

in grootte en zorgen voor het samenknijpen van de longvaten doordat ze gladde spiercellen 

in de vaatwand aansturen. In een subgroep van PAH patiënten, pulmonale veno-occlusieve 

ziekte (PVOD) genaamd, zijn niet alleen de longslagaders, maar ook de longaders aangedaan. 

Zowel PAH als PVOD kunnen erfelijk zijn. Groep 2 PH, oftewel post-capillaire PH, wordt 

veroorzaakt door een probleem aan de linkerkant van het hart. Dit kan bijvoorbeeld komen 

door een afwijkende hartklep, een afgenomen knijpkracht (systolisch hartfalen) of door een 

stijve linker hartkamer (diastolisch hartprobleem met goede knijpkracht oftewel HFpEF). 

Verschillende longziekten, zoals COPD, interstitiële longziekten of slaapapneu, kunnen ook 

PH veroorzaken (groep 3 PH). In groep 4 PH, oftewel chronische trombo-embolische 

pulmonale hypertensie (CTEPH), is de druk in de longvaten verhoogd door één of meerdere 

bloedstolsels die niet goed oplossen. Hierdoor blijven verstoppingen aanwezig en kan de 

druk in de longvaten flink toenemen. Groep 5 PH is een groep waaronder allerlei 

verschillende ziektebeelden worden geschaard, zoals metabole ziekten en bloedziekten.  

Al deze groepen PH hebben invloed op de rechter hartkamer. De rechter hartkamer heeft 

als functie het zuurstofarme bloed dat vanuit het lichaam terugstroomt naar het hart door 

te pompen naar de longen. Hier kan het bloed weer opnieuw van zuurstof worden voorzien. 

Door de verhoogde druk in de longvaten moet de rechter hartkamer harder werken om het 

bloed door te pompen. Hierdoor wordt er minder bloed per tijdseenheid door de longen 

gepompt, waardoor er minder bloed en zuurstof naar het lichaam vervoerd wordt. Patiënten 

met PH ervaren hierdoor klachten van vermoeidheid, flauwvallen en kortademigheid (bij 

inspanning). De rechter hartkamer past zich aanvankelijk aan met een verdikking van de 

wand van de rechter harthelft en een verbeterde knijpkracht. Als deze aanpassing 

tekortschiet zal er verwijding plaatsvinden van de rechter hartkamer. Deze verwijding is een 

voorloper van het uiteindelijk falen van de rechter hartkamer, met overlijden tot gevolg. 

De prognose van PH patiënten wordt met name bepaald door de knijpkracht van de rechter 

hartkamer. Vroege diagnose van PH en agressieve behandeling zijn essentieel om de 

prognose te verbeteren. Helaas kunnen niet alle vormen van PH goed behandeld worden. 
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Alleen voor PAH en CTEPH (pre-capillaire PH) zijn PH-specifieke behandelingen mogelijk, 

zoals vaatverwijders, het operatief verwijderen van stolsels in de longvaten of het dotteren 

van longvaten. In mijn proefschrift richt ik mij op het verbeteren van vroege detectie van 

pre-capillaire PH, zodat deze patiënten vroeg behandeld kunnen worden en betere 

overlevingskansen hebben. 

Deel 1. Vroege detectie van erfelijke PH 

Vroege detectie van pre-capillaire PH kan op verschillende manieren  bevorderd worden. 

Het vinden van risicofactoren voor het ontstaan van PH kan een bijdrage geven aan 

verbetering van vroege detectie. Het vinden van een erfelijke risicofactor voor het 

ontwikkelen van erfelijke PAH (HPAH) is hiervan een goed voorbeeld. In de afgelopen jaren 

zijn er verschillende soorten mutaties gevonden die HPAH kunnen veroorzaken. Deze 

mutaties hebben een dominante overerving, met een zogenaamde incomplete penetrantie. 

Dit betekent dat niet iedereen met een mutatie ook daadwerkelijk de ziekte HPAH krijgt. 

Vrouwen hebben 42% kans om de ziekte te krijgen en mannen 14%. Daarom is het belangrijk 

om familieleden van HPAH patiënten op te sporen die het risico lopen om HPAH te krijgen 

(mutatiedragers). In hoofdstuk 2 hebben we gekeken in een groep van 126 idiopathische 

PAH (IPAH) en PVOD patiënten of nieuw genetisch onderzoek met een groot panel van 19 

genetische mutaties, tot meer herkenning van erfelijke PAH kan leiden. In 22 patiënten 

hebben wij een mutatie gevonden in het BMPR2 gen. Zij waren destijds getest met een oud 

panel dat alleen geschikt was voor het ontdekken van sommige BMPR2 en SMAD9 mutaties. 

