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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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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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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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(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. 

28 | Chapter 1



References 

1. Vonk Noordegraaf A, Chin KM, Haddad F,

Hassoun PM, Hemnes AR, Hopkins SR, et al. 

Pathophysiology of the right ventricle and of the 

pulmonary circulation in pulmonary hypertension: 

an update. Eur Respir J. 2019;53(1). 

2. Kovacs G, Berghold A, Scheidl S,

Olschewski H. Pulmonary arterial pressure during 

rest and exercise in healthy subjects: a systematic 

review. Eur Respir J. 2009;34(4):888-94. 

3. Galie N, Humbert M, Vachiery JL, Gibbs S,

Lang I, Torbicki A, et al. 2015 ESC/ERS Guidelines 

for the diagnosis and treatment of pulmonary 

hypertension: The Joint Task Force for the 

Diagnosis and Treatment of Pulmonary 

Hypertension of the European Society of Cardiology 

(ESC) and the European Respiratory Society (ERS): 

Endorsed by: Association for European Paediatric 

and Congenital Cardiology (AEPC), International 

Society for Heart and Lung Transplantation 

(ISHLT). Eur Respir J. 2015;46(4):903-75. 

4. Simonneau G, Montani D, Celermajer DS,

Denton CP, Gatzoulis MA, Krowka M, et al. 

Haemodynamic definitions and updated clinical 

classification of pulmonary hypertension. European 

Respiratory Journal. 2019;53(1). 

5. Delcroix M, Torbicki A, Gopalan D, Sitbon

O, Klok FA, Lang I, et al. ERS statement on chronic 

thromboembolic pulmonary hypertension. Eur 

Respir J. 2021;57(6). 

6. Escribano-Subias P, Blanco I, Lopez-

Meseguer M, Lopez-Guarch CJ, Roman A, Morales 

P, et al. Survival in pulmonary hypertension in 

Spain: insights from the Spanish registry. Eur Respir 

J. 2012;40(3):596-603.

7. Gall H, Hoeper MM, Richter MJ, Cacheris

W, Hinzmann B, Mayer E. An epidemiological 

analysis of the burden of chronic thromboembolic 

pulmonary hypertension in the USA, Europe and 

Japan. Eur Respir Rev. 2017;26(143). 

8. Cottin V, Avot D, Levy-Bachelot L, Baxter

CA, Ramey DR, Catella L, et al. Identifying chronic 

thromboembolic pulmonary hypertension through 

the French national hospital discharge database. 

PLoS One. 2019;14(4):e0214649. 

9. Lang IM, Madani M. Update on chronic

thromboembolic pulmonary hypertension. 

Circulation. 2014;130(6):508-18. 

10. Pepke-Zaba J, Delcroix M, Lang I, Mayer E,

Jansa P, Ambroz D, et al. Chronic thromboembolic 

pulmonary hypertension (CTEPH): results from an 

international prospective registry. Circulation. 

2011;124(18):1973-81. 

11. Moser KM, Auger WR, Fedullo PF,

Jamieson SW. Chronic thromboembolic pulmonary 

hypertension: clinical picture and surgical 

treatment. Eur Respir J. 1992;5(3):334-42. 

12. Ende-Verhaar YM, Cannegieter SC, Vonk

Noordegraaf A, Delcroix M, Pruszczyk P, Mairuhu 

AT, et al. Incidence of chronic thromboembolic 

pulmonary hypertension after acute pulmonary 

embolism: a contemporary view of the published 

literature. Eur Respir J. 2017;49(2). 

13. Simonneau G, Hoeper MM. Evaluation of

the incidence of rare diseases: difficulties and 

uncertainties, the example of chronic 

thromboembolic pulmonary hypertension. Eur 

Respir J. 2017;49(2). 

