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Abstract 

Idiopathic pulmonary arterial hypertension (IPAH) is a rare and devastating disease with poor 

prognosis and high mortality despite novel therapeutic options. Iron deficiency is a therapeutic target 

of interest in IPAH, given its prevalence and association with outcomes, the promising results of open 

label studies of iron replacement in IPAH patients and the physiological link between iron availability 

and the response to hypoxia in healthy individuals. To date, evidence of a causal relationship between 

iron deficiency and IPAH is lacking.  

Epidemiological investigation into the prevalence and prognostic value of iron availability in a 

etiologically heterogenous cohort of pulmonary hypertension (PH) patients including IPAH showed 

that iron deficiency is common in all PH etiologies as well as disease controls referred to the PH clinic 

at Hammersmith Hospital. Distinct definitions of iron deficiency associated with varying outcomes in 

patients highlight the difficulty in correctly identifying iron deficiency in chronic diseases and calls for 

the evaluation of iron status biomarkers in PH. 

Mendelian Randomisation (MR) analysis of iron availability via red cell distribution width (RDW) and 

IPAH susceptibility did not provide evidence for a causal relationship between iron status and IPAH 

susceptibility. Secondary MR analysis using instrumental RDW loci acting through systemic iron status 

also did not support a causal association. Both analyses were well powered to detect a causal effect 

estimated by the observational study although a more modest causal effect, similar to MR estimates 

previously reported between iron status and other diseases, cannot be ruled out. 

The MR analysis of iron status and IPAH is in line with the results of the first cross-over randomized 

controlled trial (RCT) of iron supplementation in IPAH patients with iron deficiency. Single infusion of 

ferric carboxymaltose (1000 mg) was well tolerated and restored iron stores to iron replete levels in 

62% of IPAH patients. No effect of iron treatment was found on either primary or secondary outcomes. 

Secondary analyses found no effect of the magnitude of improvement in iron availability on change in 

disease severity and exercise measures from baseline to 12 weeks. The conclusions from these two 

approaches (MR and RCT) suggest that iron deficiency is not a powerful therapeutic target in PAH and 

therefore not a priority for future clinical studies. 

Genome- and transcriptome-wide eQTL-mapping in a cohort of IPAH patients identified hundreds of 

potentially novel expression quantitative trait loci (eQTL) colocalizing with twice the proportion of 

GWAS loci for lung-related phenotypes than eQTL validated by population-based studies. Apart from 

pulmonary conditions, these novel eQTL specific to or active in PAH could be useful in understanding 
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genetic risk factors for other diseases that share common mechanisms with PAH, such as those with 

immune dysregulation.  

The use of genetic epidemiology to investigate causal relationships and assess the genetic architecture 

shared between PAH and other candidate phenotypes could lead to improved understanding of PAH 

mechanisms and identify PAH risk factors and potential therapeutic targets. Such analyses will be 

made more powerful by increasing the accuracy of PAH genetic effect estimates through extensive 

collaboration, and by improving QTL definitions of phenotypes relevant to PAH. 
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1 Introduction 

1.1 Pulmonary Hypertension  

Pulmonary hypertension (PH) is a heterogenous group of diseases that affects an estimated 1% of 

the global population (Hoeper et al., 2016). It is more prevalent in those over the age of 65 and it can 

complicate common diseases such as lung and left-side hearted diseases. PH is defined as an 

increase in mean pulmonary arterial pressure (PAP, ≥20 mmHg) (Simonneau et al., 2019) at rest and 

is divided into five subgroups based on similarities in pathology and clinical presentation devised by 

the World Health Organization (WHO) (Table 1.1).  

WHO group 1 PH, pulmonary arterial hypertension (PAH) (Table 1.1, WHO group 1.) is a devastating 

rare disease with an estimated prevalence of 7-26 cases/million in the developed world (Hoeper et 

al., 2016). Despite increased awareness and new therapeutic options, annual mortality remains 

around 10% (Hoeper et al., 2016). It is one of the pre-capillary forms of PH defined by an elevated 

mean PAP and a pulmonary arterial wedge pressure (PAWP) ≤15 mmHg, as diagnosed by right heart 

catheterization (Galie et al., 2016). PAWP estimates pressure in the left atrium with high values 

suggesting left ventricular failure. In addition to the increased PAP above 20 mmHg and PAWP below 

15 mmHg, PAH diagnostic criteria includes increased pulmonary vascular resistance (PVR) above 3 

Wood units. Increased PVR is caused by the vasoconstriction and structural remodeling of 

pulmonary arterioles that eventually leads to right ventricular hypertrophy and end-stage heart 

failure (Stacher et al., 2012). Despite increased awareness and new therapeutic options, PAH 

presents with substantial morbidity and mortality (3-year survival rate between 40% - 75%) (Hoeper 

et al., 2016).  

1.2 Epidemiology of PAH 

PAH can develop as a complication of connective tissue diseases (CTD), portal hypertension, 

congenital heart disease (CHD), infection with the human immunodeficiency virus or schistosomiasis 

and as a result of exposure to certain toxins. The phenotype of PAH has changed considerably over 

the last few decades. The mean age of patients diagnosed increased from 36 (±15) in the National 

institutes of Health registry in 1981 to 50-65 (±15) in present day registries (McGoon et al., 2013) 

whilst 5-year survival improved from 34% in the 1990s to 65% at present (Wilken et al., 2019) owing 
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to new treatment options being developed and applied in clinical practice. The diagnosis of PAH in 

the elderly could reflect improved awareness and case finding in the medical community rather than 

changing epidemiology. This explanation is supported by the mean age of diagnosis of registries in 

the developing world which resembles that of the Western registries three decades ago (McGoon et 

al., 2013). Historically, PAH was predominantly diagnosed in young to middle aged women. Female 

sex as a risk factor for PAH is emphasized by a higher penetrance of PAH in women (42%) than men 

(14%) in carriers of pathogenic mutations in the gene encoding the bone morphogenetic protein 

type II receptor (BMPR2) (Larkin et al., 2012) which is identified as the cause of most heritable cases 

of PAH (Lane et al., 2000, Machado et al., 2001). This sex predominance is not as clear in elderly PAH 

cohorts as observed in a collection of 28 registries across Europe reporting a female-male ratio of 

1.2:1 in the elderly cohort (median age 71 years) in contrast to the ratio of 2.3:1 in the younger 

cohort with a median age of 54 (Hoeper et al., 2013). In the aging PAH population, comorbidities 

common to old age such as systemic hypertension, obesity and type II diabetes further complicate 

treatment plans and pharmacotherapy of PAH. An alternative to greater awareness as an 

explanation to an increased prevalence in the aging PAH population is the misdiagnosis of elderly 

idiopathic cases with undiagnosed left heart disease (Halpern and Taichman, 2009).  

The proportions of PAH subtypes (Table 1.1) in registries differ between the developed and 

developing world. In Western countries, the largest subgroup is idiopathic (IPAH) and heritable PAH 

(HPAH) accounting for 30-50% of all PAH cases, whereas in developing countries  PAH subgroups 

associated with other conditions are dominant (Lau et al., 2017). In China, 43% of all PAH cases come 

from the congenital heart disease associated subgroup reflecting uncorrected congenital heart 

defects (Lau et al., 2017). In Brazil, where schistosomiasis is an endemic, schistosomiasis infection 

associated PAH makes up 20% of all PAH cases (Alves et al., 2015). 
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1. Pulmonary arterial hypertension (PAH)  

1.1. Idiopathic  
1.2. Hereditary  

1.2.1. BMPR2 mutation  

1.2.2. Other mutations (SMAD9, ACVRL1, CAV1, KCNK3, TBX4) 

1.3. Induced by drugs and toxins  

1.4. Associated with:  

1.4.1. Connective tissue disease  

1.4.2. HIV infection  

1.4.3. Portal hypertension  

1.4.4. Congenital heart disease  

1.4.5. Schistosomiasis  

  

1′. Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis  

1′.1. Idiopathic  

1′.2. Hereditary  

1′.2.1. EIF2AK4 mutation  

1′.2.2. Other mutations  

1′.3. Induced by drugs, toxins, and radiation  

1′.4. Associated with:  

1′.4.1. Connective tissue disease  

1′.4.2. HIV infection  

  

1″. Persistent pulmonary hypertension of the newborn  

  

2. Pulmonary hypertension due to left heart disease  

2.1. Left ventricular systolic dysfunction  

2.2. Left ventricular diastolic dysfunction  

2.3. Valvular disease  

2.4. Congenital/acquired obstruction of the left ventricular inflow/outflow tract and congenital cardiomyopathy  

2.5. Congenital or acquired pulmonary vein stenosis  

  

3. Pulmonary hypertension due to respiratory disease and/or hypoxemia  

3.1. Chronic obstructive pulmonary disease  

3.2. Diffuse interstitial lung disease  

3.3. Other lung diseases with mixed restrictive and obstructive pattern  

3.4. Sleep disordered breathing  

3.5. Alveolar hypoventilation  

3.6. Chronic exposure to high altitudes  

3.7. Lung development disorders  

  

4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions  

4.1. Chronic thromboembolic pulmonary hypertension  

4.2. Other pulmonary artery obstructions  

4.2.1. Angiosarcoma  

4.2.2. Other intravascular tumors  

4.2.3. Arteritis  

4.2.4. Congenital pulmonary artery stenosis  

4.2.5. Parasitosis (hydatid disease)  

  

5. Pulmonary hypertension with unclear and/or multifactorial mechanisms  

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

5.2. Systemic diseases: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis, neurofibromatosis  

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

5.4. Other: pulmonary tumor thrombotic microangiopathy, fibrosing mediastinitis, chronic renal failure 

(with/without dialysis), segmental pulmonary hypertension Table 1.1 Clinical Classification of Pulmonary Hypertension. 
Adapted from Galie` et al 2016. The five main World Health Organization (WHO) subclasses are in bold. BMPR2 
= bone morphogenetic protein receptor type 2; EIF2AK4 = Eukaryotic Translation Initiation Factor 2 Alpha 
Kinase 4. 
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1.3 Mechanisms of PAH 

The remodeling of the pulmonary arteries in PAH 

illustrated in Figure 1.1 (Ramakrishnan et al., 2018, 

Stacher et al., 2012) affect all layers of the vessel, 

namely the intima (lining of the artery comprised of 

endothelial cells), media (middle layer comprised of 

smooth muscle cells – SMCs - of varying depth), and 

the adventitia (outer layer of connective tissue 

comprised of fibroblasts), resulting in a severe 

decrease in the size of the lumen and elasticity of the 

vessel, increasing pulmonary vascular resistance and 

the workload of the right heart (Schermuly et al., 

2011). Reduced levels of the vasodilators nitric oxide 

(NO) (Ghofrani et al., 2004) and prostacyclin (also 

called prostaglandin I2) (Christman et al., 1992) and 

increased levels of the vasoconstrictors endothelin 

(Giaid et al., 1993) and thromboxane (Christman et al., 

1992) in PAH patients lead tovasoconstriction and 

proliferation of the arterial SMCs. In PAH, distal pre-

capillary arteries and the proximal muscular arteries 

undergo severe muscularization via SMC proliferation 

induced by various possible mediators, such as 

serotonin (5-HT) (Eddahibi et al., 2006), or certain 

vasoactive mediators (Davie et al., 2002), and growth 

factors. Muscularized proximal arteries can 

subsequently form complex glomeruloid-like structures 

termed plexiform lesions (Figure 1.1). These plexiform 

lesions express vascular endothelial growth factor 

(VEGF) and VEGF receptors, however the role of VEGF has so far been uncertain with its 

upregulation in hypoxia-induced rats and downregulation in the monocrotaline induced rat model 

(Schermuly et al., 2011). Other growth factors implicated in PAH and vascular remodeling include 

basic fibroblast growth factor, epidermal growth factor, platelet derived growth factor and 

hepatocyte growth factor.  

 

Figure 1.1 Remodeled pulmonary artery.  
Top: Remodeled pulmonary arteriole from a 
patient with idiopathic pulmonary arterial 
hypertension taken after lung transplantation. 
Proliferation of the smooth muscle cells in the 
media led to thickening of the arteriole wall 
and narrowing of the lumen. Reprinted from 
Ramakrishnan et al. (2018). Pulmonary Arterial 
Hypertension: Iron Matters. Frontiers in 
Physiology. Bottom: The arrow points at a 
plexiform lesion fed by a muscular artery 
(arrowheads). Scale bar = 100 µm. Reprinted 
from Stacher et al. (2012). Modern age 
pathology of pulmonary arterial hypertension. 
AJRCCM. 



19 
 

Inflammation is suspected to be a major contributor to PAH (Rabinovitch et al., 2014). Autoimmune 

conditions, such as systemic lupus erythematosus and scleroderma (Dib et al., 2012) and infectious 

diseases, such as human immunodeficiency virus (HIV) and schistosomiasis infections can lead to 

PAH, suggesting a link with immunity. Animal studies show that overexpression of the cytokine 

interleukin-6, (Steiner et al., 2009) or induction of the Th2 immune response (Daley et al., 2008) 

result in the development and progression of pulmonary vascular remodeling. Despite the 

convincing evidence in animal models, blocking inflammation has been unsuccessful for all but one 

subtype of PAH. In a south Indian cohort of 24 female patients with systemic lupus erythematosus-

associated PAH, administration of the immunosuppressant cyclophosphamide in combination with a 

vasodilator (conventional therapy for IPAH) resulted in an improvement in NYHA functional class and 

an improvement in certain haemodynamic parameters (Kommireddy et al., 2015). A few 

explanations as to why immunosuppression would not work in a wider group of patients despite 

inflammation being universally present in PAH include a potentially dual role (both protective and 

deleterious) of inflammation in PAH (Kumar and Graham, 2018), the importance of inflammation in 

the development but not the maintenance of PAH and inflammation simply being an 

epiphenomenon in certain subtypes of PAH. 
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1.4 Genetic background of PAH 

Heritable PAH (HPAH) – the subtype that makes up < 10% of all PAH cases – segregates in an 

autosomal dominant manner. Heterozygous mutations in the bone morphogenetic protein type II 

receptor gene (BMPR2) have been identified as the major cause of HPAH (Lane et al., 2000) 

accounting for 53% to 86% of PAH patients with a family history and 14% to 35% of those with 

idiopathic PAH (Machado et al., 2015).  Over six hundred germline variants (corresponding to 384 

independent variants) have been described in PAH in a 2015 study (Machado et al., 2015) More 

recently, a whole-genome sequencing study involving 1,048 PAH cases from the heritable, idiopathic 

(IPAH) and anorexigen-induced PAH classes reported 76%, 12% and 8% of patients harboring 

previously reported and novel mutations in BMPR2, respectively (Graf et al., 2018). Patients with 

BMPR2 mutations are normally younger at diagnosis, have worse hemodynamic parameters and a 

worse prognosis and are less likely to respond to vasodilator therapy compared with other patients 

in the same PAH class without BMPR2 mutations (Evans et al., 2016). Incomplete penetrance (42% in 

women and 12% in men) (Larkin et al., 2012) of BMPR2 and a variable age of onset between cases 

carrying the same BMPR2 mutations indicates that these heterozygous germline mutations are not 

sufficient for the development of PAH and that their effect has to be complemented by other 

genetic and/or environmental factors. 

BMPR2 belongs to the group of bone morphogenetic proteins (BMP) of the transforming growth 

factor β (TGF-β) superfamily involved in fundamental cellular processes, such as apoptosis, 

proliferation, differentiation and migration. The list of genes underlying PAH is growing with new 

genes being identified in HPAH and IPAH cases, many of which are part of the BMP signaling 

pathway. Established genes harboring rare pathogenic mutations contributing to the development 

of PAH are summarized in Table 1.2. Genes other than BMPR2 in the TGF-β pathway include ACVRL1 

and ENG, which together with BMPR2 form the BMPR2–ACVRL1–ENG receptor complex (David et al., 

2009) and underlie an infrequent form of PAH associated with hereditary hemorrhagic 

telangiectasia. In some rare cases ACVRL1 and ENG mutations have been identified in PAH patients 

without hereditary hemorrhagic telangiectasia, although typically in early-onset cases (Machado et 

al., 2015). Mutations in genes, in particular SMAD5 and SMAD9, coding the BMP-specific series of 

cytoplasmic intermediary receptors called SMADs (mothers against decapentaplegic homolog) have 

been identified in PAH patients in multiple cohorts (Nasim et al., 2011, Graf et al., 2018). Two 

sequencing studies from Europe (Graf et al., 2018) and China (Wang et al., 2019) have reported 

deleterious mutations in the GDF2 gene encoding bone morphogenetic protein 9 (BMP-9) that binds 

various TGF-β receptors and activates SMADs. 
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Rare and deleterious mutations in genes not involved in the TGF-β pathway including KCNK3 (Ma et 

al., 2013, Graf et al., 2018) which encodes a potassium channel, and the scaffolding protein coding 

CAV1 (Austin et al., 2012, Southgate et al., 2020) have been reported by multiple studies. The 

transcription factor coding TBX4, an essential regulator of embryonic development was first 

reported to harbor mutations in paediatric cases of PAH (Zhu et al., 2018, Kerstjens-Frederikse et al., 

2013) and later on in adult onset cases too (Graf et al., 2018).  
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Gene 
symbol 

Gene name Function References 

BMPR2 Bone morphogenetic protein 
type 2 receptor 

Type II receptor of the TGF-β family of signaling molecules. It forms a complex type 
I receptors such as ALK1/2/3/6 and BMPR1A or BMPR1B and activates intracellular 
SMAD proteins leading to target gene expression in the nucleus.  