Met het nieuwe panel van 19 genen zijn nog eens 10 patiënten gevonden met een erfelijke 

mutatie. Voor de verbetering van vroege detectie van erfelijke PAH zijn ook alle 

familieleden getest, indien zij dit wilden. Op deze manier zijn 41 mutatiedragers gevonden 

die het risico lopen op het ontwikkelen van HPAH. Zij worden nu jaarlijks gescreend op de 

ontwikkeling van HPAH.  

Bij de benadering van IPAH/PVOD patiënten voor genetisch testen waren niet alle patiënten 

geïnteresseerd. In hoofdstuk 3 wordt beschreven of onze benadering van patiënten voor 

genetisch testen verbeterd kan worden. Middels vragenlijstonderzoek werd naar de mening 

en belevening van deze patiënt gevraagd. Met onze aanpak (informatiebrief + belafspraak) 

wilde 58% van de patiënten genetische counseling ondergaan. De meeste mensen (86%) die 

meededen met het vragenlijst onderzoek waren blij dat ze geïnformeerd waren over de 

mogelijkheid tot genetisch testen. Suggesties voor verbetering waren: meer informatie 

geven over de voor- en nadelen van genetisch testen en in plaats van een telefoongesprek 

met een basisarts/psycholoog een videogesprek/polibezoek met behandelend longarts of 
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klinisch geneticus. Met deze bevindingen konden wij onze aanpak van informeren over 

genetisch onderzoek verbeteren.  

In hoofdstuk 4 onderzochten wij de kenmerken van HPAH patiënten met een TBX4 mutatie. 

Deze mutatie is pas recent ontdekt als mogelijke oorzaak van HPAH en de klinische 

karakteristieken van volwassen patiënten met deze mutatie zijn nog nauwelijks beschreven. 

Door de kenmerken van de mutatie sneller te herkennen op de poli wordt de diagnose HPAH 

gemakkelijker gesteld. Patiënten met HPAH door een TBX4 mutatie hebben bepaalde 

karakteristieke kenmerken zoals een kleine knieschijf (small patella syndrome) en een 

verwijding tussen de grote teen en tweede teen (sandal gap). Daarnaast zien we op de CT-

scan van de long afwijkingen aan de luchtwegen, zoals kleine uitstulpinkjes (divertikels) aan 

de luchtpijp en grote luchtwegen. Deze kenmerken zijn vaak subtiel. Het is van belang om 

ook genetisch onderzoek naar TBX4 te verrichten als deze kenmerken afwezig zijn. Deze 

kenmerken kunnen wel helpen bij een eerste screening van familieleden als een HPAH 

patiënt deze mutatie heeft.  

Om bij mutatiedragers vroegtijdig de ziekte HPAH te vinden zijn bepaalde screenings 

onderzoeken nodig. In het DOLPHIN-GENESIS CVON consortium hebben wij een lange termijn 

follow-up programma opgesteld om alle dragers te vervolgen. In dit programma wordt 

gebruik gemaakt van verschillende screeningsonderzoeken en wordt onderzocht welk 

methode het meest geschikt is voor vroege detectie van HPAH. In hoofdstuk 5 onderzochten 

wij of een PET scan die gebruik maakt van een radioactieve stof (FLT) gezonde 

mutatiedragers kan onderscheiden van gezonde controlepersonen. Helaas bleek dit niet het 

geval en lijkt de FLT PET scan vooralsnog niet bruikbaar voor vroege detectie van PAH.  