14. Guerin L, Couturaud F, Parent F, Revel

MP, Gillaizeau F, Planquette B, et al. Prevalence of 

chronic thromboembolic pulmonary hypertension 

after acute pulmonary embolism. Prevalence of 

CTEPH after pulmonary embolism. Thromb 

Haemost. 2014;112(3):598-605. 

 General introduction and thesis outline | 29 

1



15. Golpe R, Perez-de-Llano LA, Castro-Anon

O, Vazquez-Caruncho M, Gonzalez-Juanatey C, 

Veres-Racamonde A, et al. Right ventricle 

dysfunction and pulmonary hypertension in 

hemodynamically stable pulmonary embolism. 

Respir Med. 2010;104(9):1370-6. 

16. Lai YC, Potoka KC, Champion HC, Mora AL,

Gladwin MT. Pulmonary arterial hypertension: the 

clinical syndrome. Circ Res. 2014;115(1):115-30. 

17. van den Heuvel LM, Jansen SMA, Alsters

SIM, Post MC, van der Smagt JJ, Handoko-De Man 

FS, et al. Genetic Evaluation in a Cohort of 126 

Dutch Pulmonary Arterial Hypertension Patients. 

Genes (Basel). 2020;11(10). 

18. Lau EM, Tamura Y, McGoon MD, Sitbon O.

The 2015 ESC/ERS Guidelines for the diagnosis and 

treatment of pulmonary hypertension: a practical 

chronicle of progress. Eur Respir J. 2015;46(4):879-

82. 

19. Lan NSH, Massam BD, Kulkarni SS, Lang

CC. Pulmonary Arterial Hypertension:

Pathophysiology and Treatment. Diseases. 

2018;6(2). 

20. Evans JDW, Girerd B, Montani D, Wang X-

J, Galiè N, Austin ED, et al. BMPR2 mutations and 

survival in pulmonary arterial hypertension: an 

individual participant data meta-analysis. The 

Lancet Respiratory Medicine. 2016;4(2):129-37. 

21. Prins KW, Thenappan T. World Health

Organization Group I Pulmonary Hypertension: 

Epidemiology and Pathophysiology. Cardiology 

clinics. 2016;34(3):363-74. 

22. Badagliacca R, Rischard F, Papa S, Kubba

S, Vanderpool R, Yuan JX, et al. Clinical 

implications of idiopathic pulmonary arterial 

hypertension phenotypes defined by cluster 

analysis. J Heart Lung Transplant. 2020;39(4):310-

20. 

23. Hadinnapola C, Bleda M, Haimel M,

Screaton N, Swift A, Dorfmuller P, et al. 

Phenotypic Characterization of EIF2AK4 Mutation 

Carriers in a Large Cohort of Patients Diagnosed 

Clinically With Pulmonary Arterial Hypertension. 

Circulation. 2017;136(21):2022-33. 

24. Montani D, Lau EM, Dorfmuller P, Girerd

B, Jais X, Savale L, et al. Pulmonary veno-occlusive 

disease. Eur Respir J. 2016;47(5):1518-34. 

25. Morrell NW, Aldred MA, Chung WK, Elliott

CG, Nichols WC, Soubrier F, et al. Genetics and 

genomics of pulmonary arterial hypertension. Eur 

Respir J. 2019;53(1). 

26. Montani DA-O, Girerd B, Jaïs X,

Laveneziana P, Lau EMT, Bouchachi A, et al. 

Screening for pulmonary arterial hypertension in 

adults carrying a BMPR2 mutation. LID - 

10.1183/13993003.04229-2020 [doi] LID - 2004229. 

2021(1399-3003 (Electronic)). 

27. Sanchez-Duffhues G, Williams E, Goumans

MJ, Heldin CH, Ten Dijke P. Bone morphogenetic 

protein receptors: Structure, function and 

targeting by selective small molecule kinase 

inhibitors. Bone. 2020;138:115472. 

28. Girerd B, Montani D, Jaïs X, Eyries M, Yaici

A, Sztrymf B, et al. Genetic counselling in a 

national referral centre for pulmonary 

hypertension. European Respiratory Journal. 