(Lane et al., 2000, 
Machado et al., 2015, Graf 
et al., 2018) 

ACVRL1/ALK1 Activin A receptor like type 1/ 
Activin receptor-like kinase 1 

Type I receptor of the TGF-β family of signaling molecules It forms a complex with 
BMPR2 and ENG. 

(Harrison et al., 2003, 
Harrison et al., 2005, Graf 
et al., 2018) 

ENG Endoglin Type III (accessory) receptor of the TGF-β family of signaling molecules It forms a 
complex with BMPR2 and ALK1. 

(Harrison et al., 2003, Graf 
et al., 2018) 

SMAD5, 
SMAD9 

Mothers against 
decapentaplegic homolog 

SMAD proteins transduce signals from TGF-β family members to the nuclear 
chaperone SMAD4.  

(Nasim et al., 2011, Graf 
et al., 2018) 

CAV1 Caveolin 1 Scaffold protein, main component of the caveolae plasma membranes found in 
most cell types and a regulator of BMP2‐induced SMAD signaling. 

(Austin et al., 2012, Zhu et 
al., 2018) 

KCNK3 Potassium channel subfamily K 
member 3 

pH-sensitive potassium channel, regulates the resting membrane potential in a 
variety of cell types. 

(Ma et al., 2013, Graf et 
al., 2018) 

GDF2 Growth differentiation factor 2 Encodes the bone morphogenetic protein-9 ligand which binds several TGF-β 
receptors. 

(Wang et al., 2019, Graf et 
al., 2018) 

TBX4 T-box transcription factor 4 Transcription factor involved in embryogenesis, especially in the development of 
hindlimb. 

(Kerstjens-Frederikse et 
al., 2013, Zhu et al., 2018, 
Graf et al., 2018) 

Table 1.2 Genes hosting rare pathogenic mutations in pulmonary arterial hypertension.
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The common genetic variation of IPAH and HPAH was first investigated by a genome-wide 

association study (GWAS) (Germain et al., 2013) involving 625 PAH patients and 1,525 healthy 

controls. This reported one locus, namely CBLN2, above genome-wide significance (P ≤ 5x10-8). This 

locus was not replicated by the largest to-date PAH GWAS (Rhodes et al., 2018) using whole-genome 

sequence and genotyping array data from multiple cohorts totaling 11,744 individuals including 

2,085 PAH cases. Rhodes et al. reported two loci above genome-wide significance near SOX17 and in 

HLA-DPA1/DPB1, respectively. Experimental analyses showed that risk variants near SOX17 exhibit 

enhancer activity and regulate SOX17 expression (Rhodes et al., 2018). SOX17 is involved in the 

development of vascular endothelium and its deletion leads to abnormal pulmonary vascular 

development in mice (Lange et al., 2014). Rare deleterious variants in SOX17 have also been 

reported (Graf et al., 2018) , highlighting its importance in the pathogenesis of PAH. 
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1.5 Therapeutic options for PAH 

Therapeutic options at present target vascular remodeling in PAH in an attempt to reduce right 

ventricular afterload and postpone right heart failure. In current PAH therapy, three pathways of 

vasoconstriction and cell proliferation are targeted, namely the prostacyclin, NO and endothelin 

pathways. These three main pathways are targeted by five classes of agents (Table 1.3) often used in 

the form of combination therapy, which has been shown to improve outcomes (Galie et al., 2016).  

Pathway Drug type Generic names 

Endothelin 1 Endothelin receptor antagonists Bosentan 
Ambrisentan 
Macitentan 

Prostacyclin Prostanoids Epoprostenol 
Treprostinil 

Iloprost 

Prostacyclin IP receptor agonist Selexipag 

Nitric oxide PDE5 inhibitors Sildenafil 

Soluble guanylate cyclase stimulator Riociguat 

Table 1.3 Pathways of disease mechanism in PAH targeted by current pharmacotherapy, drug classes and 
generic names. 
Definition of abbreviations: PDE5 = phosphodiesterase 5. 

1.5.1 Endothelin 1 (ET-1) 

Two types of endothelin (ET) receptors, the ETA and ETB subtypes are targeted by ET 1. The A 

subtype is highly expressed in pulmonary artery SMCs while the B subtype is expressed both in the 

SMCs and endothelial cells of the pulmonary artery. ETB receptors facilitate ET-1 clearance and 

induce the release of vasodilator NO and prostacyclin (Hirata et al., 1993). Bosentan and macitentan 

target both ETA and ETB subtypes, whilst ambrisentan selectively targets the A subtype.  

1.5.2 Phosphodiesterase 5 

Phosphodiesterase enzymes regulate the breakdown of cyclic guanosine monophosphate (cGMP), 

an intracellular regulator that induces smooth muscle relaxation. Phosphodiesterase type 5 (PDE5) is 

highly expressed in the lung of PAH patients and can be inhibited by the drugs sildenafil and tadalafil 

to prevent cGMP hydrolysis (Galiè et al., 2005).   
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1.5.3 Soluble guanylate cyclase 

Soluble guanylate cyclase (sGC) converts guanosine 5′-triphosphate into cGMP, leading to smooth 

muscle relaxation of the pulmonary arteries. Riocigulat, a stimulator of sGC can exert its effect both 

by stabilizing the NO-sGC complex (NO is an activator of sGC) and by stimulating sGC directly in the 

absence of NO (Ghofrani et al., 2013).  

1.5.4 Prostanoids 

Prostanoids are prostacyclin analogues which bind to prostacyclin receptors and lead to the 

production of cyclic adenosine monophosphate triggering vasodilation. The intravenous drug 

epoprostenol is regarded the therapy of choice for severe PAH (Barst et al., 1996). The chemically 

more stable Treprostinil (Jing et al., 2013) which can be administered via several routes is approved 

only in the United States at present. Iloprost (Olschewski et al., 2002) is an inhalable alternative of 

epoprostenol  

1.5.5 Prostacyclin IP receptor agonist 

Selexipag is the newest approved treatment for PAH (Sitbon et al., 2015). It selectively binds 

prostacyclin IP receptors (also called prostaglandin I2 receptors) unlike prostacyclin analogues 

mentioned above that have an affinity for all types of prostacyclin receptors. Selexipag can be 

administered orally and has a longer half-life than other prostanoids.  
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1.6 Iron homeostasis and iron biomarkers 

The circulation of iron in blood plasma is facilitated by the glycoprotein, transferrin, which binds 

Fe(III) and delivers it to cells where it is taken up via the transferrin receptor. Transferrin in humans 

is normally 30% saturated with iron. Transferrin saturation levels much lower (< 16%) or much 

higher (> 45%) than that indicate iron deficiency or iron overload, respectively. Dietary iron 

absorption is capped at 1-2 mg per day to compensate for iron loss. Since there is no mechanism for 

the excretion of excess iron, absorption must be tightly controlled. Macrophages recycle and store 

about 20-25 mg of iron internally from aged erythrocytes. The stored iron in macrophages and other 

iron storing cells can be released into the circulation via ferroportin (Figure 1.2). The liver is the 

primary site of iron storage and it secretes hepcidin, the master regulator hormone of iron 

absorption and release. Hepcidin inhibits iron release from iron storing cells and enterocytes in the 

duodenum through binding to and internalizing ferroportin for lysosomal degradation (Figure 1.2). 

Iron is stored in the form of ferritin inside cells and serum ferritin levels are a useful indicator of 

cellular iron stores; however they are raised by inflammation to minimize iron available to 

pathogens. Ferritin levels are therefore disproportionately high in diseases with an inflammatory 

component, such as autoimmune disease, infections, chronic kidney disease, and cancer (Hentze et 

al., 2010).  

Hepcidin plays a pivotal role in regulating iron homeostasis in the body. The production of hepcidin 

is increased when circulating and stored iron levels are high and in the presence of inflammation and 

infections (Figure 1.2). The production of hepcidin is inhibited by erythropoiesis, low iron levels and 

hypoxia (Figure 1.2), (Camaschella, 2015). The regulation of hepcidin production occurs at the level 

of transcription. Hepcidin transcription heavily depends on bone morphogenetic protein (BMP) 

signaling. Activation of the BMP receptor (BMPR) leads to the phosphorylation of the receptor-

activated SMAD (RSMAD) protein, which then forms a transcriptional complex with SMAD4 and 

translocates into the nucleus to activate the expression of HAMP, the gene coding for hepcidin 

(Figure 1.2), (De Domenico et al., 2007). Erythropoiesis requires considerable amounts of iron with 

about 25 mg per day used for haemoglobin synthesis. The erythropoiesis stimulating hormone 

erythropoietin (EPO), reduces hepcidin and can overrule signals of hepcidin production. EPO likely 

suppresses hepcidin production by inducing erythropoiesis given that blocking erythropoietic activity 

prevents this effect (Pak et al., 2006). Growth differentiation factor-15 and twisted gastrulation-1 are 

released by erythroid precursor cells and inhibit BMP dependent activation of hepcidin transcription 

(Hentze et al., 2010).  
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Hypoxia refers to the deficiency in the amount of oxygen available for the living organism. Iron and 

oxygen metabolism are closely connected by erythropoiesis, as iron deficiency resulting in 

insufficient supply of iron for erythrocyte production leads to low levels of tissue oxygenation, aka 

tissue hypoxia, in the absence of low oxygen levels. Studies in mice and rats demonstrated that 

hypoxia leads to higher iron absorption and erythropoiesis (Mendel, Simpson). Hypoxia-inducible 

factors (HIF) play an important role in iron sensing and regulation. HIFs are transcription factors that 

initiate expression of a multitude of gene products with functional roles in erythropoiesis (↑EPO, 

↑TfR, ↑transferrin, ↑ferroportin, ↓hepcidin), local oxygen delivery (inducible nitric oxide synthesis 

and vascular endothelial growth factor) and cellular metabolism under hypoxic conditions 

(Peyssonnaux et al., 2008). In the presence of oxygen, HIFs are hydroxylated by iron-dependent 

prolyl-hydroxylases (PHD) and degraded via its interaction with the von Hippel-Lindau tumor 

suppressor protein. PHDs enzymes require iron as a cofactor, the lack of which results in low PHD 

activity and stabilization of HIF (Ivan et al., 2001).  

Iron deficiency can be defined as the decrease of the body`s total iron content, whereas iron 

deficiency anemia refers to iron deficiency severe enough to reduce erythropoiesis. Even though 

diagnostic criteria for anemia are straightforward with a haemoglobin threshold of 13 g/dL in men 

and 12 g/dL in women, the combination of iron biomarkers and levels of cut-off used for the 

definition of iron deficiency are more arbitrary. Serum ferritin levels lower than 30 ng/L indicate the 

presence of iron deficiency in healthy individuals, although in the presence of inflammation ferritin 

levels are disproportionately high which makes it unsuitable as a diagnostic biomarker for iron 

deficiency in individuals with chronic disease. A soluble form of the membrane receptor that binds 

transferrin has been identified to circulate in plasma as a complex of transferrin and its receptor 

(Shih et al., 1990). The vast majority (~80%) of transferrin receptors (TfR) are found in the erythroid 

marrow. Soluble TfR (sTfR) measured in the serum reflects the amount of cell-bound TfR originating 

almost exclusively from erythroblasts (R'Zik and Beguin, 2001). Raised sTfR levels are seen in 

increased erythropoiesis and functional tissue iron deficiency and are unaffected by inflammation 

(Cook et al., 1990) making it a better biomarker than ferritin, iron and transferrin in diseases with an 

inflammatory component, such as PH. 
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Figure 1.2 Regulation of hepcidin 
production.  
A: Dietary iron is taken up by enterocytes 
in the duodenum and released into the 
circulation via ferroportin. Iron is loaded 
onto transferrin molecules that 
transports iron in the blood stream. B: 
Hepatocytes of the liver sense the 
saturation level of transferrin molecules 
and respond to systemic availability of 
iron accordingly. When transferrin 
saturation goes up, HFE interacts with 
TfR2 and signals via ERK/MAPK to 
activate HAMP expression, the gene that 
codes for hepcidin. Binding of BMP to 
BMPR leads to the generation of 
phosphorylated RSMADs which form 
dimers with SMAD4 and travels to the 
nucleus where it activates hepcidin 
transcription. Erythropoiesis blocks BMP-
dependent activation of hepcidin 
transcription via the hormone EPO and 
erythroid factors GDF-15 and TWSG1. 
Cytokines such as IL-6 also trigger 
hepcidin production via STAT3 activation. 
C: Cells that store and utilize iron have 
TfR1 on their surface to bind the 
transferrin-iron complex and internalize 
iron. Iron is stored bound to ferritin inside 
the cell and released back into the blood 
stream via ferroportin. Definition of 
abbreviations: TfR1/TfR2 = transferrin 
receptor 1 and 2; BMP = bone 
morphogenic protein; IL-6 = interleukin-6; 
EPO = erythropoietin; GDF-15 = growth 
differentiation factor-15; TWSG1 = 
twisted gastrulation-1; BMPR = bone 
morphogenic protein receptor. 
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1.7 Iron deficiency in PAH 

Little is known about the causal mechanisms and environmental exposures contributing to the 

pathogenesis of IPAH. Previous work has shown that in IPAH iron deficiency with or without anemia 

is both common (40% - 60%) and associated with poor prognosis, reduced exercise capacity and 

worsening hemodynamics (Ruiter et al., 2011, Soon et al., 2011, Rhodes et al., 2011a, Krasuski et al., 

2011).  Soon et al. found 50% of pre-menopausal women and 28% of men with IPAH to be iron 

deficient, whilst only 8% of pre-menopausal women and 2% of men in the control group consisting 

of chronic thromboembolic PH (CTEPH) patients had iron deficiency. Interestingly, the difference in 

prevalence was not significant between IPAH (14.3%) and CTEPH (6.5%) in post-menopausal women 

despite the larger sample size. Iron deficient status was defined by decreased ferritin levels (< 10 

µg/L) with an elevated or normal transferrin (normal range 2.2 - 4.0 g/L) and normal C-reactive 

protein level. (Soon et al., 2011). Ruiter et al. found iron deficiency in 43% in a cohort of IPAH 

patients using transferrin saturation (< 15% in women and < 20% in men) and serum iron (< 10 

µmol/L) as their cut-off values. Iron deficiency was equally common in pre- and post-menopausal 

women with a prevalence of 50% and 44%, respectively. Six-minute walk distance was significantly 

higher in iron replete patients; however, it did not differ between anemic and non-anemic 

individuals. Oral iron treatment of iron deficient patients increased ferritin levels in only 56% of 

patients, while in 44% it did not restore ferritin to normal levels (Ruiter et al., 2011). Rhodes and 

colleagues used soluble transferrin receptor (sTfR) levels above 28.1 nmol/L for the definition of iron 

deficiency and found 63% of their IPAH cohort to be iron deficient. They found hepcidin to be 

abnormally high in IPAH compared to healthy controls and to not correlate with interleukin-6 or C-

reactive protein levels, suggesting that the phenomenon was not due to inflammation. A significant 

proportion of IPAH patients with iron deficiency had inappropriately high hepcidin levels, suggesting 

abnormal hepcidin production could contribute to iron deficiency observed in IPAH. High sTfR levels 

were associated with increased functional class (increased disease severity), lower 6-minute walk 

distance and higher mortality in IPAH. Rhodes et al. also showed that BMPR2 knockout in liver cells 

leads to increased hepcidin levels as a response to BMP-6 stimulation (Rhodes et al., 2011a). BMPs 

bind activin type II receptors, in addition to BMPR, leading to SMAD-mediated hepcidin expression. 

Yu and colleagues demonstrated that ablation of BMPR2 in pulmonary artery smooth muscle cells 

augmented signaling by BMP-6 and BMP-7 via the activation of activin type II receptors (Yu et al., 

2005). Atkinson et al. measured BMPR2 expression in the lungs of associated-, idiopathic and 

heritable PAH patients and found that BMPR2 expression was the lowest in the lungs of those 

harboring BMPR2 mutations, but mutation-negative idiopathic and associated PAH patients also had 
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significantly lower BMPR2 levels than controls with associated PAH patients showing the smallest 

difference (Atkinson et al., 2002). Reduced levels of BMPR2 in PAH patients may result in abnormally 

high hepcidin levels even in the presence of iron deficiency, which might explain the ineffectiveness 

of oral iron therapy in IPAH patients observed by Ruiter et al. (Ruiter et al., 2011). 

The biological rationale behind iron deficiency as a risk factor for PAH is served by multiple shared 

mechanisms between iron homeostasis and PAH. The iron deficient state is akin to being in a hypoxic 

environment. A physiological link between iron status and response to hypoxia exists in healthy 

volunteers whereby iron supplementation attenuates the pulmonary vasoconstriction and vascular 

resistance induced by hypoxia (Smith et al., 2008, Smith et al., 2009, Frise et al., 2016). Table 1.4 

summarizes the evidence available to date on iron supplementation in attenuating pulmonary 

vasoconstriction in response to hypoxia in healthy individuals. This relationship between hypoxia 

and iron availability could be driven by iron’s role in stabilizing HIFs, thereby mimicking the hypoxic 

state (see Iron homeostasis and iron biomarkers above) (Ivan et al., 2001).  

Pathways of vascular remodeling – a hallmark of PAH – and iron homeostasis are interconnected by 

the role of the hepcidin/ferroportin axis in proliferative responses of human pulmonary artery SMCs. 

Hepcidin and interleukin-6 have been shown to induce pulmonary artery SMC proliferation by 

cellular iron retention achieved by hepcidin causing the degradation of ferroportin. This proliferative 

response was successfully reversed by stabilizing ferroportin expression thus inducing cellular iron 

excretion (Ramakrishnan et al., 2018). Ruiter et al. observed that oral iron therapy was effective in 

only half of IPAH patients with iron deficiency measured by serum ferritin levels, suggesting reduced 

iron absorption (Ruiter et al., 2011). Rhodes et al (Rhodes et al., 2011a) have argued that dietary iron 

absorption might be impaired by abnormally high levels of hepcidin in IPAH. 