Deel 2. Verwijzing van behandelbare pre-capillaire PH 

Een andere manier om vroege detectie van pre-capillaire PH te verbeteren is het makkelijker 

maken van het diagnostisch proces dat nodig is voor een diagnose van PH. Zo kunnen 

patiënten met een verdenking op behandelbare pre-capillaire PH sneller verwezen worden 

naar een expert centrum. In hoofdstuk 6 hebben wij de OPTIEK risicoscore gemaakt die 

voorspelt of een patiënt post-capillaire PH heeft. Patiënten met post-capillaire PH hebben 

zo geen invasieve drukmeting in het hart (rechtskatheterisatie) nodig en kunnen onnodige 

verwijzingen naar een PH expert centrum worden voorkomen. De behandeling van post-

capillaire PH is namelijk gericht op het hartfalen, PH medicatie zoals vaatverwijders hebben 

geen effect. De OPTIEK risicoscore bestaat uit een combinatie van klinische criteria met 

echo en ECG gegevens. Met een waarde > 104 kan met 100% zekerheid (specificiteit 100%) 

gesteld worden dat een patiënt post-capillaire PH heeft. Deze score detecteert 1 op de 5 
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post-capillaire PH patiënten (sensitiviteit 22%). Hierdoor kan de risicoscore helpen om het 

diagnostisch proces te vergemakkelijken, minder onnodige rechtskatheterisaties te 

verrichten en sneller potentiële pre-capillaire PH patiënten te verwijzen.  

Tot nu toe weten we nog niet goed wat een longarts/cardioloog in een lokaal ziekenhuis 

allemaal nodig heeft en gebruikt om tot de juiste diagnose van PH te komen. Om pre-

capillaire PH sneller te detecteren is het belangrijk om dit diagnostisch proces nader te 

onderzoeken. Hierdoor kunnen we in de toekomst het diagnostisch proces voor detectie van 

PH verbeteren en versnellen. In hoofdstuk 7 hebben we gekeken welke patiënten kenmerken 

en echo uitslagen invloed hebben op de beslissing of iemand wel of geen rechtskatheterisatie 

krijgt. Een rechtskatheterisatie is immers nodig om de diagnose PAH en CTEPH op te sporen, 

voor post-capillaire PH is dit niet nodig. Bepaalde waardes zoals aanwezigheid van 

longembolie/trombosebeen in de medische voorgeschiedenis, PAH geassocieerde 

aandoeningen (bv. auto-immuun ziektes, aangeboren hartafwijkingen, HIV), hoge longvaat 

drukken gemeten met echo (TRV ≥ 3.7 m/s), verwijding van de rechterhart boezem, 

diastolisch dysfunctie van de linkerhart helft maar ook oudere leeftijd (>60) zijn van invloed 

op het wel/niet maken van een rechtskatheterisatie. Door dit onderzoek weten we dat 

ouderen een verhoogd risico lopen om een hartkatheterisatie en daarmee een juiste 

diagnose ontzegd te worden. Om vroege detectie van PH bij ouderen te verbeteren is meer 

bewustzijn onder alle longartsen en cardiologen nodig. Zij moeten weten dat ook ouderen 

kunnen profiteren van een behandeling voor PAH/CTEPH en dat het dus belangrijk is om de 

juiste diagnose te stellen. 
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Dankwoord 

Na 4.5 jaar hard werken is het moment daar, ik mag iedereen bedanken die mij heeft 

geholpen aan de totstandkoming van dit proefschrift. De jaren als promovendus heb ik met 

alle plezier doorlopen. Ik ben dankbaar dat ik in zo’n leuk team heb mogen werken. In dit 

team heb ik geleerd wetenschap te bedrijven onder goede begeleiding van mijn promotoren, 

maar ook gezien dat samenwerking met collega’s essentieel is. Kort samengevat een tijd die 

ik never nooit had willen missen! 

Mijn promotieteam 

Beste Harm Jan, HJ, na mijn eerste kennismaking met jou over het eventueel starten van 

een promotietraject op het DOLPHIN-GENESIS project wist ik zeker dat ik onderzoek naar PH 

wilde doen. Jouw kracht ligt in het enthousiasmeren en motiveren van mensen. Het was 

altijd een feest om met je samen te werken. Na onze meetings had ik altijd weer genoeg 

ideeën om verder te gaan met mijn onderzoek. Onze gezamenlijke passie voor erfelijke PAH 

heeft ons al op mooie plekken gebracht zoals het PVRI international genetic PAH consortium 

in Barcelona. Ook hebben we niet alleen collega’s (VUmc, NVALT) enthousiast gemaakt over 

genetisch screenen bij PAH, maar ook patiënten tijdens onze webinar over erfelijke PAH. Ik 

vind het ook bewonderenswaardig dat je altijd tijd vrij maakt voor je PhD’s ondanks dat je 

mega druk bent. Ik dank je voor de mooie jaren, het vertrouwen, het geduld en je 

betrokkenheid! 