2016;47(2):541-52. 

29. Graf S, Haimel M, Bleda M, Hadinnapola C,

Southgate L, Li W, et al. Identification of rare 

sequence variation underlying heritable pulmonary 

arterial hypertension. Nat Commun. 

2018;9(1):1416. 

30. Swietlik EM, Greene D, Zhu N, Megy K,

Cogliano M, Rajaram S, et al. Bayesian Inference 

Associates Rare KDR Variants With Specific 

Phenotypes in Pulmonary Arterial Hypertension. 

30 | Chapter 1



Circulation: Genomic and Precision Medicine. 

2021;14(1):e003155. 

31. Thore P, Girerd B, Jais X, Savale L, Ghigna

MR, Eyries M, et al. Phenotype and outcome of 

pulmonary arterial hypertension patients carrying a 

TBX4 mutation. Eur Respir J. 2020;55(5). 

32. Eyries M, Montani D, Nadaud S, Girerd B,

Levy M, Bourdin A, et al. Widening the landscape 

of heritable pulmonary hypertension mutations in 

paediatric and adult cases. Eur Respir J. 

2019;53(3). 

33. Deng Z, Morse Jh Fau - Slager SL, Slager Sl

Fau - Cuervo N, Cuervo N Fau - Moore KJ, Moore Kj 

Fau - Venetos G, Venetos G Fau - Kalachikov S, et 

al. Familial primary pulmonary hypertension (gene 

PPH1) is caused by mutations in the bone 

morphogenetic protein receptor-II gene. (0002-

9297 (Print)). 

34. Madani MM, Wittine LM, Auger WR,

Fedullo PF, Kerr KM, Kim NH, et al. Chronic 

thromboembolic pulmonary hypertension in 

pediatric patients. J Thorac Cardiovasc Surg. 

2011;141(3):624-30. 

35. Haarman MG, Kerstjens-Frederikse WS,

Vissia-Kazemier TR, Breeman KTN, Timens W, Vos 

YJ, et al. The Genetic Epidemiology of Pediatric 

Pulmonary Arterial Hypertension. (1097-6833 

(Electronic)). 

36. Lang IM, Simonneau G, Pepke-Zaba JW,

Mayer E, Ambroz D, Blanco I, et al. Factors 

associated with diagnosis and operability of chronic 

thromboembolic pulmonary hypertension. A case-

control study. Thromb Haemost. 2013;110(1):83-

91. 

37. Rich JD, Rich S. Clinical diagnosis of

pulmonary hypertension. Circulation. 

2014;130(20):1820-30. 

38. Blyth KG, Groenning BA, Mark PB, Martin

TN, Foster JE, Steedman T, et al. NT-proBNP can 

be used to detect right ventricular systolic 

dysfunction in pulmonary hypertension. Eur Respir 

J. 2007;29(4):737-44.

39. Augustine DX, Coates-Bradshaw LD, Willis

J, Harkness A, Ring L, Grapsa J, et al. 

Echocardiographic assessment of pulmonary 

hypertension: a guideline protocol from the British 

Society of Echocardiography. Echo Res Pract. 

2018;5(3):G11-G24. 

40. Altschul E, Remy-Jardin M, Machnicki S,

Sulica R, Moore JA, Singh A, et al. Imaging of 

Pulmonary Hypertension: Pictorial Essay. Chest. 

2019;156(2):211-27. 

41. Frazier AA, Franks TJ, Mohammed T-LH,

Ozbudak IH, Galvin JR. Pulmonary Veno-occlusive 

Disease and Pulmonary Capillary Hemangiomatosis. 

RadioGraphics. 2007;27(3):867-82. 

42. Gopalan D, Delcroix M, Held M. Diagnosis

of chronic thromboembolic pulmonary 

hypertension. European Respiratory Review. 

2017;26(143):160108. 