Iron homeostasis and endothelial dysfunction in PAH may also be connected through the imbalance 

between vasoconstrictors and vasodilators in PAH, namely endothelin 1 (ET1) and nitric oxide (NO). 

High iron levels were shown to reduce the expression of NO-synthase (Weiss et al., 1994) and iron 

loading in individuals with hereditary hemochromatosis has been linked to increased thickness of 

the carotid artery and reduced vasodilation through impaired endothelial function (Gaenzer et al., 

2002). 

The results of intervention studies investigating the effects of iron supplementation in PAH patients 

are not conclusive, with some improvement shown in certain outcomes (Table 1.4). However, 

evidence from a randomized controlled trial (RCT) of iron supplementation in PAH is lacking. An 

open label pilot study involving twenty IPAH patients with iron deficiency reported improved iron 

status, 6-minute walk distance (6MWD) and quality of life (QoL) two months after a single infusion of 
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1000 mg ferric carboxymaltose (Viethen et al., 2014). A subsequent, again open label, clinical study 

found no significant change in 6MWD (P = 0.07) three months after receiving 1000 mg of 

intravenous iron in fifteen IPAH patients with iron deficiency, although it reports restored iron levels 

of patients as well as improved exercise endurance capacity and QoL scores (Ruiter et al., 2015). A 

case report described substantial improvement of the symptoms of a 59-year-old woman with 

scleroderma-induced PAH and iron deficiency anemia after being treated with oral ferrous sulphate, 

indicating iron deficiency as a risk factor and/or an easily treatable comorbidity in PAH (Table 1.4) 

(Mehmood et al., 2016). 
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Author Study type Participants and study design Endpoints Results Reference 

PAH 
Viethen et 
al 

Intervention 
study, not 
randomized, 
not placebo 
controlled 

20 PAH patients (14 IPAH, 6 CTD PAH) with ID received single 
infusion of ≤ 1000mg ferric carboxymaltose. 20 matched PAH 
patients (13 IPAH, 4 CTD PAH, 3 CHD PAH) without ID did not 
receive infusion and served as controls. Assessment at baseline 
and at 8 weeks. 

Iron status, 
6MWD, CPET, 
QoL 

All iron parameters improved (P < 
0.001); 6MWD improved (P = 0.007); 
QoL improved (P = 0.01); Anaerobic 
threshold improved (P = 0.03). 

(Viethen et 
al., 2014) 

Ruiter et 
al 

Intervention 
study, not 
randomized, 
not placebo 
controlled 

30 IPAH patients with ID received single infusion of ≤ 1000mg 
ferric carboxymaltose. 
Assessment at baseline and at 12 weeks. 

Iron status, 
6MWD, 
NYHA class, 
CPET, 
RV function, 
QoL, Skeletal 
muscle 
oxygen 
handling 

Time to anaerobic threshold 
increased (P < 0.001); Exercise 
endurance capacity improved ( P < 
0.001); QoL improved (P < 0.05); 
Myoglobin concentration improved 
(P < 0.05); Mitochondrial oxidative 
capacity (P < 0.05) improved; 
Myoglobin protein content 
improved (P < 0.05). 

(Ruiter et al., 
2015) 

Mehmood 
et al 

Case report A 59-year-old woman with scleroderma-associated PAH and an 
implantable hemodynamic monitor had worsening NYHA class 
III symptoms and was found to have ID anemia. Oral ferrous 
sulfate (325 mg three times a day) treatment was initiated. 

NA After 6 months haemoglobin and 
iron levels normalized, cardiac 
output increased, RV function 
improved, NYHA functional class 
improved to class II. 

(Mehmood 
et al., 2016) 

Hypoxic pulmonary vasoconstriction 

Smith et al Controlled 
crossover study 

Iron group: 
8 healthy volunteers 
not randomized, 
received saline first, 1 
week later 200 mg 
iron(III)‐hydroxide 
sucrose. Protocol: 
infusion, acute hypoxic 
challenge, 8 hrs in 
hypoxia chamber 
followed by another 
round of acute hypoxic 
challenge. 

DFO group: 
8 healthy volunteers 
randomized, received either saline 
or 4g/70kg desferrioxamine 
mesylate 1 week apart. Protocol: 
acute hypoxic challenge, infusion 
over 8 hrs followed by another 
round of acute hypoxic challenge. 

PASP  
ΔPASP 

Iron prevented the rise in PASP after 
8 hrs of hypoxia (P < 0.001) and also 
in ΔPASP during second acute 
hypoxic challenge ( P = 0.002). 
DFO increased basal PASP (P < 
0.001) and ΔPASP (P = 0.01). 

(Smith et al., 
2008) 



33 
 

Table 1.4 Summary table of intervention studies to date investigating the effects of iron supplementation on outcomes in pulmonary arterial hypertension and studies 
investigating the role of iron availability in the pulmonary vasoconstrictive response to hypoxia in healthy individuals. 
Definition of abbreviations: PAH = pulmonary arterial hypertension; CTD PAH = connective tissue disease-associated PAH; CHD PAH = congenital heart disease-associated 
PAH; ID = iron deficiency; 6MWD = 6-minute walk distance test; CPET = cardiopulmonary exercise testing; QoL = quality of life questionnaire; NYHA class = New York Heart 
Association functional classification; RV = right ventricular; DFO = desferrioxamine (iron chelator); PASP = pulmonary artery systolic pressure; ΔPASP = PASP response to 
acute hypoxia; CMS = chronic mountain sickness; CO = cardiac output. 

 

Smith et al Randomized, 
double-blind, 
placebo-
controlled trial 

Healthy group: 
22 sea level resident 
men studied for one 
week at Cerro de Pasco, 
Peru (altitude 4,340 m). 
On the 3rd day 
participants received 
200 mg iron(III)‐
hydroxide sucrose or 
saline placebo. 

CMS group: 
11 high altitude resident men 
suffering from CMS at Cerro de 
Pasco studied for one month. CMS 
is often treated with venesection 
which induces ID. Venesection was 
performed during the first 4 days 
(2L blood in total) followed by 
either 400 mg iron(III)‐hydroxide 
sucrose or saline placebo. On day 
25 the saline and iron groups were 
crossed over. 

Iron status 
PASP 
CO 

In the healthy group, rise in PASP 
due to ascend to high altitude was 
attenuated by iron infusion (P = 
0.01). Iron status was reduced by 
the 3rd day at high altitude (P < 
0.01). In the CMS group, iron was 
depleted (P < 0.001) by venesection 
accompanied by an increase in PASP 
(P = 0.03). PASP was not significantly 
different (P = 0.64) between the 
group that received iron first and 
the one that received saline first. 

(Smith et al., 
2009) 

Frise et al Controlled 
observational 
study 

13 ID and 13 iron replete healthy participants. Both groups 
were assessed before and after 6 hrs hypoxic exposure on the 
1st day. On the 2nd day, both groups received iron infusions and 
the assessment was repeated. 

Iron status 
PASP 
CO 

On the 1st day, baseline PASP did not 
differ between groups. After 6 hrs 
hypoxia PASP was higher in the ID 
group (P < 0.001). On the 2nd day, 
rise in PASP was reduced in both 
groups by iron infusion and the 
absolute reduction was greater in 
the ID group (P = 0.035). 

(Frise et al., 
2016) 
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1.8 Causal inference in epidemiology 

The cause of an event can be defined as a factor or characteristic 

that was necessary for the event to occur at the time it occurred, 

holding all other factors constant. It is important to note the 

difference between a causal factor and a causal mechanism, a 

causal mechanism is sufficient by itself to cause the event and is 

often referred to as the sufficient cause, whilst a causal factor is a 

component of the causal mechanism insufficient to cause the 

event, often termed as the component cause.  The true onset of a 

disease can be thought of as the completion of the sufficient 

cause and refers to the start of the disease process rather than 

the appearance of the symptoms (Rothman and Greenland, 2005). 

In biology and disease, most if not all components of the sufficient 

cause are unknown (Rothman, 1976). Various causal mechanisms 

can underlie a given disease comprising a number of component 

causes that jointly produce the disease. Figure 1.3 illustrates this 

multicausality model, where either one component cause is 

neither necessary nor sufficient for the disease to occur. For 

instance, component cause B in Figure 1.3 is not sufficient in itself 

to cause the disease in individual I. and II., hence the other five 

components in both sufficient causes. Component B may not be 

necessary either, as there are multiple causal mechanisms leading 

to the disease and not all of them include component B, as in individual III. in Figure 1.3. However, a 

cause need not be necessary or sufficient to be responsible for some cases of disease which can be 

prevented by blocking that single component. 

Identifying possible environmental factors (hereon referred to as exposures) that could play a role in 

disease development is not an easy task. Unless the disease of interest is a monogenic disease with 

very high penetrance, the causes are likely to be part genetic and part environmental with the 

interaction of these two making identifying individual components even more challenging. In 

epidemiology, observational studies where the researcher has no control over the study population 

are the main source of putative causal factors of human disease for hypothesis generation. 

Observational studies are inherently (i.e. by design) prone to biases giving rise to spurious 

associations between exposures and outcomes that fail to replicate in RCTs. Beta-carotene 

 

Figure 1.3 Causal pie model. 
 Three minimally sufficient causal 
mechanisms leading to the same 
disease in three hypothetical 
individuals. Each wedge in the pie 
charts represents a component 
cause. 
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supplementation for the prevention of malignant tumors and cardiovascular disease (Hennekens et 

al., 1996) and antioxidant vitamin supplementation for the improvement of outcomes in individuals 

suffering from diabetes and/or coronary heart disease (Group, 2002) are examples of spurious 

associations from observational studies that led to negative RCTs. The reasons that lead to the 

estimate of an association and the true causal effect not being equal are collectively called biases. 

Reverse causation is one type of bias observational studies suffer from and it refers to the uncertain 

temporality of the relationship between exposure and outcome. For example, associations between 

biomarkers and disease do not provide information about the direction of the effect (if any) as 

perturbed biomarker levels are often caused by the disease process. The term confounding is used in 

epidemiology for when the exposure and the outcome share the same cause but are not causally 

linked. In Figure 1.4, a hypothetical observational study is divided into two groups based on whether 

or not they are exposed to a risk factor of interest (gray are exposed, green are unexposed). There 

are many more disease cases (red cross) observed in the exposed group which might suggest that 

the putative risk factor plays a role in the development of the disease. However, an unmeasured or 

unknown confounder (red outline) drives this association causing both the disease and the putative 

risk factor. The 2x2 contingency table in Figure 1.4 shows that 55% of individuals with the 

confounder develop the disease while this is only 9% in those without the confounder. Since the 

exposed (gray) group has a higher proportion of confounded individuals than the unexposed (green) 

group, the exposure shows an association with the disease when the confounder is not taken into 

account. 
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Figure 1.4 Schematic diagram of confounding in epidemiology. 
Gray individuals form the exposed group in an observational study whilst green individuals are unexposed to 
the exposure of interest. The red cross signifies disease or outcome of interest. Individuals with a red outline are 
exposed to the confounder or common cause of both the exposure and outcome of interest. The 2x2 table on 
the right shows disease counts for individuals with and without the disease, stratified by the confounding 
factor. 

Another source of bias in observational studies and major problem in today`s epidemiological 

research is called data-dredging. It refers to looking at a large number of associations in datasets 

with many exposure and outcome variables of which only a few associations passing the universally 

accepted significance threshold of P<0.05 will be real associations. The significance test of P<0.05 is 

often misinterpreted as the collection of tests which are false positives in only 5% of the cases, 

whereas the P<0.05 can be compatible with the majority of associations being false positives (Smith 

and Ebrahim, 2002). 
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1.9 Mendelian Randomisation 

The use of genetic variants as instrumental variables as an alternative to clinical trials for testing 

causality have gained popularity in recent years. Instrumental variables outside of genetic 

epidemiology have been widely used in econometrics and rely on the central idea that when a 

variable - called the ‘instrument’ – unrelated to the biases of the exposure and outcome association 

is identified and used instead of the exposure itself, an unbiased causal inference can be made 

(Angrist and Krueger, 2001). The collection of methods for the application of genetic variants as 

unbiased instruments was termed Mendelian Randomisation (MR). The approach of MR is built on 

Mendel`s second law – the law of random assortment - which states that traits segregate 

independently from one another. These randomly segregating traits in Mendel`s second law are the 

different alleles present in a population which refer to the different forms of genetic variants 

detectable at a genetic locus. In brief, each individual inherits two alleles (one on each chromosome 

in the pair) at a specific genetic locus often referred to as one`s ‘genotype’, which could be 

homozygous in case the two alleles are identical or heterozygous when the two alleles are different. 

A genotype is said to be polymorphic when there is more than one allele present in the population. 

These polymorphisms can produce phenotypic differences which mirror the biological effects of 

environmental influences or exposures; therefore, they can be used as instruments in testing 

exposure-outcome relationships for causality. The above-mentioned features of genetic 

polymorphisms provide the opportunity for conducting natural experiments which can be thought of 

as randomized trials where individuals are randomly allocated at conception to a treatment or 

exposure group based on their genotypes. MR has been successfully used to help prioritize or 

deprioritize intervention and drug targets for several diseases (Pichler et al., 2013, Collaboration et 

al., 2011, Interleukin-6 Receptor Mendelian Randomisation Analysis et al., 2012, Lewis et al., 2011, 

Palmer et al., 2013). In general, candidate drugs with genetic evidence for effectiveness are more 

successful in drug trials compared to those without such genetic support (King et al., 2019).  

The association between higher levels of the amino acid homocysteine and increased coronary heart 

disease (CHD) risk is a great example of how MR can be used to test an exposure-outcome 

relationship for causality. The homocysteine-CHD relationship is of great public health interest as it 

would be an easy intervention target for lowering CHD burden, since homocysteine can be easily 

lowered by a moderate increase in folate consumption (Collaboration, 1998). However, an observed 

association does not necessarily imply that intervening on the exposure, in this case lowering 

homocysteine levels with folate, would lead to a change in the outcome, in this case CHD. To 

robustly assess whether homocysteine is causally linked to CHD, lengthy and expensive randomized 
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trials of folate supplementation are needed. Alternatively, a functional genetic polymorphism in the 

MTHFR gene (at base 677), which is involved in homocysteine metabolism provides the opportunity 

of a natural experiment. Individuals with the MTHFR substitution C->T have reduced activity of the 

enzyme methylene tetrahydrofolate reductase involved in the conversion of folate to 5-methyl 

tetrahydrofolate. Since 5-methyl tetrahydrofolate is needed for the conversion of homocysteine to 

methionine, reduced levels lead to higher levels of homocysteine. Therefore, if higher homocysteine 

levels lead to increased CHD risk, individuals with the 677-TT genotype should be at higher risk of 

developing CHD than those with the 677-CC genotype. Given the random assortment of alleles as 

stated by Mendel`s Second Law, the two groups based on the MTHFR genotype should not differ 

with respect to any known or unknown confounders of the homocysteine-CHD relationship, such as 

socioeconomic and behavioral factors. Also, since the genotype of an individual is determined at 

conception, the association between genotype and disease should always go in the direction of 

genotype to disease. 

The schematic of an MR study using the MTHFR genotype as an instrument for homocysteine levels 

is presented in Figure 1.5. Several MR studies investigating the relationship of homocysteine and 

CHD were meta-analyzed by Klerk et al. (Klerk et al., 2002) who found that the combined causal 

effect from 40 MR studies that used the MTHFR genotype as an instrument for impaired folate 

metabolism resulting in high homocysteine levels was very close to the effect estimate from the 

largest meta-analysis of observational studies (Collaboration, 2002), suggesting the protective effect 

of folate against CHD. The amount of homocysteine increase attributable to the 677-TT genotype 

(2.6 µmol/L) was estimated to increase CHD risk by 16% (95% CI = 1.05 – 1.28) in the MR meta-

analysis and by 17% (95% CI = 1.10 – 1.25) in the meta-analysis of observational studies. 

 

Figure 1.5 Mendelian Randomisation analysis of homocysteine and coronary heart disease. 
Definition of abbreviations: MTHFR = methylene tetrahydrofolate reductase; CHD = coronary heart disease. 
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Equal distribution of confounding factors between genotype groups and no reverse causality in MR 

studies only hold true when genetic instruments are valid. The core assumptions of MR methods are 

discussed in detail in the Methods section. 

1.10 Expression quantitative trait loci 

Genome-wide association studies (GWAS), facilitated by the growing availability of genotyping and 

sequencing technologies, identify ever more common and low-frequency genetic variants associated 

with various disease definitions and quantitative phenotypes. As of March 5, 2020, the curated 

database of NHGRI-EBI GWAS Catalog (Buniello et al., 2019) contained 97,567 unique genome-wide 

significant genotype-phenotype associations reported by over three thousand published GWAS 

(Figure 1.6). The genome-wide significance threshold (P ≤ 5x10-8) reflects the number of 

independent common (minor allele frequency ≥ 5%) genetic variants throughout the genome- and 

therefore the number of independent tests, in European populations (Altshuler et al., 2005). 

Although GWAS discoveries have led to novel biological insight into disease mechanisms (Visscher et 

al., 2017), most genetic loci are located in the non-coding space of the genome (Maurano et al., 

2012) and are not directly informative or pinpoint the causal genes, making the interpretation of 

GWAS results very challenging. Over three quarters of such non-coding genome-wide significant 

associations lie within DNase I hypersensitivity sites, characteristic of open chromatin structures in 

active regions of the genome and frequently overlap transcription factor recognition sequences 

within these sites, suggesting a regulatory instead of a gene product altering role for the majority of 

GWAS loci (Maurano et al., 2012).  