Beste Anton, jij was de eerste bij wie ik kwam met de gedachte om onderzoek te doen. Ivo 

van der Lee had mij naar jou toegestuurd om hierover te praten. Je had op dat moment 

twee promotietrajecten in de planning, één voor de longoncologie en één bij Harm Jan op 

het gebied van PAH. In eerste instantie kon ik niet kiezen en neigde ik naar de longoncologie 

omdat ik daar waarschijnlijk ook poli erbij kon draaien. Omdat voor mij net als voor jou 

patiënten op nummer 1 staan leek mij dit een goede combinatie. Echter je had mij zo ge-

enthousiasmeert over PAH dat dit toch in mijn achterhoofd bleef hangen en wilde ik super 

graag promoveren onder HJ en jouw hoede. Ik waardeer je kritische blik, je passie voor 

onderzoek, je snelle denken en oneindige ideeën voor onderzoek. Vele malen dank voor je 

betrokkenheid, niet alleen op wetenschappelijk vlak, maar ook op persoonlijk vlak! 

Beste Frances, ik kon met jou erbij geen beter promotieteam bedenken. Met jouw visie, 

perfectionisme en daadkracht waren mijn meetings tezamen met HJ altijd heel fijn en 

werden er knopen doorgehakt. Ik snap niet waar je alle tijd vandaan haalt om alle 

promovendi goed te begeleiden, geld binnen te halen voor onderzoek, je lieve twee kindjes 
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op te voeden (ik heb genoten van ze op het Heb hart voor longen weekend) en al die data-

analyses. Ik heb ook erg genoten van onze tripjes naar Barcelona (lekker tapas eten met 

Aida en Xue) en Dallas (genieten van terrasjes en etentjes met Jessie erbij). Dank voor al je 

tijd en wijze raad als het soms even tegen zat! 

Beste Arjan, bedankt voor al je hulp bij al mijn genetische vraagstukken. In het begin was 

je nog geen onderdeel van mijn promotieteam, maar je was eigenlijk altijd al bij mijn 

promotie betrokken. Ik waardeer onze fijne gesprekken over onderzoek en ook over hoe 

verder in de toekomst. We hebben samen een hoop leuke projecten gehad, onder andere 

over een nieuwe pathogene variant CAPNS1 bij PAH. Dank voor alle hulp! 

De Leden van de promotiecommissie. Prof.dr. Cornel, prof.dr. Post, dr. Meijboom en dr. 

Götte dank voor het kritische lezen van mijn proefschrift en het plaats willen nemen 

in de promotiecommissie. Prof.dr. Austin, thank you for participating in the reading 

committee. 

Het PH-team 

Beste Esther, jouw klinische kundigheid en hart voor de patiënt is iets wat ik erg bewonder. 

Naast een fantastische clinicus ben je ook nog eens voorzitter van een hele hoop 

longcommissies en druk bezig met je promotie. Jouw fascinatie voor de pulmonaalvenen ipv 

arteriën is altijd een leuk onderwerp van gesprek tijdens de PUHYP MDO’s. Dank voor 

je gezelligheid en leuke gesprekken op de borrels.  

Beste Anco, dank voor je inzet voor de vele inclusies in het DOLPHIN onderzoek. Alle 

onderwijsmomenten over met name longfysiologie heb ik met plezier bijgewoond.  

Beste Louis, dank voor alle leuke momenten tijdens de RHC procedures. Op een gegeven 

moment waren we zo gestroomlijnd dat we een record hadden van 30 min. voor de hele RHC 

procedure. Tevens was het heel fijn om soms even een andere kijk te hebben op mijn OPTIEK 

stukken, dus dank hiervoor.  

Beste Frank, wat moet de PH-wereld zonder jou?! Jouw zorg, passie en kennis van PH en de 

patiënten is ongekend. Menig keer waren patiënten teleurgesteld als ze jou niet hadden 

gezien op hun onderzoeksdag. De PH-patiënt kan echt altijd bij jou terecht. Bedankt voor 

de mooie en gezellige tijd! 

Beste PH-verpleegkundige (Iris, Martha, Saskia, Dameria) dank voor al jullie hulp voor onze 

PH patiënten. Ik heb met jullie allemaal veel samengewerkt en ook veel van jullie geleerd. 

Inmiddels hebben jullie (Martha en Iris) een andere uitdaging gevonden binnen en buiten het 

Amsterdam UMC. Ik wens jullie daar heel veel succes! 