43. Rosenkranz S, Preston IR. Right heart

catheterisation: best practice and pitfalls in 

pulmonary hypertension. Eur Respir Rev. 

2015;24(138):642-52. 

44. Delcroix M, Kerr K, Fedullo P. Chronic

Thromboembolic Pulmonary Hypertension. 

Epidemiology and Risk Factors. Ann Am Thorac Soc. 

2016;13 Suppl 3:S201-6. 

45. Peacock AJ, Vonk Noordegraaf A. Cardiac

magnetic resonance imaging in pulmonary arterial 

hypertension. Eur Respir Rev. 2013;22(130):526-34. 

46. Shehata ML, Harouni AA, Skrok J, Basha

TA, Boyce D, Lechtzin N, et al. Regional and global 

biventricular function in pulmonary arterial 

hypertension: a cardiac MR imaging study. 

Radiology. 2013;266(1):114-22. 

47. Lane KB, Machado RD, Pauciulo MW,

Thomson JR, Phillips JA, Loyd JE, et al. 

 General introduction and thesis outline | 31 

1





62. McAllister KA, Grogg Km Fau - Johnson

DW, Johnson Dw Fau - Gallione CJ, Gallione Cj Fau 

- Baldwin MA, Baldwin Ma Fau - Jackson CE,

Jackson Ce Fau - Helmbold EA, et al. Endoglin, a 

TGF-beta binding protein of endothelial cells, is 

the gene for hereditary haemorrhagic 

telangiectasia type 1. (1061-4036 (Print)). 

63. Yang X, Long L Fau - Southwood M,

Southwood M Fau - Rudarakanchana N, 

Rudarakanchana N Fau - Upton PD, Upton Pd Fau - 

Jeffery TK, Jeffery Tk Fau - Atkinson C, et al. 

Dysfunctional Smad signaling contributes to 

abnormal smooth muscle cell proliferation in 

familial pulmonary arterial hypertension. (1524-

4571 (Electronic)). 

64. Hodgson J, Swietlik EM, Salmon RM,

Hadinnapola C, Nikolic I, Wharton J, et al. 

Characterization of GDF2 Mutations and Levels of 

BMP9 and BMP10 in Pulmonary Arterial 

Hypertension. American Journal of Respiratory and 

Critical Care Medicine. 2019;201(5):575-85. 

65. Hernandez F, Huether R, Carter L,

Johnston T, Thompson J, Gossage JR, et al. 

Mutations in RASA1 and GDF2 identified in patients 

with clinical features of hereditary hemorrhagic 

telangiectasia. (2054-345X (Print)). 

66. Austin ED, Ma L, LeDuc C, Berman

Rosenzweig E, Borczuk A, Phillips JA, 3rd, et al. 

Whole exome sequencing to identify a novel gene 

(caveolin-1) associated with human pulmonary 

arterial hypertension. Circ Cardiovasc Genet. 

2012;5(3):336-43. 

67. Wertz JW, Bauer PM. Caveolin-1 regulates

BMPRII localization and signaling in vascular 

smooth muscle cells. (1090-2104 (Electronic)). 

68. Ma L, Chung WK. The role of genetics in

pulmonary arterial hypertension. J Pathol. 

2017;241(2):273-80. 

69. Ma L, Roman-Campos D, Austin ED, Eyries

M, Sampson KS, Soubrier F, et al. A novel 

channelopathy in pulmonary arterial hypertension. 

(1533-4406 (Electronic)). 

70. Bohnen MS, Roman-Campos D, Terrenoire

C, Jnani J, Sampson KJ, Chung WK, et al. The 

Impact of Heterozygous KCNK3 Mutations 

Associated With Pulmonary Arterial Hypertension 

on Channel Function and Pharmacological 

Recovery. J Am Heart Assoc. 2017;6(9). 