Expression quantitative trait loci (eQTL) refer to genetic variants associated with the expression of a 

gene reflecting transcriptional regulatory relationships and are identified using methods similar to 

the GWAS strategies of other quantitative phenotypes (Michaelson et al., 2009). In recent years, 

eQTL mapping studies of transcriptome-wide gene expression in population-based studies have 

identified regulatory variants for a large proportion of tested genes and found that these eQTL often 

colocalize with GWAS loci of disease susceptibility and other quantitative traits (Zhernakova et al., 

2017, Joehanes et al., 2017, Westra et al., 2013), offering a handle on linking GWAS loci to biology. 

However, it should be noted that genetic control of disease susceptibility and all other phenotypes 

should be investigated in the context of environmental stimuli with which genetic effects are 

interlinked (Tam et al., 2019). For example, genetic susceptibility to obesity is highly dependent on 

and interacts with external environmental risk factors in the development of obesity, a condition 
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highly influenced by the environment (Reddon et al., 2016). Apart from the well-established tissue- 

or cell type specificity of eQTL effects (Aguet et al., 2019), environmental context, such as the 

activity of certain signalling pathways, can also modify transcriptional genetic control, especially 

genetic effects of genes that are differentially expressed upon the stimulus or stimuli under 

investigation (Grundberg et al., 2011, Zhernakova et al., 2017). This implies that eQTL studies of 

affected individuals characterized by signalling pathways important for the maintenance of disease 

pathobiology could be valuable sources of novel eQTL effects unobserved in healthy population-

based studies. Previous work shows that various stimuli including inflammatory cytokines (Fairfax et 

al., 2014), viral (Çalışkan et al., 2015) and bacterial (Barreiro et al., 2012) infections uncover so-called 

`response eQTL` effects otherwise unobserved in the absence of the stimulus in question. 

Furthermore, such response eQTL were enriched in GWAS loci of related and relevant phenotypes, 

for instance response eQTL to Mycobacterium tuberculosis infection colocalized with GWAS loci for 

pulmonary tuberculosis susceptibility in the study of Barreiro et al.  
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Figure 1.6 NHGRI-EBI Catalog of published genome-wide association studies (GWAS). 
Diagram showing genotype-phenotype associations discovered by GWAS on the twenty-two autosomal- and the X chromosomes with p-values less than 5x10-8, colored 
according to trait categories. The diagram was downloaded and contains all associations hosted on the GWAS Catalog website (https://www.ebi.ac.uk/gwas) on March 5, 
2020. 

 

https://www.ebi.ac.uk/gwas
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1.11 Summary of background 

Dysfunctional iron homeostasis is a hypothetical therapeutic target of interest in PAH; however, iron 

deficiency and its causes in other forms of PH have not been well characterized and it could be 

present in other pre- and also post-capillary forms of PH. The significance of iron deficiency in PAH 

development or prognosis is not yet clear as previous observational and open-label studies 

investigating this relationship were not designed to test causality. Current efforts characterizing 

common genetic variation underlying PAH susceptibility and the completion of the first randomized 

controlled trial of iron replacement therapy in PAH enable these questions of causality to be 

addressed. Genetic approaches, such as Mendelian Randomisation, to testing causality requires not 

only large sample sizes but also well-defined quantitative trait loci (QTL) for intermediate 

phenotypes (gene expression, protein levels, metabolites, etc.). These QTL often colocalize with 

susceptibility loci discovered in GWAS and they have been shown to heavily depend on tissue or cell 

type as well as the environmental context i.e. molecular milieu within the tissue/cell. This implies 

that QTL can be used to identify candidate genes and pathways of interest in disease development, 

but also that certain QTL effects cannot be detected in healthy individuals without the relevant 

stressors or stimuli and may be better characterised in the disease state.  

1.12 Hypothesis 

Iron deficiency is a common finding in PH but has a causal role in the pathogenesis of PAH and iron 

replacement will improve measures of disease severity. The genetic control of transcription differs 

between healthy individuals and individuals with PAH. 

1.13 Aims 

1. Assess the prevalence and severity of iron deficiency in a large cohort of pulmonary 

hypertension patients with varied etiologies referred to the National Pulmonary Hypertension 

Service at Hammersmith. 

2. Test the observed relationship between red cell distribution width, a proxy for iron deficiency, 

and the development of PAH for causality in a Mendelian Randomisation framework.  

3. Analyze the results of the first randomized controlled trial of iron supplementation in iron 

deficient idiopathic PAH patients. 
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4. Uncover potential PAH-specific expression quantitative trait loci using transcriptome-wide 

gene expression and whole genome sequencing data from the UK PAH Cohort and the UK 

National Institute for Health Research BioResource studies.
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2 Materials and methods 

2.1 Definition of patient groups 

Pulmonary hypertension (PH) is defined as an increase in mean pulmonary arterial pressure (≥20 

mmHg) (Simonneau et al., 2019) at rest and is divided into five subgroups based on similarities in 

pathology and clinical presentation devised by the World Health Organization (WHO) (Introduction 

Table 1.1). 

Most analyses in this thesis were focused on WHO group 1 PH including idiopathic, hereditary or 

anorexigen-associated pulmonary arterial hypertension (PAH) patients. PAH was defined by 

internationally agreed criteria, specifically mean pulmonary artery pressure >25mmHg, pulmonary 

vascular resistance >3 Woods and pulmonary capillary wedge pressure <15 mmHg. PAH and other 

PH diagnostic subgroups were defined by haemodynamic criteria measured at right heart 

catheterization according to international guidelines (Galie et al., 2016). 

PH groups 3 and 5, namely PH due to respiratory disease and/or hypoxemia and PH with unclear 

and/or multifactorial mechanisms (Table 1.1) were not included in these analyses, because most 

patients belonging to these two groups get referred to other PH services (e.g. Royal Free Hospital) 

and thus the number of samples available is not sufficient to do a well-powered survey of iron status 

in these patient groups. 

2.2 Definition of iron deficiency in the National Pulmonary Hypertension Service 

Blood biomarkers were measured at the clinical pathology laboratory at Hammersmith Hospital. 

Soluble transferrin receptor (sTfR) levels and interleukin-6 (IL-6) levels were determined by enzyme-

linked immunosorbent assay and hepcidin was measured by competitive radioimmunoassay. 

Ferritin, iron and transferrin were measured by standard clinical pathology accredited hospital 

assays. 

In the National Pulmonary Hypertension Service (NPHS) cohort, iron deficiency was defined by the 

combination of low ferritin (< 100 µg/L) and low transferrin saturation (TSAT) (< 20%) or by high sTfR 

levels (> 28.1 nmol/L, upper limit of normal range in healthy volunteers of clinical lab assay) alone. 

Thresholds for ferritin and TSAT were more liberal than those used for the definition of iron 
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deficiency in healthy individuals (ferritin < 30 µg/L and TSAT < 16%) to account for iron sequestration 

in chronic disease. The NPHS cohort was divided into four groups based on their iron status; those 

who are classified as iron deficient based on their sTfR levels only (referred to as ‘sTfR-only’), those 

iron deficient based on their ferritin and TSAT levels only (‘Ferr-TSAT-only’), those meeting both 

criteria (‘Ferr-TSAT+sTfR’) and finally those who meet neither and are therefore considered iron 

replete. 

2.2.1 Iron biomarkers in chronic disease 

Diagnosing iron deficiency based on clinical blood biomarkers in individuals with chronic disease is a 

challenging task as chronic disease itself and iron deficiency are the two most common causes of 

anaemia (Cash and Sears, 1989). Iron deficiency in individuals with chronic disease may be diagnosed 

by a bone marrow biopsy stained for iron, determining the absence of iron stores, although the 

procedure is invasive and expensive. Conventional blood biomarkers used for the assessment or iron 

status in healthy individuals including serum iron, transferrin and ferritin are confounded by the 

cytokines active in inflammatory or immune responses. 

The circulating (soluble) form of transferrin receptors (sTfR) has been reported as a marker of iron 

deficiency unaffected by inflammation, providing an alternative for bone marrow biopsies in 

patients with acute or chronic inflammation (Punnonen et al., 1994, Cook et al., 1990). Transferrin 

receptors facilitate cellular iron uptake and are expressed in response to cellular iron requirement. 

Circulating sTfR is formed through the proteolysis of the membrane-bound receptor and originate 

primarily from erythroblasts in the bone marrow (Shih et al., 1990, R'Zik and Beguin, 2001). Levels of 

sTfR moderately increase in individuals with iron deficiency without anaemia and are more 

drastically elevated in iron deficiency anaemia when marrow functional iron deficiency develops 

(Punnonen et al., 1994), although high values are not specific to iron deficiency and are also 

observed in conditions associated with increased erythropoiesis (Mast et al., 1998). In a study using 

bone marrow biopsies or response to iron therapy for the detection of iron deficiency, sTfR showed 

high sensitivity (~100%) identifying most iron deficient individuals, but varied specificity in healthy 

individuals (specificity = 84%), anaemic individuals (specificity = 42%) and in individuals with 

microcytic anaemia (specificity = 65%) (Mast et al., 1998).  

Studies in patients with inflammatory diseases indicated that sTfR levels might not distinguish 

accurately among patients with and without iron deficiency. In rheumatoid arthritis, sTfR levels show 

a positive correlation with inflammatory cytokines (Zoli et al., 1994) and levels are similar between 

iron replete and deficient patients whilst being generally higher in both patient groups than in 

healthy individuals (Nielsen et al., 1994). In a study of patients with chronic inflammatory diseases, 
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sTfR was elevated in 27% of individuals with normal or increased iron stores assessed by bone 

marrow staining (Juncà et al., 1998). Remacha et al. suggested the use of a higher sTfR cut-off (55 

mmol/L) for the diagnosis of iron deficiency in individuals with chronic disease than that used in 

healthy individuals (Remacha et al., 1998). Combining ferritin and sTfR in a ratio (sTfR/ferritin) was 

proven useful in diagnosing iron deficiency in rheumatoid arthiritis patients (Bultink et al., 2001, 

Suominen et al., 2000). Bultink et al. reported improved specificity for sTfR/ferritin (94%) and the 

combined cut-off (97%) of sTfR and ferritin (sTfR > 29.4 nmol.L and ferritin < 50 µg/L) compared to 

the estimated specificities of sTfR (81%) and ferritin (84%) alone (Bultink et al., 2001). While iron 

stores are sufficient, sTfR is a marker of erythropoietic activity until the iron needs of erythropoiesis 

are not met and it becomes a marker of iron deficiency. In patients with chronic diseases, sTfR levels 

may remain in the normal range despite depleted iron stores due to inflammatory cytokines 

suppressing erythropoiesis (Nielsen et al., 1994) or may be elevated despite adequate iron stores 

because of increased erythropoietic activity (Mast et al., 1998). The combined use of ferritin and 

sTfR was also suggested based on bone marrow biopsies in a heterogenous patient cohort with 

various diagnoses including blood cancers, human immunodeficiency virus and other infections and 

chronic inflammatory diseases, where sTfR/ferritin showed both high specificity (93%) - comparable 

to that of ferritin alone - and high sensitivity (67%) - comparable to that of sTfR - in identifying iron 

deficiency (Means Jr et al., 1999). Similar studies using bone marrow staining to evaluate the 

sensitivity and specificity of iron indices in identifying iron deficiency have not been conducted in 

pulmonary hypertension to date. However, the results from the studies mentioned above (Nielsen et 

al., 1994, Juncà et al., 1998, Remacha et al., 1998, Mast et al., 1998, Means Jr et al., 1999, Suominen 

et al., 2000, Bultink et al., 2001) suggest that a higher sTfR cut-off than that used in healthy 

individuals might be needed in disease and that sTfR and ferritin in comination are the best blood 

biomarkers for distinguishing iron deficiency from anaemia of chronic disease in a wide range of 

chronic diseases. 
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2.3 Whole-genome DNA sequencing in the NIHRBR study 

2.3.1 Next generation sequencing 

Next generation sequencing (NGS) is an umbrella term referring to all novel technologies used for 

determining the sequence of nucleotides in a stretch of DNA. These massively parallel and high 

throughput technologies reduced the cost of sequencing - historically done by the Sanger dideoxy 

method - which meant it became widely available to research groups. The human genome is 

comprised of three billion nucleotide bases with millions of nucleotides being different between any 

two individuals` genomes. Large-scale human genome sequencing projects such as the 1000 

Genomes Project (Auton et al., 2015) or the most recent Haplotype Reference Consortium (HRC) 

(the Haplotype Reference et al., 2016) aimed at characterizing and aggregating this variation in 

thousands (in the 1000 Genomes Project) or tens of thousands of people by the HRC. The 1000 

Genomes Project provided the foundation for method development into analyzing sequencing data 

and has been an invaluable source of global human genetic variation for inferring untyped (i.e. not 

present on the array used for genotyping) genetic variants in genome-wide association studies 

(GWAS) (Birney and Soranzo, 2015). Inference of untyped genotypes, or as commonly called 

genotype imputation, has become widely available owing to the HRC reference panel (the Haplotype 

Reference et al., 2016) and the freely available services of the Sanger Imputation Service 

(https://imputation.sanger.ac.uk/) and the Michigan Imputation Server 

(https://imputationserver.sph.umich.edu/). 

NGS technologies that started to emerge after 2005 can be divided into two main categories: 

luminescence-based technologies used by Illumina, Roche, Life Technologies (SOLiD) and BGI and the 

electrical-charge-based technologies used by Oxford Nanopore, Pacific Biosciences, Life 

Technologies (Ion Proton, Ion PGM), Helicos and ZS. Main steps prior to sequencing involve i) the 

preparation of the DNA library (DNA fragmentation and attachment of primer and adapter 

sequences), ii) the amplification of the DNA fragments either by using primers attached to a solid 

surface (Illumina), called solid-phase polymerase chain reaction (PCR) or by emulsion PCR using 

microbeads (Roche454/Ion Torrent/Life Technologies).  

The luminescence-based technology called ‘reversible termination sequencing’ developed by 

Illumina currently dominates the market with superior output and lower reagent costs than that of 

their competitors. To ensure a detectable signal, DNA fragments are amplified on the array by PCR 

bridge amplification and form clusters of identical DNA sequences. Illumina requires short DNA 

fragments, typically 100 bp, and a typical run can last for multiple days with the industrial NextSeq 

https://imputationserver.sph.umich.edu/
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and HiSeq series. Illumina sequencing chemistry works on the basis of sequence by synthesis, 

whereby DNA fragments are extended by repeated cycles of single base incorporation directed by 

polymerase. Reversible terminators (nucleotides: A, C, G and T) are fluorescently labelled with 

different color fluorophores, which are removed in each cycle after imaging. The sequence of each 

cluster of DNA fragment is determined by quantifying the fluorescent signal from each cycle and 

applying a base-calling algorithm (Bentley et al., 2008). 

2.3.2 The NIHRBR study 

PAH patients with whole genome sequence (WGS) data contributing to the analyses in this thesis 

were recruited into the UK National Institute for Health Research BioResource (NIHRBR) study 

(https://bioresource.nihr.ac.uk/) which facilitated the whole-genome sequencing of 1,026 PAH 

patients from the idiopathic-, heritable- and drug-induced WHO class 1 pulmonary hypertension 

subclasses. Detailed description of the NIHRBR cohort as well as WGS procedures and variant calling 

have been described elsewhere (Graf et al., 2018).  

In brief, DNA extracted from venous blood was prepared using the Illumina TruSeq DNA PCR-Free 

Sample Preparation kit (Illumina Inc., San Diego, CA, USA) and whole-genome sequenced with 

Illumina HiSeq 2500 or HiSeq X sequencer, generating 100 - 150 bp reads with a minimum coverage 

of 15X for ~95% of the genome (mean coverage of 35X). Read length chemistries changed from 100 

bp to 125 bp and finally to 150bp which was taken into account in all analyses. Sequencing reads 

were pre-processed by Illumina with Isaac Aligner and Variant Caller (v2, Illumina Inc.) using human 

genome assembly GRCh37 as reference. Variants were normalised and merged into a multi-sample 

variant call format (VCF) file using the gvcf aggregation tool ‘agg’.  

2.4 RNA sequencing in the PAH Cohort study 

2.4.1 RNA sequencing 

The information stored in genes in the form of DNA is transcribed into RNA which is then translated 

into protein as stated by the central dogma of molecular biology (Crick, 1970).The transcriptome of a 

cell or tissue is defined as the collection of RNA molecules that regulates its biological activity. The 

development of NGS technologies led to the improvement of gene expression quantification 

methods which historically relied on hybridization-based or Sanger sequencing techniques (Kukurba 

and Montgomery, 2015). RNA sequencing (RNASeq) starts with the isolation of RNA followed by its 

fragmentation to the desired length and its conversion by reverse transcriptase to complementary 

DNA (cDNA). The quality of the isolated RNA is usually assessed using an Agilent Bioanalyzer and 
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given an RNA Integrity Number - or RIN for short – that ranges from 1 to 10 (most to least RNA 

degradation). NGS library construction then involves attaching oligonucleotide adapters to the 

fragments and quantifying the resulting product. Since ribosomal RNA (rRNA) is the most abundant 

form of RNA in a sample, targeting polyadenylated messenger RNA (mRNA) molecules before library 

preparation is crucial for obtaining the desired depth of sequence coverage (Head et al., 2014, 

Kukurba and Montgomery, 2015). 

2.4.2 PAH Cohort study 

Patients with idiopathic, heritable or drug-induced PAH were recruited from expert centres across 

the UK as part of the PAH Cohort study (www.ipahcohort.com). 359 PAH patients - of which 276 

patients also had their genomes sequenced as part of the WGS effort in the NIHRBR study - from the 

PAH Cohort study had their transcriptomes profiled through RNAseq. 