Beste PH-Werkgroep: Xue, Aida, Rowan, Pan, Ingrid, Fjodor, Sun, Eva, Mo, Babu, Marie-

Jose, Robert, Jurjan en Berend, bedankt voor de leuke en inspirerende PH-meetings op de 

vrijdagochtend. We hebben erg leuke kerstbrunches, borrels, summer schools, escaperooms 

en natuurlijk ons kerstballen event gehad. Jullie input bij al mijn praatjes is zeer van waarde 

geweest. Dank en succes allemaal! 

De backbone van de afdeling 

Beste Irma, Constance, Meryl, Anny, Noortje en Ella, wat moet een PhD’er toch zonder 

jullie?! Dank voor alle hulp met dingen regelen. Dank je Irma voor al je interesse in mijn 

werk maar ook buiten werk om, ik vond het erg gezellig toen je op babybezoek kwam samen 

met Natalia.  

Beste Joke en Rita, dank voor al jullie hulp bij alles inplannen voor het DOLPHIN onderzoek. 

Zonder jullie had het onderzoek niet zo strak en gestroomlijnd gelopen. Dank voor de snelle 

respons op al mijn vragen en jullie gezelligheid.  

Stafleden en arts-assistenten van de afdeling Longziekten in het VUmc, dank voor de vele 

onderwijsmomenten en de gezelligheid. Vooral de afdelingsuitjes bij Anco waren goud 

waard! 

3F 

3F-noise-cancelation-019. De dag dat ik op deze kamer mocht komen zitten was even 

wennen. Een super gezellige, maar ook erg rumoerige kamer. Onze kamer was bezaaid met 

posters, slingers, souvenirs van congressen en onze 3F-fail kalender (hoeveel dagen duurt 

het voordat een blad je afwijst). Een noise-cancellation koptelefoon was dan ook geen 

overbodige luxe. Lieve Eveline (Eef), in het begin moesten we heel erg aan elkaar wennen. 

Twee sterke meningen op 1 kamer is toch iets om rekening mee te houden. Al gauw merkte 

we dat we heel veel gelijke interesses en gedachten hadden zoals een voorliefde voor 

onnozele TV series (MAFS en 19 kids and counting). Ik ben super trots op je hoe je de 

afgelopen jaren bent gegroeid. Bijna klaar met je PhD, van single naar samenwonend en ook 

nog (bijna) getrouwd als mw. den Burger-van de Stadt. Rico is de man voor jou en ik ben blij 

dat ik in je ballotagecommissie mocht zitten. Heel veel succes straks met je opleiding tot 

Longarts. Lieve Natalia, (of liever gezegd Natte-alia), wat ben ik blij dat ik jou heb leren 

kennen! Jouw vrolijkheid, onbevangenheid en spontaniteit is iets wat ik erg bewonder. Van 

super collegiale en gezellige etentjes met uitbeelden van “Joe Bidon” tot een prachtige 

bruiloft van jou en Pawel in Polen: het was allemaal een feestje. Ik heb ook genoten van 

onze trip naar Londen voor het John Vane congres. Wie had gedacht dat we in een rooftop 
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bar zouden dineren met allemaal belangrijke mensen aan tafel. Heel veel succes met je 

vervolgopleiding tot Cardioloog! Lieve Nicole, toen onze kamer van 3 naar 4 personen mocht 

jij bij ons komen zitten. Volgens mij vond iedereen onze kamer zo luidruchtig, dat niemand 

hier wilde zitten. Gelukkig wilde jij dat wel en gaf je ons ook een oase van rust erbij. Jouw 

mooie rustige en warme persoonlijkheid was echt een goede toevoeging op onze kamer. 

Bedankt voor alle lekkere koekjes en thee. Heel veel succes met je SYMPRO studie en vervolg 

stappen daarna! 