71. Maurac A, Lardenois E, Eyries M, Ghigna

MR, Petit I, Montani D, et al. T-box protein 4 

mutation causing pulmonary arterial hypertension 

and lung disease. Eur Respir J. 2019;54(2). 

72. Haarman MG, Kerstjens-Frederikse WS,

Berger RMF. TBX4 variants and pulmonary diseases: 

getting out of the ‘Box’. Current Opinion in 

Pulmonary Medicine. 2020;26(3):277-84. 

73. Eyries M, Montani D, Girerd B, Favrolt N,

Riou M, Faivre L, et al. Familial pulmonary arterial 

hypertension by KDR heterozygous loss of function. 

Eur Respir J. 2020;55(4). 

74. Zhu N, Pauciulo MW, Welch CL, Lutz KA,

Coleman AW, Gonzaga-Jauregui C, et al. Novel risk 

genes and mechanisms implicated by exome 

sequencing of 2572 individuals with pulmonary 

arterial hypertension. Genome Med. 2019;11(1):69. 

75. Hua H, Zhou S, Liu Y, Wang Z, Wan C, Li

H, et al. Relationship between the regulatory 

region polymorphism of human tissue kallikrein 

gene and essential hypertension. Journal of Human 

Hypertension. 2005;19(9):715-21. 

76. Liang L, Ma G, Chen K, Liu Y, Wu X, Ying

K, et al. EIF2AK4 mutation in pulmonary veno-

occlusive disease: A case report and review of the 

literature. Medicine (Baltimore). 

2016;95(39):e5030. 

77. Eyries M, Montani D, Girerd B, Perret C,

Leroy A, Lonjou C, et al. EIF2AK4 mutations cause 

 General introduction and thesis outline | 33 

1



pulmonary veno-occlusive disease, a recessive form 

of pulmonary hypertension. Nat Genet. 

2014;46(1):65-9. 

78. Aldred MA, Vijayakrishnan J Fau - James

V, James V Fau - Soubrier F, Soubrier F Fau - 

Gomez-Sanchez MA, Gomez-Sanchez Ma Fau - 

Martensson G, Martensson G Fau - Galie N, et al. 

BMPR2 gene rearrangements account for a 

significant proportion of mutations in familial and 

idiopathic pulmonary arterial hypertension. (1098-

1004 (Electronic)). 

79. Oriaku I, LeSieur MN, Nichols WC, Barrios

R, Elliott CG, Frost A. A novel BMPR2 mutation with 

widely disparate heritable pulmonary arterial 

hypertension clinical phenotype. Pulm Circ. 

2020;10(3):2045894020931315. 

80. Montani D, Achouh L Fau - Dorfmüller P,

Dorfmüller P Fau - Le Pavec J, Le Pavec J Fau - 

Sztrymf B, Sztrymf B Fau - Tchérakian C, 

Tchérakian C Fau - Rabiller A, et al. Pulmonary 

veno-occlusive disease: clinical, functional, 

radiologic, and hemodynamic characteristics and 

outcome of 24 cases confirmed by histology. (0025-

7974 (Print)). 

81. Elliott CG. Genetics of pulmonary arterial

hypertension: current and future implications. 

(1069-3424 (Print)). 

82. Austin ED, Cogan JD, West JD, Hedges LK,

Hamid R, Dawson EP, et al. Alterations in 

oestrogen metabolism: implications for higher 

penetrance of familial pulmonary arterial 

hypertension in females. European Respiratory 

Journal. 2009;34(5):1093-9. 

83. Hurst LA, Dunmore BJ, Long L, Crosby A,

Al-Lamki R, Deighton J, et al. TNFalpha drives 

pulmonary arterial hypertension by suppressing the 

BMP type-II receptor and altering NOTCH signalling. 

Nat Commun. 2017;8:14079. 

84. Ge X, Zhu T, Zhang X, Liu Y, Wang Y,

Zhang W. Gender differences in pulmonary arterial 

hypertension patients with BMPR2 mutation: a 

meta-analysis. Respir Res. 2020;21(1):44. 