Whole blood (3 ml) was collected in Tempus™ Blood RNA Tubes, which were stored at -80 oC until 

required. RNA was extracted using a Maxwell® 16 Tissue LEV Total RNA Purification Kit (Promega, 

Madison, WI, USA). All samples submitted for sequencing had a 260/230 ratio >1.5, a 260/280 ratio 

between 1.9-2.1 and an RNA integrity number (RIN)>7 as determined by Bioanalyser (Agilent, Santa 

Clara, CA, USA). Globin-Zero Gold rRNA Removal Kits (Illumina Inc, San Diego, CA) were used to 

remove ribosomal RNA contamination from whole blood RNA samples. 75 bp paired-end sequencing 

on Illumina Hiseq4000 was performed on pooled multiplexed libraries of ~80 samples on 9 

sequencing lanes. 

Fastq files (raw reads from RNAseq) were analysed using Salmon v0.9.1 (Patro et al., 2017) and 

GENCODE release 28 to produce transcript abundance estimates which were converted to gene 

expression data using tximport in R (Soneson et al., 2015). Salmon, the first transcriptome-wide 

quantifier to correct for fragment GC-content bias was used, which substantially improves the 

accuracy of abundance estimates and the sensitivity of subsequent differential expression analysis 

(Patro et al., 2017).  

  

http://www.ipahcohort.com/
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2.5 Expression quantitative trait loci mapping in PAH 

‘Omics’ in gen-omics, transcript-omics, prote-omics, metabol-omics, epigen-omics and microbi-

omics refers to the global assessment of a set of molecules present at a given time in an organism. 

Integrating genomic data (genome-wide genetic data) with global gene expression profiles 

(transcriptomic data) enabled the characterization of genetic control over gene expression which 

can help bridging the gap between disease susceptibility loci discovered in genome-wide association 

studies (GWAS) and biology (Zhernakova et al., 2017, Joehanes et al., 2017, Westra et al., 2013). 

Genetic regions that influence gene expression are commonly referred to as expression quantitative 

trait loci (eQTL). Apart from gene expression, quantitative trait loci have been described for several 

biological stages or intermediate phenotypes such as proteins (pQTL) (Battle et al., 2015), 

metabolites (mQTL) (Nath et al., 2017), gut microbes (mbQTL) (Bonder et al., 2016) ,methylation 

(meQTL) (Hannon et al., 2017), histone modification (hQTL) (McVicker et al., 2013) and more, 

creating layers of information in the cascade of events between disease-associated genetic loci and 

complex phenotypes.  

For the mapping of eQTL in PAH patients, genetic variants with a minimum minor allele frequency of 

5% were extracted from the NIHRBR variant call format (VCF) files and further filtered for variants 

called in at least 95% of the samples and had a p-value greater than 10-5 for Hardy Weinberg 

equilibrium. Various software tools were used in the eQTL mapping pipeline including PLINKv1.90 

(Chang et al., 2015) for data extraction and computing multidimensional scaling components, 

QCTOOLv2.0 (Band and Marchini) for variant filtering, QUICKTESTv1.1 (Johnson et al., 2009) for 

association testing, and ANNOVAR (Wang et al., 2010) for variant annotation. 
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2.6 Mendelian Randomisation: one-sample design and assumptions. 

An introduction to the concept of Mendelian Randomisation (MR) and an example for its application 

are given in the Introduction (0). Since the first application of a genetic instrument to assess the 

effectiveness of allogenic sibling bone marrow transplantation in acute myeloid leukaemia published 

in 1991 (Gray and Wheatley, 1991), ongoing development of MR methodology has led to more 

sophisticated techniques allowing the use of summary-level data both boosting statistical power and 

circumventing the need for sharing individual-level information (Bowden et al., 2015, Bowden et al., 

2016, Burgess et al., 2017a, Burgess et al., 2020). Initial MR studies used a single genetic instrument 

in one study sample with data available for the genetic polymorphism, the exposure and the 

outcome of interest. The causal effect in the one-sample setting can be estimated with two-stage 

least squares (2SLS) regression (Burgess et al., 2017b) as shown in Figure 2.1 below, using the causal 

relationship between homocysteine and coronary heart disease (CHD) as an example. 

 

Figure 2.1 Two-stage least squares regression for estimating causal effect in the one-sample setting. 
Definition of abbreviations: MTHFR = methylene tetrahydrofolate reductase; CHD = coronary heart disease. 

In the first stage of the 2SLS regression (Figure 2.1), homocysteine is regressed on the MTHFR 677 

genotype and – given that the effect of the genetic instrument is significant - fitted homocysteine 

values from the model are taken to the next stage of the regression. In the second stage, CHD is 

regressed on the fitted homocysteine values which estimates the effect of the genetically 

determined amount of homocysteine increase (in the above example 2.6 µmol/L) on CHD. 

However, the MR causal effect is an unbiased estimate of the real causal effect only if some 

assumptions hold true. These assumptions state that the genetic instrument is associated with the 

exposure (Figure 2.2/ 1.), the genetic instrument is independent of the outcome given the exposure 

(Figure 2.2/2.), and the genetic instrument is independent of all confounders, known and unknown, 
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that confound the exposure-outcome association (Figure 2.2/3.). In practice, only the first 

assumption can be tested, although known and measured confounders can be checked for their 

independence of the genetic instrument as an exploration of assumption three. 

 

Figure 2.2 Assumptions of Mendelian Randomization. 
Definition of abbreviations: MTHFR = methylene tetrahydrofolate reductase; CHD = coronary heart disease. 

An example for the violation of MR assumptions is the presence of a genetic variant in linkage 

disequilibrium (LD) – non-random association of alleles at two or more loci - with the genetic 

instrument which is associated with any of the confounders of the exposure-outcome relationship or 

affects the outcome via any other pathway (VanderWeele et al., 2014). Examples of genetic loci with 

multiple correlated alleles that affect disease risk - after conditioning on all other variants in the 

locus - are emerging as genetic association studies are becoming more powered to detect ever 

smaller effects (Evangelou et al., 2018, Mahajan et al., 2018, Eyre et al., 2012). Controlling for the 

potentially confounding genetic marker in LD with the instrument can solve the problem where 

there is knowledge of such an association. However, given the relatively short distances over which 

LD is seen in the human genome, the chances of a genetic variant influencing disease risk being 

associated with another variant influencing the disease are much less concerning than confounding 

present in observational studies (Davey Smith and Ebrahim, 2003).  

Genetic instruments prior to the emergence of large-scale genome-wide association studies (GWAS) 

and easily available summary-level data (Buniello et al., 2019) were mostly based on single well-

defined genetic loci often with functional evidence linking it to the exposure of interest, similar to 

the example of MTHFR and homocysteine. As the genetic susceptibilities of ever more phenotypes 
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are characterized through genotyping or sequencing efforts of disease-focused consortia (Harst and 

Verweij, 2018, Scott et al., 2012) and population-based studies (Bycroft et al., 2018), it is now 

feasible to investigate causal relationships between a large number of traits which presents new 

opportunities but also new pitfalls to consider. 

2.7 Mendelian Randomisation: two-sample design. 

Summary-level data of genetic effects from large consortia and population-based studies refer to the 

association estimates (beta coefficients and their standard errors) of genetic variants and 

phenotypes, often on the genome-wide scale. These summary estimates are often made publicly 

available by the consortium itself and on curated websites of genetic associations such as the 

NHGRI-EBI GWAS Catalog of published genome-wide association studies (Buniello et al., 2019) or the 

NCBI molecular QTL browser.  

Two-sample Mendelian Randomisation (MR) requires summary-level data for the genetic variants 

used as instruments for the exposure (usually variants that reached genome-wide or a study-specific 

significance threshold) on both the exposure and the outcome. The population in which the 

exposure (genetic) effects are estimated and the population in which the outcome (genetic) effects 

are estimated should be non-overlapping to avoid capturing the confounded association between 

the exposure and the outcome (Burgess et al., 2015).  

By using summary-level data, much larger sample sizes can be achieved through the meta-analysis of 

genetic effect estimates which, together with utilizing multiple instrumental variants, increases the 

power of MR studies. MR and instrumental variable analyses in general are low-power analyses due 

to the instrument explaining only a proportion of the exposure`s variability. The power of an MR 

analysis depends on the strength of the instrument i.e. the proportion of variation the genetic 

instrument explains in the exposure, the size of the underlying causal effect and the sample size 

available for the outcome (Burgess, 2014, Pierce et al., 2011). If the genetic instrument is weak, 

meaning it explains a small proportion of the variation in the exposure for the available sample size 

(Pierce et al., 2011), the MR causal estimate is biased towards the confounded observational 

exposure-outcome association. By combining multiple genetic variants in the instrument, the 

proportion of variation explained (R2) increases. 

Apart from boosting statistical power, using multiple genetic variants as instruments can shed light 

on possible violations of the assumptions of MR, as the chances of multiple independent variants all 
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being confounded (for example by nearby variants in LD) is increasingly smaller as the number of 

instrumental variants increases.  

Causal effect estimation in the two-sample MR setting with summary-level data is illustrated through 

the example of low-density lipoprotein (LDL) and coronary heart disease (CHD) (Figure 2.3). Since 

LDL is a more complex phenotype than levels of a specific protein or the transcript abundance of a 

gene, several genetic regions are associated with altered levels of LDL acting via distinct pathways 

and processes (Liu et al., 2017). 

All variants used as instruments provide a causal estimate for the relationship of LDL and CHD, also 

called the ratio estimate or Wald ratio given by simply dividing the variant`s effect on the outcome 

(CHD) by the variant`s effect on the exposure (LDL) as shown by the forest plot in Figure 2.3/b. Ratio 

estimates represent the change in the outcome per unit change in the exposure. These individual 

causal estimates are meta-analyzed to get an overall causal estimate whilst giving more weight to 

instrumental variants with precisely estimated effects on the outcome, by using the 

reciprocal/inverse of the variance [𝑠𝑌𝑘
−2

] (Burgess et al., 2015). 

The above described meta-analysis of ratio estimates is equivalent to regressing the variant-

exposure associations on the variant-outcome associations (Figure 2.3/a) with the same inverse 

variance weighting, whilst forcing the regression line to pass through the origin. The method is often 

referred to as the ‘inverse-variance weighted’ (IVW) method (Burgess et al., 2015) conventionally 

used in two-sample MR analyses. The causal estimate from the IVW method (βIVW) is: 

𝛽𝐼𝑉𝑊=

∑ 𝑋𝑘𝑌𝑘𝑠𝑌𝑘
−2𝐾

𝑘=1

∑ 𝑋𝑘
2𝑠𝑌𝑘

−2𝐾
𝑘=1

 

where: 
𝑘 is an index for each instrumental variant 
𝑋 is the effect estimate on the exposure 
𝑌 is the effect estimate on the outcome 

𝑠 is the standard error. 
 

The standard error of the causal estimate is: 

𝑠𝑒(𝛽𝐼𝑉𝑊) =  √
1

∑ 𝑋𝑘
2𝑠𝑌𝑘

−2𝐾
𝑘=1
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Figure 2.3 Mendelian Randomisation using summary-level data: low-density lipoprotein and coronary heart 
disease. 
a: Instrumental variant associations with low-density lipoprotein (LDL) levels and coronary heart disease (CHD) 
risk for eight genetic variants. Blue lines are 95% confidence intervals for the genetic associations. b: Individual 
causal estimates (odds ratio for CHD per 1-mmol/L increase in LDL) from the ratio method. The solid blue lines 
are 95% confidence intervals for the causal estimates; the dashed blue line is the (meta-analyzed) inverse-
variance weighted estimate. Reprinted from ‘Inferring Causal Relationships Between Risk Factors and 
Outcomes from Genome-Wide Association Study Data’ by Stephen Burgess et al., 2018, Annual Review of 
Genomics and Human Genetics, Vol. 19:303-327. 

LDL-variant and CHD-variant associations plotted against each other in Figure 2.3/a show a dose-

response relationship with variants that cause larger increase in LDL associated with higher CHD risk. 

When individual causal estimates from several genetic variants are mostly similar but some causal 

estimates differ sharply, this could be indicative of pleiotropic effects at those variants. In pleiotropy, 

a single genetic locus influences multiple phenotypes (Stearns, 2010). There are two types of 

pleiotropy: the desirable ‘vertical’ or ‘mediated’ pleiotropy which refers to a cascade of events (as in 

the example of LDL and CHD where variants affecting blood lipid levels also associate with CHD) and 

the problematic ‘horizontal’ or ‘biological’ pleiotropy where the genetic locus affects multiple 

phenotypes which are not all part of the same cascade of events. However, judgement on the 

validity of any genetic instrument should not be made based on its causal estimate being different 

from those of the other instrumental variants, unless there is biological knowledge justifying the 

exclusion of such variants. 

Alternative methods for causal effect estimation using summary-level data and multiple – often 

hundreds of – variants are constantly being developed. Methods such as the weighted-median or 

MR-Egger regression methods relax certain assumptions and are more robust to the inclusion of 
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invalid instruments (Bowden et al., 2015, Bowden et al., 2016), although they make their own 

assumptions. The use of likelihood-based methods is also possible and these have been described 

elsewhere (Burgess et al., 2013, Burgess et al., 2017b). 

In the MR analyses in this thesis, IVW and weighted median (WM) causal effects were calculated. 

The WM estimator will provide a consistent causal estimate when up to (but not including 50%) of 

the variants in the genetic instrument are invalid instruments, if no single variant contributes more 

than 50% of the weight (Bowden et al., 2016). Analogously to the IVW method (described above), a 

Wald ratio is calculated for each variant. These Wald ratios are then ordered and weighted by the 

same weights used in the IVW method (see above). Let wj be the weight of the jth ordered Wald 

ratio estimate. 

𝑠𝑗 =  ∑ 𝑤𝑘

𝑗

𝑘=1
 

where: 
k is an index for each of the variants used in the two-sample MR analysis 
w is the weight of the variant 
sj is the sum of weights up to and including the jth Wald ratio estimate  
 

The weights are standardized, so that the sum of weights is 1. The WM estimator is the median of 

the empirical distribution of weighted Wald ratios. Each Wald ratio is the 100(𝑠𝑗 − 
𝑤𝑗

2
)th percentile 

of this distribution. 

Assessing the causal relationship using more than one method and applying sensitivity analyses for 

detecting horizontal pleiotropy (Bowden et al., 2015) and outliers (Verbanck et al., 2018) can 

increase confidence in the results of the MR analysis.  
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2.8 Genetic effects for red cell distribution width and pulmonary arterial 

hypertension 

Effect estimates for genetic variants used as instruments in the Mendelian Randomisation analyses 

were derived from the summary statistics of the largest genome-wide association studies (GWAS) to 

date. Summary statistics comprise beta coefficients and standard errors taken from regression of the 

phenotype of interest on each genetic variant usually adjusted for sex and fine-scale population 

structure (Burgess et al., 2017a). 

Genetic instruments serving as a proxy for red cell distribution width (RDW) were obtained from the 

largest-to-date GWAS on hematological traits in 173,480 individuals from a population-based study 

involving the UK Biobank and INTERVAL cohorts (Astle et al., 2016). RDW-variant associations were 

estimated in a linear mixed model - which accounts for the genetic component of phenotypic 

correlation generated by relatedness - assuming an additive genetic model. Additional adjustments 

were made for recruitment center and the first ten principal components for large-scale population 

structure. 

The effects of RDW genetic instruments on PAH were derived from a recent GWAS of PAH 

susceptibility published by our group and others investigating the effects of common genetic 

variation on PAH risk involving a total of 11,744 individuals of which 2,085 were PAH cases (Rhodes 

et al., 2018). Effect estimates of the PAH GWAS were combined through the meta-analysis of four 

independent studies, one of which is the NIHRBR study with 847 PAH cases and 5,048 rare disease 

controls. The other major contributing study, the US PAH Biobank (PAHB) used a control population 

with mixed common diseases recruited from outpatient clinics (694 PAH cases and 1,560 controls), 

whilst the two smaller studies used population-based controls, with 269/275 PAH cases and 

1,068/1,983 controls in the PHAAR and BHFPAH studies, respectively. The association of PAH 

diagnosis with each available variant was tested in a logistic regression framework assuming a log-

additive genetic model adjusted for sex, read length chemistry (NIHRBR only), and population 

structure using the first four (NIHRBR and PHAAR), three (PAHB), or ten (BHFPAH) principal 

components. 
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2.9 Genetic risk score calculation in the VUMC study 

2.9.1 The VUMC study 

The hospital population-based Vanderbilt University Medical Centre (VUMC) study provided 

longitudinal clinical laboratory red cell distribution width (RDW) measurements, detailed clinical 

diagnoses and genome-wide genotype array data (genotyping platform: Illumina MEGAex) for 181 

idiopathic PAH patients and 27,995 common disease controls for the RDW and PAH observational 

and Mendelian Randomisation analyses. Individuals with conditions including polycystic kidney 

disease, chronic kidney disease, liver disease and transfusion therapy, which likely influence RDW 

levels were excluded. Children and adolescents under the age of 18 as well as individuals with 

extreme RDW values (below 10%, N=20 or above 30%, N=15) were also excluded. In total, 118 PAH 

cases and 15,889 common disease controls from the VUMC were included in the analyses. 