3F-013 old. Toen ik op 3F kwam zaten Joannalarrisa hier. Lieve Anna, van jou mocht ik de 

OPTIEK studie overnemen. Ik vond het altijd super gezellig met jou, ik heb ontzettend veel 

met je gelachen op het werk maar ook buiten het werk om. Dank je dat je alle tijd nam om 

mij alles te leren (statistiek tot MRI’s uitwerken) en ik wens je heel veel succes in het 

voortzetten van je opleiding tot longarts. Lieve Joanne, dank voor al je hulp bij mijn eerste 

schrijfpogingen van een artikel. Als ik door jou mijn artikel liet nakijken dan wist ik dat het 

goed genoeg was. Ik waardeer je eerlijkheid, oprechtheid, ambitie en sportiviteit (iets wat 

ik niet echt heb) enorm. Heel veel succes met het voorzetten van je opleiding tot longarts 

en de laatste loodjes van je proefschrift. Geniet ook van Veerle, ze worden veel te snel 

groot! Lieve Anna-Larissa (AL), als 1 van de weinige onco-PhD’ers tussen al die PH mensen 

moest jij je staande houden. Dank voor al je hulp bij mijn PET-studie, ik had soms echt wat 

extra tips nodig. Dank je wel voor al je gezelligheid, de vele terrasjes met een wit wijntje 

en onze Sinterklaasfeestjes. Veel succes met de longartsenopleiding en de laatste loodjes 

van de proefschrift en geniet ook van de kleine meid! 

3F-013 new. Op een gegeven moment werden de kamers gereorganiseerd en kwamen Jessie, 

Jeroen, Azar en Chermaine op 3F-013 te zitten. Een breath of fresh air en nieuw zeer 

gemotiveerde PhD’ers gingen aan de slag. Lieve Jessie, wat heb ik genoten van onze trip 

naar Dallas, USA, voor de ATS. Gezellig een week vertoeven in een AirBnB en daarna nog een 

roadtrip naar San Antonio. Wat hebben we het leuk gehad, echt iets om nog een keer over 

te doen! Ik ben erg blij met al je hulp als ik weer eens met strain analyses zat. Heel veel 

succes met je PhD en ben benieuwd wat je straks in de toekomst gaat doen. Beste Jeroen, 

eindelijk weer na een hele tijd kwam er weer een man op de afdeling werken. Dat gekakel 

van al die dames was iedereen denk ik wel een beetje zat geworden. Ik heb genoten van 

jouw gezelligheid bij de borrels en het stappen in Papendal. Dank voor al je hulp bij de strain 

analyses en andere MRI vragen. Veel succes nog met je PhD en straks met de opleiding tot 

longarts. Beste Chermaine, als iemand een bezig bijtje is dan ben jij het wel. Het runnen 

van een eigen stichting, diëtiste zijn en ook nog een PhD doen, waar haal je de tijd vandaan? 

Ohja, dan heb je ook nog even tijd gemaakt om een BBQ boek en een nieuwe autobiografie 
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te schrijven. Ik bewonder je passie om te kijken of niet alleen medicijnen maar ook gezonde 

voeding van invloed zijn op het verbeteren van de ziekte PAH. Heel veel succes in de 

toekomst en ik ben benieuwd naar je volgende boek. Lieve Azar, jou kende ik al van het 

Spaarne Gasthuis dus ik vond het extra gezellig dat je ook kwam promoveren. Ik vond het 

erg gezellig met jou, vooral Papendal was een hoogtepunt met onze uitgaansavond. Verder 

vond ik onze gesprekken over trouwen en baby’s altijd erg leuk. Dank voor al je hulp als ik 

weer vragen had en veel succes met je PhD en het laatste stukje van je opleiding. Dikke 

knuffels aan Sophia.  

3F-011 old. Een paar kamers verder zaten Adinda, Liza, Jelco en Josien. Adinda, wat was 

je altijd vrolijk, enthousiast en energiek. Je was altijd in voor een vrijmibo of een lekker 

hapje eten. Ik heb echt een fijne collega aan je gehad. Veel succes in je nieuwe carrière en 

heel veel liefde voor de kleine Nuan. Josien, lieve Smitsie, dank voor alle leuke 

samenwerkingen. Ik vond het erg gezellig dat je bij mij kwam eten en op babybezoek kwam. 

Heel veel succes met je carrière om uroloog te worden en je laatste loodjes van je PhD. 

Lieve Liza, mijn buddy met de PET en mijn back-up bij de DOLPHIN studie. Wat hebben we 

geploeterd aan de PET-studie, uren tijd aan verslonden. Ik heb echt een ontzettende leuke 

tijd met je gehad. Heel veel gezellige uurtjes bij jou op de bank gezeten. Heel veel succes 

in the States met je 3 kleintjes, ben benieuwd naar je volgende carrièrestappen. We houden 

contact! Beste Jelco, oftewel Jellie, thanks voor je hulp bij de start van mijn PhD. Ik had 

het geluk dat ik jouw net rijdende trein van het DOLPHIN project mocht overnemen, al moest 

ik het nog wel een beetje finetunen. Het waren 2 korte maar krachtige maanden, thanks 

voor al je gezelligheid en succes met je opleiding tot longarts.  