85. Sztrymf B, Coulet F, Girerd B, Yaici A, Jais

X, Sitbon O, et al. Clinical outcomes of pulmonary 

arterial hypertension in carriers of BMPR2 

mutation. Am J Respir Crit Care Med. 

2008;177(12):1377-83. 

86. Jamie McDonald M, CGC and Reed E

Pyeritz, MD, PhD, FACMG. Hereditary Hemorrhagic 

Telangiectasia. GeneReviews®. June 26, 2000. 

87. Rajaram S, Swift AJ, Condliffe R, Johns C,

Elliot CA, Hill C, et al. CT features of pulmonary 

arterial hypertension and its major subtypes: a 

systematic CT evaluation of 292 patients from the 

ASPIRE Registry. Thorax. 2015;70(4):382-7. 

88. Limoges M, Langleben D, Fox BD, Shear R,

Wieczorek P, Rudski LG, et al. Pregnancy as a 

possible trigger for heritable pulmonary arterial 

hypertension. Pulmonary circulation. 

2016;6(3):381-3. 

89. Qin Y, Yan G, Qiao Y, Wang D, Luo E, Hou

J, et al. Emerging role of long non-coding RNAs in 

pulmonary hypertension and their molecular 

mechanisms (Review). Exp Ther Med. 

2020;20(6):164. 

90. Liu F, Ventura F Fau - Doody J, Doody J

Fau - Massagué J, Massagué J. Human type II 

receptor for bone morphogenic proteins (BMPs): 

extension of the two-kinase receptor model to the 

BMPs. (0270-7306 (Print)). 

91. Atkinson C, Stewart S Fau - Upton PD,

Upton Pd Fau - Machado R, Machado R Fau - 

Thomson JR, Thomson Jr Fau - Trembath RC, 

Trembath Rc Fau - Morrell NW, et al. Primary 

pulmonary hypertension is associated with reduced 

pulmonary vascular expression of type II bone 

34 | Chapter 1



morphogenetic protein receptor. (1524-4539 

(Electronic)). 

92. Song Y, Jones Je Fau - Beppu H, Beppu H

Fau - Keaney JF, Jr., Keaney Jf Jr Fau - Loscalzo J, 

Loscalzo J Fau - Zhang Y-Y, Zhang YY. Increased 

susceptibility to pulmonary hypertension in 

heterozygous BMPR2-mutant mice. (1524-4539 

(Electronic)). 

93. Reynolds AM, Holmes Md Fau - Danilov SM,

Danilov Sm Fau - Reynolds PN, Reynolds PN. 

Targeted gene delivery of BMPR2 attenuates 

pulmonary hypertension. (1399-3003 (Electronic)). 

94. Zhu N, Gonzaga-Jauregui C, Welch CL, Ma

L, Qi H, King AK, et al. Exome Sequencing in 

Children With Pulmonary Arterial Hypertension 

Demonstrates Differences Compared With Adults. 

Circ Genom Precis Med. 2018;11(4):e001887. 

95. Kerstjens-Frederikse WS, Bongers Em Fau -

Roofthooft MTR, Roofthooft Mt Fau - Leter EM, 

Leter Em Fau - Douwes JM, Douwes Jm Fau - Van 

Dijk A, Van Dijk A Fau - Vonk-Noordegraaf A, et al. 

TBX4 mutations (small patella syndrome) are 

associated with childhood-onset pulmonary arterial 

hypertension. (1468-6244 (Electronic)). 

96. Levy M, Eyries M, Szezepanski I, Ladouceur

M, Nadaud S, Bonnet D, et al. Genetic analyses in a 

cohort of children with pulmonary hypertension. 

(1399-3003 (Electronic)). 

97. Arora R, Metzger Rj Fau - Papaioannou VE,

Papaioannou VE. Multiple roles and interactions of 

Tbx4 and Tbx5 in development of the respiratory 

system. (1553-7404 (Electronic)). 