Individuals in the VUMC were genotyped in 6 batches (30,886 in total) using the Infinium Expanded 

Multi-Ethnic Global Array-8 (MEGA-ex) array (Illumina, San Diego, California, US). Unfiltered 

genotype data was received in binary plink files. Genotyped genetic variants were quality-checked 

prior to being submitted for imputation to the Haplotype Reference Consortium panel using the free 

Sanger Imputation Service (the Haplotype Reference et al., 2016). Variants were excluded if they had 

a low call rate (< 95%), deviated from the Hardy-Weinberg equilibrium (P ≤ 10-5), were rare (minor 

allele frequency ≤ 1%) or had more than two alleles. Sample quality control excluded individuals with 

high proportions (> 5%) of missing genotype data, unresolved sex discrepancies (discordant 

phenotype-genotype sex information), heterozygosity outliers, self-reported and/or principal 

component-based ethnic outliers, intentional duplicates and related individuals (PI-HAT > 0.2). 

Imputed variants were excluded if they showed a deviation from the Hardy-Weinberg equilibrium (P 

≤ 10-5), were rare (minor allele frequency ≤ 1%, which are often poorly imputed) or were otherwise 

of low-quality with an INFO score lower than 0.9. 

2.9.2 Genetic risk score calculation 

Genetic risk scores (GRS) reflect the propensity to a trait or disease for an individual. GRS-based risk 

prediction has become more powerful in recent years by the improved accuracy of genetic variant 

effect estimates achieved through genotyping and deep phenotyping of large cohorts such as the UK 

Biobank (Bycroft et al., 2018). A study by Khera and colleagues (Khera et al., 2018) showed that GRSs 

comprising millions of common genetic variants from large genome-wide association studies for 

coronary artery disease (CAD), type 2 diabetes and other conditions are able to identify groups at 

high risk of developing disease with an accuracy comparable to that of well-established rare genetic 
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mutations which often confer several-fold disease risk to carriers. For example, the genome-wide 

GRS for CAD identified 20 times as many individuals as rare familial hypercholesterolemia mutations 

in the population of the UK Biobank who were at a CAD risk at least as high as rare mutation carriers 

(Khera et al., 2018), demonstrating an enormous gain in the fraction of the high-risk population 

identified who may be targeted early for disease prevention. Apart from individual-level risk 

prediction, GRSs can also be used for assessing shared disease aetiology and as proxy measurements 

for unmeasured phenotypes or for identifying target populations for clinical studies (Choi et al., 

2018).  

To estimate the predictive performance of the genetic variants used as instruments for red cell 

distribution width (RDW) in the Mendelian Randomisation analyses, weighted genetic risk scores 

consisting of the 179 RDW quantitative trait loci from the genome-wide association study of Astle et 

al. (Astle et al., 2016) for RDW (RDW GRS) were constructed for common disease controls in VUMC. 

GRS for an individual is the summation of the effect (RDW-increasing) alleles (0, 1 or 2) weighted by 

the effect size of the variant taken from the summary statistics of Astle et al. An additive model was 

used, meaning that homozygotes for the effect allele had twice the increase in RDW levels than 

heterozygotes, which was in line with the association model used by Astle et al. when estimating 

per-allele effects. The GRSs were calculated using the software PRSice-2 (Euesden et al., 2015). 

The formula for the GRS is as below: 

𝐺𝑅𝑆𝑖= ∑ 𝑤𝑗 𝑥𝑖𝑗

𝑚

𝑗=1

 

where: 
m is the total number of variants 
xij is the number of effect alleles at the jth variant of the ith individual  
wj is the effect size of the variant. 
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2.10 Clinical studies of intravenous iron in PAH  

Two randomised, double-blind studies of intravenous iron versus placebo were conducted in 

idiopathic and heritable PAH to assess the safety and clinical benefit of iron supplementation in iron 

deficient patients. The trials took place across four specialist centers in the United Kingdom and one 

center in Germany(Hammersmith Hospital, London; Papworth Hospital, Cambridge; Royal 

Hallamshire Hospital, Sheffield; and Giessen in Germany) where 42 patients were recruited in total 

and one center in Beijing, China where 17 patients were enrolled. 

Patients were randomized in a 1:1 ratio in this 24‑week crossover study. Iron was administered 

intravenously as a single 1000 mg (15 mg/kg if patient weight < 66.7 kg) infusion of Ferinject (ferric 

carboxymaltose, Europe) or 20mg/kg CosmoFer (iron dextran, China). Participants were iron 

deficient at recruitment and met either one of four stringent biomarker cut-offs: soluble transferrin 

receptors (sTfR) > 28.1 nmol/L where available, or ferritin < 37 µg/L or transferrin saturation < 16.4% 

or serum iron < 10.3 µmol/L. These cut-offs were based on previous work (Rhodes et al., 2011a) 

demonstrating that 83% of IPAH patients with an sTfR > 28.1 nmol/L could be identified correctly 

using the above cut-offs for the other three, more widely available biomarkers. Blood biomarker 

levels (serum iron, ferritin, transferrin saturation, sTfR, hepcidin, interleukin 6) were measured by a 

central laboratory and used to define iron deficiency. 

 

  



61 
 

3 Iron deficiency and anaemia in pulmonary hypertension 

diagnostic groups: a cross-sectional study in the National 

Pulmonary Hypertension Service, Hammersmith Hospital 

3.1 Introduction 

Pulmonary hypertension (PH) is a haemodynamic and pathophysiological condition that can 

complicate cardiovascular, respiratory, infectious and immune-related diseases or emerge in a 

sporadic or heritable form. Table 1.1 in the main Introduction shows the classification of PH as 

devised by the World Health Organisation, dividing the condition into five main groups based on 

similarities in haemodynamics, clinical presentation and disease aetiology. Groups 1, 3 and 4 

constitute pre-capillary forms of PH while group 2 is defined by post-capillary hemodynamics 

assessed at right heart catheterization using the pulmonary arterial wedge pressure (PAWP) cutoff of 

15 mmHg (pre-capillary ≤ 15 mmHg, post-capillary > 15 mmHg). PAWP estimates pressure in the left 

atrium with high values suggesting left ventricular failure. Comparing the prevalence of different PH 

subgroups is not an easy task given the lack of comprehensive epidemiological data on certain 

subgroups, however PH due to left heart disease is without doubt the most common form of PH 

(Galie et al., 2016, Hoeper et al., 2016). 

Group 1 PH, namely pulmonary arterial hypertension (PAH), has been widely studied with patient 

registry databases set up both in the Western world and in developing countries (Hoeper et al., 

2013, Lau et al., 2017, Alves et al., 2015). These registries provide researchers with valuable 

information on the demographics, disease course, treatment effectiveness and safety and much 

more over a course of time for observational analyses. The prevalence of PAH is estimated to be 

between 15 and 60 subjects per million population in Europe (Galie et al., 2016). PAH can develop as 

a complication of connective tissue diseases (CTD), portal hypertension, congenital heart disease 

(CHD), infection with the human immunodeficiency virus or schistosomiasis and as a result of 

exposure to certain toxins. The epidemiology, mechanisms and treatment options of PAH are 

described in detail in the main Introduction. 

Idiopathic PAH (IPAH) is the most common form of PAH in registries from the Western world where 

it constitutes 30% to 50% (Lau et al., 2017). CTD associated PAH (PAH CTD) is the second most 

prevalent form of PAH constituting 15% to 30% of registered patients in PAH registries from 



62 
 

developed countries (McGoon et al., 2013). Systemic sclerosis (also called scleroderma) – an 

autoimmune condition characterised by the buildup of scar tissue and abnormally high collagen 

production – leads to PAH in 7% to 12% of patients (Simonneau et al., 2013) accounting for 61% to 

76% of PAH CTD cases in the developed world (McGoon et al., 2013). PAH CTD presents with the 

worst prognosis of all PAH subgroups with a 1-year mortality rate of 30% (Tyndall et al., 2010) 

compared to 9%-17% in IPAH (McGoon et al., 2013). PAH can develop as a complication of 

uncorrected congenital heart disease (CHD) especially in patients with left-to-right shunts (hole 

between the chambers of the heart). In PAH CHD, increased blood flow from the left side of the 

heart (systemic circulation) to the right side of the heart (pulmonary circulation) leads to increased 

pulmonary vascular resistance through vascular remodeling and dysfunction. In Eisenmenger`s 

syndrome, which is the most advanced form of PAH CHD, the direction of the shunt reverses or 

becomes bidirectional (Alto and Mahadevan, 2012). PAH CHD is much less prevalent in the 

developed world where it makes up 10% to 23% of patients in PAH registries (McGoon et al., 2013) 

than in the New Chinese Registry, for example, where PAH CHD constitutes 43% of all PAH 

subgroups (Lau et al., 2017). This phenomenon is a result of the differences in availability of health 

care and paediatric surgery to close heart defects. 

Group 4 PH, namely chronic thromboembolic PH, is a form of pre-capillary PH that emerges as a 

result of pulmonary embolism, the obstruction of the pulmonary arteries by thrombus (blood clot) 

formation. The obstructed pulmonary arteries cause pulmonary vascular resistance to rise and PH to 

develop. The first line of treatment for CTEPH is pulmonary endarterectomy, the surgical removal of 

thrombi from the pulmonary arteries, however not all patients suffering from CTEPH qualify for 

surgery. The mechanisms behind pulmonary embolism leading to chronic PH is not fully understood, 

as chronic PH develops in some patients with acute pulmonary embolism even after resolving the 

emboli (Jamieson et al., 2003). The obstruction of the pulmonary arteries is not likely to be the sole 

driving factor behind CTEPH, instead a combination of factors initiated by pulmonary embolism lead 

to pulmonary vascular remodeling, a hallmark of PAH, and chronic PH (Hoeper Marius et al., 2006, 

Jamieson et al., 2003). The prevalence of CTEPH is estimated to be lower than that of PAH with 3.2 

cases per million population reported by a Spanish cohort (Escribano-Subias et al., 2012).  

Group 2 PH or PH due to left heart disease (PH LHD) is a post-capillary form of PH characterised by 

elevated pressure in the left atrium of the heart which can be estimated at right heart 

catheterization using PAWP as a surrogate measure. PAWP above 15 mmHg is used as a threshold 

for distinguishing pre-capillary PH from post-capillary PH. The pressure from the left atrium gets 

transmitted backwards via the pulmonary veins, pulmonary capillaries and eventually the pulmonary 

arteries. The backward transmission of pressure to the pulmonary circulation commonly leads to the 
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passive elevation of the pulmonary arterial pressure and in some cases to reactive pulmonary 

vasoconstriction leading to vascular remodeling as seen in PAH and irreversible pulmonary vascular 

disease (Oudiz, 2007). A multitude of left heart conditions can lead to increased left atrial pressure 

and therefore PH, including left ventricular dysfunction, aortic and mitral valve stenosis and valve 

regurgitation (Charalampopoulos et al., 2018). Although estimates of the prevalence of PH LHD 

taking all forms of heart disease associated with PH LHD together is lacking, PH prevalence in cohorts 

of single underlying causes have been estimated. Over 50% of patients with heart failure with 

preserved ejection fraction, a frequent condition (prevalence: 1% - 5%) in western countries (Lam et 

al., 2011), develop PH which is associated with worse outcomes and higher mortality in these 

patients (Leung et al., 2010). Most patients with severe mitral valve stenosis and up to 65% of 

patients with aortic stenosis develop PH (Galie et al., 2016). These estimates suggest that PH LHD is 

the most common form of PH (Hoeper et al., 2016). PH LHD patients are generally older than PAH 

patients and present with morbidities common in old age, such as obesity, diabetes, systemic 

hypertension, coronary artery disease and dyslipidemia (Charalampopoulos et al., 2018). 

Iron deficiency with or without anaemia have been established to be common and associated with 

worse survival in idiopathic and heritable forms of PAH (Ruiter et al., 2011, Soon et al., 2011, Rhodes 

et al., 2011a, Krasuski et al., 2011). Intervention studies investigating the effects of iron 

supplementation in PAH (IPAH, PAH CHD, PAH CTD) patients with iron deficiency reported promising 

results (Table 1.3), including improvement in 6-minute walk distance (a prognostic marker of PH) and 

exercise capacity measures (Ruiter et al., 2015, Viethen et al., 2014). High prevalence (38%) of iron 

deficiency and its association with adverse outcomes have also been described in a cohort of 

Eisenmenger`s syndrome patients (severe PAH CHD) (Van De Bruaene et al., 2011). Lower iron status 

– assessed by ferritin levels only – in patients with chronic obstructive pulmonary disease, a 

condition that can lead to group 3 PH, was associated with higher pulmonary artery pressure and 

higher odds of developing PH (OR = 3.3, 95% CI = 1.3-8.6) (Plesner et al., 2017). Also, iron trials in 

healthy individuals exposed to hypoxia - at high altitudes or acute hypoxia in hypoxic chambers – 

report the attenuation of the pulmonary vasoconstrictor response in those receiving iron 

supplementation (Table 1.3) (Smith et al., 2008, Smith et al., 2009, Frise et al., 2016), and vice versa, 

exacerbation with iron chelation. 

There has been growing interest and enthusiasm for the role of iron in PAH following the success of 

iron replacement therapy in chronic heart failure patients with iron deficiency with or without 

anaemia. These clinical trials unanimously report improved symptoms including functional class, 

exercise capacity measures, left ventricular function and more (Okonko et al., 2008, Toblli et al., 

2007, Anker et al., 2009). To date, the prevalence and/or prognostic value of iron deficiency have 
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not been assessed in a diverse cohort of PH patients from a single centre including subgroups other 

than group 1 (PAH). The aim of this study was to assess the prevalence of iron deficiency and its 

possible underlying mechanisms, such as inflammation and hepcidin dysregulation, in PH patients 

referred to the National Pulmonary Hypertension Service at Hammersmith Hospital with 

heterogeneous etiologies in, to my knowledge, the largest and most diverse PH population studied 

to date. 

3.2 Methods 

3.2.1 Data 

Patient data were retrieved from the electronic health records of the National Pulmonary 

Hypertension Service at Hammersmith Hospital, London. Plasma samples were obtained from the 

Imperial College Pulmonary Hypertension biorepository. This biorepository hosts blood samples 

from consenting patients referred to the National Pulmonary Hypertension Service (NPHS) at 

Hammersmith Hospital between 2005 and 2018. This cohort (total N=812) comprised of disease 

controls (No PH, N=173) who were referred based on a suspicion of PH to the NPHS but did not 

receive a diagnosis of PH, idiopathic and heritable pulmonary arterial hypertension (H/IPAH) patients 

(N=193), chronic thromboembolic pulmonary hypertension (CTEPH) patients (N=275), patients with 

pulmonary arterial hypertension associated with congenital heart disease (PAH CHD) (N=30), 

patients with pulmonary arterial hypertension associated with connective tissue disease (PAH CTD) 

(N=54) and patients (N=87) with PH due to left heart disease (PH LHD). IPAH patients included in a 

previous study published by Rhodes et al. were excluded from this analysis (Rhodes et al., 2011a). 

Soluble transferrin receptor (sTfR) and interleukin (IL)-6 levels were determined by enzyme-linked 

immunoadsorbent assay. Hepcidin levels were determined by a competitive radioimmunoassay as 

previously described (Busbridge et al., 2009). All other iron parameters including serum iron, ferritin, 

transferrin and hemoglobin (Hgb) were measured by standard clinical pathology accredited hospital 

assays. 

World Health Organization (WHO) functional class (I-IV : increasing severity) and six-minute walk 

distance (6MWD) assessments within 3 months of iron parameter measurements were retrieved. 

Baseline haemodynamic measurements of pulmonary vascular resistance (PVR) and mean 

pulmonary arterial pressure (PAPm) were taken at the time of diagnosis at right heart 

catheterization. Self-declared ethnicity information was available for a subset of patients with three 

major groups identified; white (consisting of 478 British, 8 Irish, 81 any other white background), 
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South Asian (consisting of 35 Indian and 5 Pakistani) and black (consisting of 25 African, 24 

Caribbean and 5 any other black background). Survival status was censored on March 28, 2019. 