3F-011 new. Na de reorganisatie van de kamers en na mijn terugkomst van mijn 

zwangerschapsverlof zat 3F-011 vol met mannen. COVID-19 was ineens vol aanwezig en de 

COVID-boys Erik, Patrick en Job waren altijd aanwezig om iedereen aan de imatinib te 

krijgen. Beste Erik, Patrick en Job, dank voor jullie gezelligheid tijdens de lunches. Het is 

ook leuk om eens wat anders dan PH te horen te krijgen op onze PH-meetings. Heel veel 

succes met jullie PhD’s. Beste Lucas, dank voor het overnemen van mijn studies DOLPHIN 

en OPTIEK. Deze studies zijn bij jou zeker weten in goede handen. Je bent een harde werker 

en nooit te beroerd om te helpen, dank hiervoor. Succes met je PhD, ik ben benieuwd wat 

er voor mooie data uit onze DOLPHIN studie gaat komen.  

3F-03. Beste researchverpleegkundigen, Mariska, Esther, Jette en Marianne, de laatste 

maanden van mijn PhD mocht ik jullie helpen omdat het bij jullie erg druk was. Voor mij 

best even wennen, ondanks dat het ook onderzoek was, zijn pharmacy trials even een andere 

tak van sport. Ik heb gezien hoe hart jullie werken en hoeveel liefde jullie hebben voor de 
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patiënten. Dank dat jullie mij ook op namen in jullie team en hopelijk heb ik een klein 

beetje de lasten kunnen verlichten. Veel succes allemaal en Esther geniet van de kleine 

man.  

Hulptroepen tijdens mijn onderzoek 

Beste dokters van het OPTIEK netwerk, veel dank voor alle hulp en fijne samenwerking de 

afgelopen jaren! Naast jullie drukke spreekuren en vele vergaderingen maakten jullie altijd 

tijd voor nieuwe inclusies en een bezoekje als ik weer langs wilde komen. Ook jullie 

aanwezigheid tijdens de jaarlijkse OPTIEK middagen was altijd heel gezellig en erg 

informatief.  

Beste patiënten en dragers uit het DOLPHIN onderzoek, dank voor jullie bijdrage en 

enthousiasme aan dit onderzoek. Jullie hebben mij altijd enorm gemotiveerd en geïnspireerd 

tijdens alle onderzoeksvisites, patiëntendagen, “Heb hart voor Longen” weekend en onze 

gesprekken tijdens de MRI avonden. Jullie hebben mij laten inzien dat ik dichter bij de 

patiënt en families wil staan, hierdoor zal ik binnenkort starten als Huisarts in opleiding. 

Beste PET-medewerkers en Marc Huisman, dank voor jullie hulp bij het FLT-PET onderzoek. 

Zonder jullie had dit onderzoek niet gelopen.  

Beste medewerkers van de longfunctieafdeling, dank voor jullie hulp bij het DOLPHIN 

onderzoek. Vooral als ik weer eens snel een plekje nodig had dan was dit nooit een probleem. 

Het kostte me wel dan een doos tompoucen, maar dit had ik er graag voor over!  

Beste Jan en Fred, bedankt voor alle gezelligheid, grappen en grollen tijdens onze RHC 

avonturen. Wat hebben we toch veel mooie RHC curves gemaakt! 

Beste Tim Marcus, bedankt voor alle hulp bij het maken van de MRI’s. Vooral de MRI avonden 

waren erg fijn om alles over cardiac MRI te leren. Vaak was je dan zo enthousiast dat je van 

alles wilde vertellen, maar dit lukte dan niet omdat we ons moesten focussen op de patiënt. 

Het eindigde steevast dan met: “Er is nog veel meer te vertellen hierover, maar dat zal ik 

je op een later tijdstip allemaal uitleggen.” Ik denk dat we hier nog steeds niet aan toe zijn 

gekomen. Dank voor alles! 