98. Navas Tejedor P, Tenorio Castaño J,

Palomino Doza J, Arias Lajara P, Gordo Trujillo G, 

López Meseguer M, et al. An homozygous mutation 

in KCNK3 is associated with an aggressive form of 

hereditary pulmonary arterial hypertension. (1399-

0004 (Electronic)). 

99. Best DH, Sumner KL, Smith BP,

Damjanovich-Colmenares K, Nakayama I, Brown 

LM, et al. EIF2AK4 Mutations in Patients Diagnosed 

With Pulmonary Arterial Hypertension. (1931-3543 

(Electronic)). 

100. Higasa K, Ogawa A, Terao C, Shimizu M,

Kosugi S, Yamada R, et al. A burden of rare 

variants in BMPR2 and KCNK3 contributes to a risk 

of familial pulmonary arterial hypertension. BMC 

pulmonary medicine. 2017;17(1):57-. 

101. Wang J, Wen Y, Zhang Q, Yu S, Chen Y,

Wu X, et al. Gene mutational analysis in a cohort 

of Chinese children with unexplained epilepsy: 

Identification of a new KCND3 phenotype and novel 

genes causing Dravet syndrome. (1532-2688 

(Electronic)). 

102. Zhang HS, Liu Q, Piao CM, Zhu Y, Li QQ,

Du J, et al. Genotypes and Phenotypes of Chinese 

Pediatric Patients With Idiopathic and Heritable 

Pulmonary Arterial Hypertension-A Single-Center 

Study. (1916-7075 (Electronic)). 

103. Castano JAT, Hernandez-Gonzalez I,

Gallego N, Perez-Olivares C, Ochoa Parra N, Arias 

P, et al. Customized Massive Parallel Sequencing 

Panel for Diagnosis of Pulmonary Arterial 

Hypertension. Genes (Basel). 2020;11(10). 

104. Antigny F, Hautefort A, Meloche J,

Belacel-Ouari M, Manoury B, Rucker-Martin C, et 

al. Potassium Channel Subfamily K Member 3 

(KCNK3) Contributes to the Development of 

Pulmonary Arterial Hypertension. (1524-4539 

(Electronic)). 

105. Wang XJ, Lian TY, Jiang X, Liu SF, Li SQ,

Jiang R, et al. Germline BMP9 mutation causes 

idiopathic pulmonary arterial hypertension. Eur 

Respir J. 2019;53(3). 

106. Drake KM, Dunmore Bj Fau - McNelly LN,

McNelly Ln Fau - Morrell NW, Morrell Nw Fau - 

Aldred MA, Aldred MA. Correction of nonsense 

 General introduction and thesis outline | 35 

1



BMPR2 and SMAD9 mutations by ataluren in 

pulmonary arterial hypertension. (1535-4989 

(Electronic)). 

107. Legchenko E, Liu B, West J, Vangheluwe

P, Upton P, Morrell N. Protein truncating mutations 

in ATP13A3 promote pulmonary arterial 

hypertension. European Respiratory Journal. 

2020;56(suppl 64):4463. 

108. Hiraide T, Kataoka M, Suzuki H, Aimi Y,

Chiba T, Kanekura K, et al. SOX17 Mutations in 

Japanese Patients with Pulmonary Arterial 

Hypertension. American Journal of Respiratory and 

Critical Care Medicine. 2018;198(9):1231-3. 

109. Prewitt AR, Ghose S, Frump AL, Datta A,

Austin ED, Kenworthy AK, et al. Heterozygous null 

bone morphogenetic protein receptor type 2 

mutations promote SRC kinase-dependent caveolar 

trafficking defects and endothelial dysfunction in 

pulmonary arterial hypertension. J Biol Chem. 

2015;290(2):960-71. 