Those who underwent surgery including lung or heart transplantation (H/IPAH: 3; PAH CHD: 1), 

pulmonary endarterectomy (CTEPH: 148) or atrial septostomy (H/IPAH: 2; PAH CHD: 1) were 

censored on the day of the surgery. Demographic characteristics and iron indices of patients are 

shown in Table 3.1. Clinical characteristics are shown in Supplementary Table 8.1.1 

3.2.2 Statistical analyses 

Iron deficiency was defined by the combination of low ferritin (< 100 µg/L) and low transferrin 

saturation (TSAT) (< 20%) or by high sTfR levels (> 28.1 nmol/L, upper limit of normal range in 

healthy volunteers of clinical lab assay) alone. Thresholds for ferritin and TSAT were more liberal 

than those used for the definition of iron deficiency in healthy individuals (ferritin < 30 µg/L and 

TSAT < 16%) to account for iron sequestration in chronic disease. The cohort was divided into four 

groups based on their iron status; those who are classified as iron deficient based on their sTfR levels 

only (referred to as ‘sTfR-only’), those iron deficient based on their ferritin and TSAT levels only 

(‘Ferr-TSAT-only’), those meeting both criteria (‘Ferr-TSAT+sTfR’) and finally those who meet neither 

and are therefore considered iron replete. To ensure accurate iron status assessment for all 

individuals, patients whose ferritin, TSAT, sTfR and Hgb levels were not measured within the 

timeframe of one month were not assigned to an iron status group. The sample size per diagnostic 

group with complete iron biomarker data was 752 (No PH = 161, H/IPAH = 179, PAH CTD = 51, PAH 

CHD = 32, PH LHD = 81, CTEPH = 248). Anaemia was assessed by haemoglobin levels with a threshold 

of 11.5 g/dL or lower for females and 13 g/dL or lower for males. Blood biomarkers are all presented 

in the regression models as z-scores, i.e. in units of standard deviation (𝜎) calculated as follows: 

(𝑥𝑖 − 𝑥̅)/𝜎𝑥̅. Skewed biomarker levels including IL-6, sTfR, hepcidin and ferritin were log-

transformed before being converted to standard units. Ethnicity was coded as white or non-white 

given the relatively small number of non-white patients. All models were adjusted for ethnicity 

and/or sensitivity analyses were carried out in each group separately. Cox regression analyses were 

performed to test the prognostic value of iron status. 
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 No PH H/IPAH PAH CTD PAH CHD PH LHD CTEPH 

 Female Male Female Male Female Male Female Male Female Male Female Male 

N (%) 116 (72) 45 (28) 131 (73) 48 (27) 40 (78) 11 (22) 19 (59) 13 (41) 49 (60) 32 (40) 120 (48) 128 (52) 

Age at diagnosis, mean (SD) 
57.95 

(16.72) 
57.22 

(14.55) 
49.25 

(18.19) 
57.61 

(18.02) 
56.9 

(14.92) 
64.62 

(13.23) 
46.3 

(15.88) 
52.95 

(20.25) 
70.4 

(11.95) 
73.67 
(8.35) 

61.85 
(16.51) 

62.43 
(13.83) 

Age at sample, mean (SD) 
58.04 

(16.87) 
57.36 

(14.41) 
52.12 

(17.43) 
59.65 

(16.26) 
58.96 

(13.97) 
65.47 

(12.88) 
49.99 

(16.08) 
55.28 

(19.36) 
70.91 

(11.14) 
73.64 
(8.35) 

64.27 
(16.17) 

64.63 
(13.73) 

WHO class, N (%)  

available 88 (76) 36 (80) 107 (82) 39 (81) 34 (85) 7 (64) 18 (95) 11 (85) 41 (84) 28 (88) 108 (90) 119 (93) 

I 9 (10) 8 (22) 3 (3) 3 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 1 (4) 5 (5) 10 (8) 

II 24 (27) 8 (22) 19 (18) 7 (18) 11 (32) 0 (0) 3 (17) 4 (36) 5 (12) 3 (11) 17 (16) 37 (31) 

III 54 (61) 20 (56) 75 (70) 26 (67) 19 (56) 4 (57) 12 (67) 6 (55) 32 (78) 24 (86) 73 (68) 66 (55) 

IV 1 (1) 0 (0) 10 (9) 3 (8) 4 (12) 3 (43) 3 (17) 1 (9) 3 (7) 0 (0) 13 (12) 6 (5) 

Ethnicity, N (%)  

available 69 (59) 28 (62) 110 (84) 34 (71) 32 (80) 10 (91) 14 (74) 10 (77) 32 (65) 21 (66) 105 (88) 118 (92) 

white 50 (72) 23 (82) 95 (86) 31 (91) 25 (78) 9 (90) 12 (86) 9 (90) 29 (91) 18 (86) 93 (89) 107 (91) 

South Asian 7 (10) 0 (0) 12 (11) 2 (6) 3 (9) 1 (10) 2 (14) 1 (10) 2 (6) 2 (10) 0 (0) 2 (2) 

black 12 (17) 5 (18) 3 (3) 1 (3) 4 (12) 0 (0) 0 (0) 0 (0) 1 (3) 1 (5) 12 (11) 9 (8) 

Iron µmol/L 
13 

(10 - 17) 
16 

(12 - 20) 
12 

(9 - 15) 
13.5 

(9.75 - 17) 
10 

(6.75 - 14) 
11 

(7 - 12) 
13 

(9.5 - 20) 
12 

(11 - 14) 
11 

(8 - 15) 
11.5 

(9 - 16.25) 
12 

(8.75 - 17) 
14 

(11 - 19) 

sTfR nmol/L 
28 

(23 - 39.6) 

28.6 
(24.4 - 
47.9) 

27 
(21.2 - 
35.17) 

28.8 
(25.6 - 
37.51) 

33.85 
(26.83 - 
43.17) 

41.6 
(29.85 - 
56.85) 

28.4 
(22.7 - 
41.33) 

25.9 
(21.5 - 
42.1) 

29.3 
(26.6 - 
41.4) 

27.75 
(22.85 - 
40.95) 

30.65 
(24.53 - 
44.45) 

28.2 
(23.43 - 
35.52) 

Log sTfR/ferritin ratio 
-0.72 

(-1.31 - 
0.09) 

-1.42 
(-2.03 - 
-0.52) 

-0.72 
(-1.38 - 
0.11) 

-1.16 
(-1.83 - 
-0.48) 

-0.59 
(-1.39 - 
0.28) 

-0.54 
(-1.97 - 
0.49) 

-0.39 
(-1.41 - 
0.26) 

-1.1 
(-1.93 - 
0.06) 

-1.03 
(-1.53 – 
-0.02) 

-1.35 
(-1.88 – 
-0.37) 

-0.57 
(-1.16 - 
0.26) 

-1.17 
(-1.79 - 
-0.44) 

Transferrin g/L 
2.8 

(2.5 - 3.08) 
2.6 

(2.23 - 2.9) 
2.7 

(2.4 - 3.3) 
2.6 

(2.4 - 3.1) 
2.7 

(2.4 - 3.12) 
2.9 

(2.55 - 3.2) 
2.8 

(2.6 - 2.98) 
2.5 

(2.3 - 3.1) 
2.9 

(2.6 - 3.2) 
2.8 

(2.4 - 3.02) 
2.8 

(2.7 - 3.12) 
2.55 

(2.3 - 2.9) 

TSAT % 
18.5 

(13.8 - 26) 
26 

(18 - 33) 
19 

(14 - 24) 
22 

(16 - 28) 

17 
(11.8 - 
22.3) 

15 
(10.5 - 
18.5) 

21 
(13.5 - 32) 

18 
(15 - 25) 

18 
(12 - 21) 

17 
(13 - 26) 

18 
(12.8 - 24) 

25 
(18 - 32) 

Ferritin µg/L 
54.5 

(29.5 - 
104.3) 

128 
(59 - 261) 

58 
(27 - 98.5) 

103.5 
(44.5 - 
205.3) 

57 
(34.5 - 
115.8) 

58 
(37.5 - 186) 

34 
(25.5 - 
70.5) 

89 
(39 - 157) 

79 
(49 - 132) 

114.5 
(62 - 159.8) 

53 
(27 - 97.8) 

92.5 
(50 - 164.5) 

Hepcidin ng/mL 16.2 17.7 13.97 21 6.55 1.8 6.5 9.56 14.05 18.95 5.15 7.85 
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(6.2 - 31.5) (6.8 - 36.5) (5.7 - 30.8) (9.9 - 39.1) (1.4 - 13.9) (1 - 9.2) (1.6 - 11.7) (4 - 23.7) (7.4 - 25.9) (4.6 - 29.5) (1.1 - 10.9) (2.8 - 16) 

Haemoglobin g/dL 
12.75 
(11.8 - 
13.5) 

14.1 
(12.2 - 
14.7) 

13.8 
(12.6 - 
14.8) 

15.45 
(13.4 - 
16.9) 

12.5 
(11.6 - 
14.4) 

13.8 
(12.5 - 
14.5) 

13.8 
(13.3 - 
15.35) 

16 
(13.4 - 
17.7) 

12 
(11.4 - 
13.2) 

11.95 
(10.4 - 
13.9) 

13.7 
(12.4 - 
14.5) 

14.4 
(13.6 - 
16.2) 

Haematocrit % 
39 

(36 - 41) 
43 

(36 - 44) 
42 

(39 - 45) 
45 

(41 - 49) 
40 

(36 - 43) 
42 

(40 - 46) 
42 

(40 - 47) 
46 

(42 - 52) 
37 

(36 - 40) 
37 

(34 - 41) 
42 

(38 - 44) 
44 

(41 - 48) 

RDW % 
14.25 
(13.4 - 
15.6) 

14.5 
(13.3 - 
15.8) 

14.4 
(13.55 - 

15.5) 

14.6 
(13.9 - 
15.17) 

15.35 
(14.5 - 
17.05) 

17.6 
(14.9 - 
18.4) 

14.7 
(13.4 - 
16.35) 

15 
(13.5 - 
15.7) 

14.7 
(14.1 - 
16.1) 

15.35 
(14.6 - 
16.8) 

14.9 
(14.2 - 16) 

14.4 
(13.8 - 
15.4) 

IL-6 pg/mL 
2.9 

(1.6 - 5.3) 
3.8 

(1.4 - 5.9) 
3.2 

(1.7 - 5.9) 
3.72 

(2.2 - 6.6) 
4.35 

(2.1 - 7.6) 
7.9 

(6.3 - 15.8) 
2.1 

(1 - 4.1) 
5.1 

(2.7 - 10.4) 
5 

(3.8 - 7.7) 
7.75 

(4.5 - 13.9) 
4 

(2.6 - 6.7) 
4.1 

(2.7 - 7) 

Table 3.1 Demographic characteristics and iron indices of patients referred to the National Pulmonary Hypertension Service at Hammersmith Hospital. 
Values reported are median and interquartile range unless otherwise specified. Definition of abbreviations: No PH = disease controls; H/IPAH = heritable/idiopathic 
pulmonary arterial hypertension; PAH CTD = pulmonary arterial hypertension associated with connective tissue disease; PAH CHD = pulmonary arterial hypertension 
associated with congenital heart disease; PH LHD = pulmonary hypertension due to left heart disease; CTEPH = chronic thromboembolic pulmonary hypertension; sTfR = 
soluble transferrin receptor; TSAT = transferrin saturation; RDW = red cell distribution width; IL-6 = interleukin-6. 
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3.3 Results 

All individuals were assigned to one of four groups based on iron status; i) iron deficient based on 

sTfR (> 28.1 nmol/L) levels (sTfR-only), ii) iron deficient based on ferritin (< 100 µg/L) and TSAT (< 

20%) levels (Ferr-TSAT-only), iii) iron deficient based on sTfR, ferritin and TSAT (Ferr-TSAT+sTfR) 

levels and iv) iron replete. Demographic and clinical characteristics of the four iron status groups are 

summarized in Supplementary Table 8.1.2 for the whole cohort. Supplementary Table 8.1.3 and 

8.1.4 describe the four iron status groups stratified by ethnicity. 

3.3.1 Iron deficiency is common in all patient groups attending the PH clinic. 

Iron deficiency, by either definition, was common (34-56% meeting Ferr-TSAT and 39-69% meeting 

sTfR threshols) in all patient groups including disease controls without PH. The proportion of iron 

replete individuals was between 20% and 33% across all diagnoses (Figure 3.1). 



69 
 

 

Figure 3.1 Proportions of iron status groups in disease controls and five PH diagnostic groups. 
Definition of abbreviations: Ferr = ferritin; TSAT = transferrin saturation; sTfR = soluble transferrin receptors; 
No PH = disease controls; H/IPAH = heritable/idiopathic pulmonary arterial hypertension; PAH CTD = 
pulmonary arterial hypertension associated with connective tissue disease; PAH CHD = pulmonary arterial 
hypertension associated with congenital heart disease; PH LHD = pulmonary hypertension due to left heart 
disease; CTEPH = chronic thromboembolic pulmonary hypertension. 

Since patients were not excluded based on whether or not they underwent surgery, a sensitivity 

check was conducted excluding those patients from the CTEPH diagnostic group who underwent 

pulmonary endarterectomy before their iron biomarkers were measured. Eigthy-five of the 248 

CTEPH patients had undergone surgery before the date of their blood test used in these analyses. 

In the whole CTEPH cohort, 69 (28%) were iron deficient based on the Ferr-TSAT+sTfR criteria, 

whilst the proportion of Ferr-TSAT+sTfR patients (N = 43, 26%) in the smaller subcohort was not 

significantly different from that of the whole CTEPH cohort (Z = -0.41; p-value = 0.68). 
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The prevalence of Ferr-TSAT+sTfR iron deficiency in PAH CTD patients is much higher (50%) than that 

of the other diagnostic groups (23% - 29%, Figure 3.1). This association remained significant (ORCTD = 

2.61; 95% CI = 1.32 - 5.16; p-value = 0.006) after adjusting for age, sex, ethnicity, 6MWD as a 

measure of disease severity and IL-6 levels as a measure of inflammation by logistic regression using 

the whole of the cohort without PAH CTD as reference (Figure 3.2).  

 

Figure 3.2 Predictors of `Ferr-TSAT+sTfR` iron deficiency. 
Ferr-TSAT+sTfR iron deficiency is defined by the combination of three biomarkers: sTfR (> 28.1 nmol/L), ferritin 
(< 100 µg/L) and TSAT (< 20%). Definition of abbreviations: F = female; M = male; PAH CTD = pulmonary arterial 
hypertension associated with connective tissue disease; 6MWD = 6-minute walk distance; IL-6 = interleukin-6; 
std dev = standard deviation. 

3.3.2 Haemoglobin levels are higher in H/IPAH, PAH CHD and CTEPH than in controls. 

Anaemia was found in 23% of disease controls, 14% of H/IPAH, 28% of PAH CTD, 10% of PAH CHD, 

44% of PH LHD and 14% of CTEPH patients (Figure 3.3). Ethnicity is a strong predictor of Hgb with 

non-white patients presenting with lower levels in most diagnostic groups (Effectethnicity = -0.64; 95% 

CI = -0.85 – -0.43; p-value = 3.0x10-9, reference ethnicity: white) (Figure 3.4), so this was corrected 

for in subsequent analyses. 

Haemoglobin (Hgb) levels of H/IPAH patients (EffectH/IPAH = 0.55; 95% CI = 0.32 – 0.77; p-value = 

2.5x10-6, reference: disease controls), PAH CHD patients (EffectCHD = 1.35; 95% CI = 0.95 – 1.76; p-

value = 1.24x10-10, reference: disease controls) and CTEPH patients (EffectCTEPH = 0.60; 95% CI = 0.39 

– 0.81; p-value = 2.5x10-8, reference: disease controls) were higher than those of disease controls 
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after adjustments for age, sex and ethnicity (Figure 3.3). Even though the proportion of anaemic 

individuals in the PH LHD group is higher than that in the control group (χ2
(df=1) = 10.6; 95% CI = -

0.034 - -0.08; p-value = 0.001), their Hgb levels are not significantly different in the model adjusted 

for age, sex and ethnicity (EffectLHD = -0.23; 95% CI = -0.52 – 0.07; p-value = 0.13, reference: disease 

controls). 

Female individuals Male individuals 

  

Figure 3.3 Haemoglobin levels in disease controls and five PH diagnostic groups in white patients. 
Left panel: Black dots represent the median value of observations, red lines delineate the normal haemoglobin 
range for females (11.5 – 16.5 g/dL). Right panel: Black dots represent the median value of observations, blue 
lines delineate the normal haemoglobin range for males (13 – 18 g/dL). Definition of abbreviations: No PH = 
disease controls; H/IPAH = heritable/idiopathic pulmonary arterial hypertension; PAH CTD = pulmonary arterial 
hypertension associated with connective tissue disease; PAH CHD = pulmonary arterial hypertension associated 
with congenital heart disease; PH LHD = pulmonary hypertension due to left heart disease; CTEPH = chronic 
thromboembolic pulmonary hypertension. 
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Figure 3.4 Haemoglobin levels by ethnicity in different diagnostic groups. 
The bottom and the top lines of the box indicate the 25th and 75th percentiles, while the centre line indicates 
the median value. The whiskers extend to 1.5 times the interquartile range from both ends of the box with 
individual points being more extreme observations. Those in the `missing` category had no ethnicity 
information available. 
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3.3.3 The ratio of soluble transferrin receptors and ferritin is not associated with 

inflammation, while soluble transferrin receptor levels are in white individuals. 

Soluble transferrin receptor (sTfR) has been the choice of iron status biomarker in PAH for its 

property of not being affected by inflammation (Rhodes et al., 2011a). In this study, the sTfR-only 

group was defined as iron deficient based on sTfR levels only (> 28.1 nmol/L) while the Ferr-

TSAT+sTfR group had low ferritin (< 100 µg/L) and transferrin saturation (TSAT < 20%) levels as well 

high sTfR levels (> 28.1 nmol/L). To investigate what factors are associated with sTfR and how it 

varies with diagnosis, I modeled sTfR as a function of ferritin, Hgb, the inflammatory cytokine IL-6, 

ethnicity, diagnosis, age and sex. 

Ethnicity was the strongest predictor of sTfR levels with Black or South Asian ethnicity associated 

with higher levels (Effectethnicity = 0.71; 95% CI = 0.50 – 0.93; p-value = 1.66x10-10, reference ethnicity: 

white). Other significant predictors in the model included ferritin, Hgb and IL-6 (EffectFerr = -0.23; 

95% CI = -0.30 – -0.15; p-value = 4.27x10-9. EffectHgb = -0.19; 95% CI = -0.28 – -0.11; p-value = 

4.24x10-6. EffectIL-6 = 0.23; 95% CI = 0.15 – 0.30; p-value = 3.1x10-9). 