Beste Lilian, jouw MRI expertise is eigenlijk onmisbaar. Voor al op het gebied van DOLPHIN 

waren mijn meetings met jou heel erg van waarde. Ik ben benieuwd wat er uit de 

longitudinale data gaat komen van de DOLPHIN MRI’s, daar hebben we zeker je hulp bij 

nodig. Ook dank voor alle gezelligheid bij de borrels en meetings.  
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Beste Leo, Martijn en Esther, bedankt voor het warme welkom in mijn nieuwe start als 

huisarts in opleiding. Wat ben ik blij met deze prettige, interessante en leerzame 

opleidingsplek. Dank voor al jullie steun in de laatste loodjes van mijn promotie en de 

interesse die jullie hebben getoond in mijn onderzoek.  

Familie  

Lieve pap en mams, jullie hebben mij altijd gesteund in wat ik wilde. Jullie hebben mij en 

Roald altijd op de eerste plaats gezet en ons een warm en veilig thuis gegeven. Ook al 

snappen jullie niet altijd wat ik aan het doen ben en waar dit onderzoek nou eigenlijk over 

gaat, jullie zijn wel altijd erg trots en dat laten jullie ook graag merken. Lieve mama, hoe 

leuk is het dat ik qua karakter zo veel op je lijk, ik heb dan ook jouw passie voor onderwijs 

meegekregen. Hier ga ik ook zeker gebruik van maken als ik straks huisarts ben. Dank ook 

dat je zo veel op Ayden past zodat ik mijn boekje af kon maken. Lieve papa, met jouw 

eigenwijze karakter gaan alle deuren voor je open, gelukkig heb ik hier een stukje van 

meegekregen! Ik hou van jullie!  

Lieve Roald, mijn “kleine” broertje, wat leuk is het dat we allebei een (para)medisch 

beroep hebben gekozen terwijl onze ouders dat niet hebben. De laatste jaren zijn we 

dichter naar elkaar gegroeid, ik vind het dan ook super leuk als je iedere 

donderdagochtend gezellig een bakkie komt doen. Lieve Cindy, mijn concerten partner in 

crime, helaas hebben we dit de afgelopen jaren weinig kunnen doen maar gelukkig hebben 

we Ed Sheeran weer gepland voor de zomer! Dank je dat je Roald zo gelukkig maakt! 

 

Lieve Wim en Anita, mijn bonus ouders, wat heb ik het toch goed getroffen met jullie! Dank 

voor jullie onvoorwaardelijke steun en liefde en voor het oppassen op Ayden! Ook voor al 

het lekkere eten als ik weer eens geen tijd had om te koken.  

Lieve Chelsey en Robin, jullie zorgen altijd voor extra gezelligheid. Dank voor jullie hulp 

met Ayden wanneer ik even geen oppas had en de leuke uitjes/vakanties. Hierdoor kon ik 

weer uitgerust aan mijn werk beginnen. Ik kan niet wachten op alle leuke momenten die nog 

gaan komen met onze twee kleine mannen.  

Lieve Nailya (natuurlijk ook Sun, Damian en Luka), eigenlijk voelt het ook alsof we familie 

zijn! Dank voor al je gezelligheid en je hulp bij het uitvogelen van mijn toekomst. Bij jou 

kan ik altijd komen met mijn vragen en leuke nieuwtjes. Ik vind het dan ook heel leuk dat 

wij vriendinnen zijn geworden in onze coschappentijd.  
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Lieve Ayden, wat heb jij mijn wereld en mijn promotietijd op zijn kop gezet. Jij hebt mij 

laten inzien dat familie het allerbelangrijkst is en dat dit de plek is waar ik het liefste ben. 

Door een nieuwe weg in te slaan als huisarts in opleiding hoop ik dat ik een perfecte balans 

krijg tussen werk en gezin. Ik hou van je! 

Lieve Rodney, jij steunt me altijd door dik en dun, welke keuze ik ook maak. Of ik nu bij 

de longziekten wil werken, een promotietraject wil gaan doen of toch beslis dat ik huisarts 

wil worden, het maakt jou niet uit zolang ik maar gelukkig ben. Na 17 jaar samen weten we 

wat we aan elkaar hebben en kunnen we nog steeds niet zonder elkaar. Ook al laat ik je af 

en toe even schrikken (gekke dingen zoals anafylactische shock en HELLP syndroom), je wijkt 

niet van mijn zijde. Ik hou ontzettend veel van jou (lobi you) en ben erg benieuwd wat de 

toekomst ons brengt!  
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