110. Bonor J, Adams EL, Bragdon B, Moseychuk

O, Czymmek KJ, Nohe A. Initiation of BMP2 

signaling in domains on the plasma membrane. J 

Cell Physiol. 2012;227(7):2880-8. 

111. Kaipainen A, Korhonen J, Pajusola K,

Aprelikova O, Persico MG, Terman BI, et al. The 

related FLT4, FLT1, and KDR receptor tyrosine 

kinases show distinct expression patterns in human 

fetal endothelial cells. The Journal of 

experimental medicine. 1993;178(6):2077-88. 

112. Saygin DA-OX, Tabib T, Bittar HET, Valenzi

E, Sembrat J, Chan SY, et al. Transcriptional 

profiling of lung cell populations in idiopathic 

pulmonary arterial hypertension. LID - 

10.1177/2045894020908782 [doi] LID - ??? (2045-

8932 (Print)). 

113. Ciuclan L, Bonneau O Fau - Hussey M,

Hussey M Fau - Duggan N, Duggan N Fau - Holmes 

AM, Holmes Am Fau - Good R, Good R Fau - 

Stringer R, et al. A novel murine model of severe 

pulmonary arterial hypertension. (1535-4970 

(Electronic)). 

114. Swietlik EM, Graf S, Morrell NW. The role

of genomics and genetics in pulmonary arterial 

hypertension. Glob Cardiol Sci Pract. 

2020;2020(1):e202013. 

115. Wendy Chung M, PhD. Pulmonary

Hypertension Gene Curation Expert Panel Clinical 

Genome Resource03-2020 [Available from: 

https://clinicalgenome.org/affiliation/40071/. 

116. Strande NT, Riggs ER, Buchanan AH,

Ceyhan-Birsoy O, DiStefano M, Dwight SS, et al. 

Evaluating the Clinical Validity of Gene-Disease 

Associations: An Evidence-Based Framework 

Developed by the Clinical Genome Resource. Am J 

Hum Genet. 2017;100(6):895-906. 

117. Richards S, Aziz N, Bale S, Bick D, Das S,

Gastier-Foster J, et al. Standards and guidelines 

for the interpretation of sequence variants: a joint 

consensus recommendation of the American 

College of Medical Genetics and Genomics and the  

Association for Molecular Pathology. Genetics in 

Medicine. 2015;17(5):405-23. 

118. Humbert M, Yaici A, de Groote P, Montani

D, Sitbon O, Launay D, et al. Screening for 

pulmonary arterial hypertension in patients with 

systemic sclerosis: clinical characteristics at 

diagnosis and long-term survival. Arthritis Rheum. 

2011;63(11):3522-30. 

119. Galie N, Barbera JA, Frost AE, Ghofrani

HA, Hoeper MM, McLaughlin VV, et al. Initial Use of 

Ambrisentan plus Tadalafil in Pulmonary Arterial 

Hypertension. N Engl J Med. 2015;373(9):834-44. 

120. Humbert M, Sitbon O, Chaouat A,

Bertocchi M, Habib G, Gressin V, et al. Pulmonary 

Arterial Hypertension in France: Results from a 

National Registry. American Journal of Respiratory 

and Critical Care Medicine. 2006;173(9):1023-30. 

36 | Chapter 1



 General introduction and thesis outline | 37 

1



PART I



Early detection of heritable PAH



 
 
 
 
 
 2CHAPTER 2



Genetic Evaluation in a Cohort of 126 Dutch 
Pulmonary Arterial Hypertension Patients

Samara M.A. Jansen*
Lieke M. van den Heuvel*
Suzanne I.M. Alsters
Marco C. Post
Jasper J. van der Smagt
Frances S. Handoko-De Man
J. Peter van Tintelen
Hans Gille
Imke Christiaans
Anton Vonk Noordegraaf
Harm Jan Bogaard
Arjan C. Houweling

* These authors contributed equally to this work

Genes, 2020



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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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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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 
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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
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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. 

4
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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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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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