Given the large effect of ethnicity on sTfR levels, other predictors in the sTfR model were 

investigated in the white and non-white cohorts separately (Figure 3.5). These stratified models 

showed that whilst ferritin and IL-6 are important predictors of sTfR levels in white patients 

(EffectFerr = -0.29; 95% CI = -0.37 – -0.22; p-value = 4.41x10-13. EffectIL-6 = 0.26; 95% CI = 0.18 – 0.33; 

p-value = 3.91x10-11.), they do not predict sTfR in the non-white cohort (EffectFerr = -0.09; 95% CI = -

0.30 – 0.12; p-value = 0.38. EffectIL-6 = 0.004; 95% CI = -0.23 – 0.24; p-value =0.97.). Furthermore, 

Hgb shows no effect on sTfR in the white cohort (EffectHgb = -0.06; 95% CI = -0.14 – 0.02; p-value = 

0.16) while being a strong predictor of sTfR in non-white patients (EffectHgb = -0.61; 95% CI = -0.88 – -

0.34; p-value = 2.04x10-5). 
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Figure 3.5 Predictors of soluble transferrin receptor levels in patients by ethnicity. 
A: Effect size is in sTfR standard units. Horizontal error bars represent 95% confidence intervals. B: Association 
of sTfR and ferritin, colored by IL-6 quantiles in white and non-white patients. P-values are given for the 
regression coefficient of ferritin from the full sTfR prediction models. C: Association of sTfR and Hgb in white 
and non-white patients. P-values are given for the regression coefficient of Hgb from the full sTfR prediction 
models. Definition of abbreviations: IL-6 = interleukin-6; Hgb = haemoglobin; sTfR = soluble transferrin 
receptors; H/IPAH = heritable/idiopathic pulmonary arterial hypertension; PAH CTD = pulmonary arterial 
hypertension associated with connective tissue disease; PAH CHD = pulmonary arterial hypertension associated 
with congenital heart disease; PH LHD = pulmonary hypertension due to left heart disease; CTEPH = chronic 
thromboembolic pulmonary hypertension. 
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In white patients, diagnosis has little effect on sTfR levels with PAH CTD patients showing a trend for 

higher sTfR levels than disease controls (EffectCTD = 0.33; 95% CI = 0.01 – 0.66; p-value = 0.04) in the 

full model. sTfR levels in the non-white cohort were lower in three diagnostic groups (PAH CTD, 

H/IPAH, CTEPH) than those of the disease controls in the full model (Figure 3.5). 

IL-6 is higher in both the sTfR-only and Ferr-TSAT+sTfR groups than in the iron replete and Ferr-TSAT 

groups in white patients (EffectsTfR-only and Ferr-TSAT+sTfR = 0.52; 95% CI = 0.35 – 0.68; p-value = 3.0x10-9, 

reference groups: replete and Ferr-TSAT) after adjustments for age, sex and diagnosis. IL-6 levels in 

iron replete and Ferr-TSAT-only patients are similar between white and non-white individuals, and 

IL-6 does not differ by iron status in non-white patients (Supplementary Table 8.1.3 and 

Supplementary Table 8.1.4). The prediction model of sTfR using age, sex, diagnosis, ferritin, Hgb and 

IL-6 levels as predictors explained 36% (P < 1.8x10-6) of the total variability in sTfR levels of non-

white patients and 20% (P < 2.2x10-16) of the total variability in sTfR in white patients. 
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The ratio of sTfR and ferritin has been proposed as a measure of tissue iron availability with higher 

specificity than sTfR and higher sensitivity than ferritin alone, especially in individuals with chronic 

disease (Bultink et al., 2001, Suominen et al., 2000, Remacha et al., 1998, Means Jr et al., 1999). Log-

transformed ratio of sTfR and ferritin (sTfR/ferritin) did not differ by diagnosis after adjustments for 

age, sex and IL-6 levels in either the white or non-white cohort. In white patients, sTfR/ferritin 

increases a small amount in the sTfR-only group (EffectsTfR-only= 0.39; 95% CI = 0.22 – 0.57; p-value = 

8.11x10-6, reference group: replete), almost twice as much in the Ferr-TSAT group (EffectFerr-TSAT= 

0.71; 95% CI = 0.50 – 0.91; p-value = 8.98x10-11, reference group: replete) and increases considerably 

in the Ferr-TSAT+sTfR group (EffectFerr-TSAT+sTfR= 1.64; 95% CI = 1.47 – 1.81; p-value < 2x10-16, 

reference group: replete) compared to iron replete patients, independent of the effects of age, sex 

and IL-6 (Figure 3.6). 

 

Figure 3.6 Ratio of soluble transferrin receptor and ferritin levels by iron deficiency group. 
Each observation (dot) is colored by ethnicity. Dark red, green, and blue dots represent the median for black, 
South Asian and white groups, respectively. Observations in grey are of patients with missing ethnicity 
information. The Ferr-TSAT group meets both ferritin (< 100 µg/L) and TSAT (< 20%) cut-offs for iron deficiency, 
the sTfR group meets the sTfR threshold (> 28.1 nmol/L) only, while the Ferr-TSAT+sTfR group meets the cut-off 
for all three biomarkers of iron deficiency. Individuals in the replete group do not meet any of the iron 
deficiency criteria. Definition of abbreviations: F = female; M = male; S.Asian = South Asian; log = natural 
logarithm; sTfR = soluble transferrin receptors; ferr = ferritin; TSAT = transferrin saturation. 

There was no association between sTfR/ferritin ratio and IL-6 in a regression model adjusted for age, 

sex and diagnosis in either the white (EffectIL-6 = 0.06; 95% CI = -0.03 – 0.14; p-value = 0.22) or the 
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non-white cohort (EffectIL-6 = -0.1; 95% CI = -0.34 – 0.14; p-value = 0.4). sTfR/ferritin ratio is 

considerably higher in the Ferr-TSAT+sTfR group of the non-white cohort (EffectFerr-TSAT+sTfR= 1.73; 

95% CI = 1.18 – 2.27; p-value = 1.97x10-8, reference group: replete), but the smaller differences 

between the replete and sTfR-only and replete and Ferr-TSAT groups were not significant. 
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3.3.4 Hepcidin levels are similar between H/IPAH, PAH associated with LHD and disease 

controls. 

Hepcidin was observed to be abnormally high in iron deficient (iron deficiency defined as sTfR > 28.1 

nmol/L) IPAH patients and proposed as a possible mechanism behind the high prevalence of iron 

deficiency in IPAH patients (Rhodes et al., 2011a). Abnormally high hepcidin could result from 

decreased BMPR2 expression in PAH (Atkinson et al., 2002) which leads to BMP-mediated 

upregulation of hepcidin via the activin type II receptor (Rhodes et al., 2011a, Yu et al., 2005). 

In this study, hepcidin levels were modeled as a function of sTfR/ferritin ratio, IL-6, diagnosis, age 

and sex, stratified by ethnicity. In the white cohort, levels of hepcidin are similar in H/IPAH, PH LHD 

and disease controls whilst PAH CTD, PAH CHD and CTEPH patients present with lower hepcidin 

levels (EffectCTD = -0.74; 95% CI = -1.00 – -0.48; p-value = 4.12x10-8. EffectCHD = -0.47; 95% CI = -0.8 – -

0.13; p-value = 0.006. EffectCTEPH = -0.71; 95% CI = -0.88 – -0.53; p-value = 4.08x10-15, reference 

group: disease control) independent of iron availability as measured by the sTfR/ferritin ratio (Figure 

3.7). In the non-white cohort, H/IPAH patients have higher (EffectH/IPAH = 0.63; 95% CI = 0.25 – 1.01; 

p-value = 0.001, reference group: disease control) hepcidin levels than disease controls (Figure 3.7). 
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Figure 3.7 Predictors of hepcidin and its levels in disease controls and five PH diagnostic groups. 
A: Effect size is in hepcidin standard units. Horizontal error bars represent 95% confidence intervals. B: Black 
dots represent the median value of observations, horizontal red lines delineate normal hepcidin range (2.5 – 55 
ng/mL). Definition of abbreviations: IL-6 = interleukin-6; Ferr = ferritin; sTfR = soluble transferrin receptors; F = 
female; M = male; No PH = disease controls; H/IPAH = heritable/idiopathic pulmonary arterial hypertension; 
PAH CTD = pulmonary arterial hypertension associated with connective tissue disease; PAH CHD = pulmonary 
arterial hypertension associated with congenital heart disease; PH LHD = pulmonary hypertension due to left 
heart disease; CTEPH = chronic thromboembolic pulmonary hypertension. 
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The strongest predictor of hepcidin levels is sTfR/ferritin ratio in both white and non-white patients 

(white: EffectsTfR/Ferr= -0.74; 95% CI = -0.80 – -0.68; p-value < 2x10-16 . non-white: EffectsTfR/Ferr= -0.67; 

95% CI = -0.81 – -0.54; p-value = 4.29x10-16). Compared to the iron replete group, hepcidin is lower in 

the Ferr-TSAT (EffectFerr-TSAT= -0.54; 95% CI = -0.77 – -0.31; p-value = 5.43x10-6, reference group: 

replete) and Ferr-TSAT+sTfR groups (EffectFerr-TSAT+sTfR= -1.23; 95% CI = -1.41 – -1.06; p-value < 2x10-16, 

reference group: replete) after adjustments for age, sex, diagnosis and ethnicity (Figure 3.8). No 

difference in hepcidin was observed between iron replete patients and those belonging to the sTfR-

only group (EffectsTfR-only= -0.13; 95% CI = -0.31 – 0.05; p-value = 0.15, reference group: replete) 

(Figure 3.8).  

 

Figure 3.8 Hepcidin levels by iron deficiency status. 
Each observation is colored by ethnicity. Dark red, green, and blue dots represent the median for black, South 
Asian and white groups, respectively. Observations in grey are of patients with missing ethnicity information. 
Horizontal red lines delineate normal hepcidin range (2.5 – 55 ng/mL). The Ferr-TSAT group meets both ferritin 
(< 100 µg/L) and TSAT (< 20%) cut-offs for iron deficiency, the sTfR group meets the sTfR threshold (> 28.1 
nmol/L) only, while the Ferr-TSAT+sTfR group meets the cut-off for all three biomarkers of iron deficiency. 
Individuals in the replete group do not meet any of the iron deficiency criteria. Definition of abbreviations: F = 
female; M = male; S.Asian = South Asian; sTfR = soluble transferrin receptors; ferr = ferritin; TSAT = transferrin 
saturation. 
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3.3.5 sTfR levels do not prognosticate, but belonging to the sTfR-only group predicts 

mortality. 

Iron deficiency was reported (Rhodes et al., 2011a) to predict mortality independent of 6MWD and 

functional class in PAH, using sTfR levels as the iron status biomarker in their prognostic model. The 

prognostic value of iron status in this study was investigated using sTfR levels, the ratio of sTfR and 

ferritin (sTfR/ferritin) and the four definitions of iron deficiency (Replete, Ferr-TSAT, sTfR-only, Ferr-

TSAT+sTfR). All Cox proportional hazards models to predict all-cause mortality from time of patient 

blood sample were adjusted for age, sex, IL-6 levels, 6-minute walk distance (6MWD), ethnicity and 

diagnostic group. PAH patients with associated conditions (PAH CTD and PAH CHD) were combined 

in a group called ‘other PAH’.  

Median follow-up time was 4.5 years during which 188 patients died. As expected, disease controls 

show the best, and PAH CTD patients the worst prognosis among diagnostic groups (p-value = 

0.0023) (Supplementary Figure 8.1.1). Soluble transferrin receptor (sTfR) levels did not predict 

mortality (HRsTfR = 1.08; 95%CI = 0.90 – 1.29; p-value = 0.40) after adjusting for age, sex, IL-6, 6MWD, 

ethnicity and diagnosis (Figure 3.9). 
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Figure 3.9 Prognostic value of soluble transferrin receptor (sTfR) levels. 
A: Results of the Cox proportional hazards model. B: Kaplan-Meier survival estimates stratified by quantiles of 
soluble transferrin receptor (sTfR) levels. Green, purple, blue and red curves correspond to the first, second, 
third and fourth sTfR quantile, respectively. Definition of abbreviations: No PH = disease controls; H/IPAH = 
heritable/idiopathic pulmonary arterial hypertension; Other PAH = pulmonary arterial hypertension associated 
with connective tissue disease and pulmonary arterial hypertension associated with congenital heart disease; 
PH LHD = pulmonary hypertension due to left heart disease; CTEPH = chronic thromboembolic pulmonary 
hypertension; IL-6 = interleukin 6; 6MWD = 6-minute walk distance. 
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The ratio of sTfR and ferritin showed some prognostic value (HR = 0.81; 95%CI = 0.68 – 0.96; p-value 

= 0.01) independent of the effects of age, sex, IL-6, 6MWD, ethnicity and diagnosis (Figure 3.10). One 

standard unit increase in sTfR/ferritin was associated with a 19% decrease in risk of dying which 

translates to worse iron status (as defined by sTfR/ferritin) being protective. 
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Figure 3.10 Prognostic value of soluble transferrin receptor and ferritin ratio (sTfR/ferritin). 
A: Results of the Cox proportional hazards model. B: Kaplan-Meier survival estimates stratified by quantiles of 
sTfR/ferritin. Green, purple, blue and red curves correspond to the first, second, third and fourth sTfR quantile, 
respectively. Definition of abbreviations: No PH = disease controls; H/IPAH = heritable/idiopathic pulmonary 
arterial hypertension; Other PAH = pulmonary arterial hypertension associated with connective tissue disease 
and pulmonary arterial hypertension associated with congenital heart disease; PH LHD = pulmonary 
hypertension due to left heart disease; CTEPH = chronic thromboembolic pulmonary hypertension; IL-6 = 
interleukin 6; 6MWD = 6-minute walk distance. 
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Iron deficiency status as divided into four groups based on ferritin, transferrin saturation and sTfR 

levels predicted mortality (HRsTfR-only = 2.1; 95%CI = 1.31 – 3.30; p-value = 0.002, reference: replete) 

independent of age, sex, IL-6, 6MWD, ethnicity and diagnosis. Those belonging to the sTfR-only 

group had more than twice the risk of dying compared to iron replete individuals, which is the 

second largest effect on survival after diagnosis in the model. The other two iron deficient groups 

(Ferr-TSAT and Ferr-TSAT+sTfR) were not prognostic (Figure 3.11). Poor prognosis of patients in the 

sTfR-only group is most evident in the H/IPAH diagnostic group (Figure 3.11/B), but the survival 

effect is robust to excluding the H/IPAH cohort (HRsTfR-only = 2.0; 95%CI = 1.14 – 3.50; p-value = 0.02, 

reference: replete). Sensitivity analyses were run excluding the sTfR-only group to test a potentially 

masked effect of iron deficiency. There was no evidence for the prognostic value of sTfR levels or the 

two iron deficiency groups (HRsTfR = 0.95; 95%CI = 0.74 – 1.22; p-value = 0.68. HRFerr-TSAT = 0.81; 95%CI 

= 0.38 – 1.72; p-value = 0.59. HRFerr-TSAT+sTfR = 1.01; 95%CI = 0.60 – 1.71; p-value = 0.96, reference: 

replete) in the cohort excluding the sTfR-only group. 
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Figure 3.11 Prognostic value of iron deficiency groups. 
A: Results of the Cox proportional hazards model. B: Kaplan-Meier survival estimates stratified by iron 
deficiency group. The Ferr-TSAT group meets both ferritin (< 100 µg/L) and TSAT (< 20%) cut-offs for iron 
deficiency, the sTfR group meets the sTfR threshold (> 28.1 nmol/L) only, while the Ferr-TSAT+sTfR group meets 
the cut-off for all three biomarkers of iron deficiency. Individuals in the replete group do not meet any of the 
iron deficiency criteria. Definition of abbreviations: No PH = disease controls; H/IPAH = heritable/idiopathic 
pulmonary arterial hypertension; Other PAH = pulmonary arterial hypertension associated with connective 
tissue disease and pulmonary arterial hypertension associated with congenital heart disease; PH LHD = 
pulmonary hypertension due to left heart disease; CTEPH = chronic thromboembolic pulmonary hypertension; 
IL-6 = interleukin 6; 6MWD = 6-minute walk distance. 
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3.4 Discussion 

Previous studies have shown that iron deficiency with or without anemia is both common (40% - 

60%) and associated with poor prognosis, reduced exercise capacity and worsening hemodynamics 

in idiopathic PAH (IPAH) (Rhodes et al., 2011a, Soon et al., 2011, Ruiter et al., 2011, Krasuski et al., 

2011, Sonnweber et al., 2018). High prevalence (38%) of iron deficiency and its association with 

adverse outcomes have also been described in patients with Eisenmenger`s syndrome, a severe 

form of PAH CHD (Van De Bruaene et al., 2011). This study aimed to assess the prevalence and 

prognostic value of iron deficiency in a large single-center cohort of pulmonary hypertension (PH) 

patients with diverse etiologies, referred to the National Pulmonary Hypertension Service at 

Hammersmith Hospital. Three of the five PH diagnostic groups were represented: WHO group 1 PH 

including IPAH, PAH associated with congenital heart disease (PAH CHD) and connective tissue 

disease (PAH CTD), WHO group 4 chronic thromboembolic PH and WHO group 2 PH due to left heart 

disease. 

In this study, iron deficiency defined by either elevated soluble transferrin receptors (sTfR > 28.1 

nmol/L) or low ferritin (Ferr < 100 µg/L) and transferrin saturation (TSAT < 20%) levels, was common 

(34-56% meeting Ferr-TSAT and 39-69% meeting sTfR thresholds) in all patient groups including 

disease controls without PH. PAH CTD patients had a higher frequency (50%) of iron deficiency than 

controls and other diagnostic groups considering both ferritin/TSAT-based and sTfR-based criteria. 

PAH CTD is the most severe form of PAH and shows the worst prognosis among PH diagnostic 

groups. The frequent cooccurence of low ferritin, (TSAT) and high sTfR in PAH CTD could be a sign of 

advanced disease where high demand for iron by increased red blood cell production (causing 

elevated sTfR) to cope with worsening tissue hypoxia depletes iron stores. It is unclear at present 

whether iron replacement therapy has any clinical benefit through either cardiovascular pathology 

or peripheral effects in any of the PH diagnostic groups. However, iron deficiency being a ubiquitous 

comorbidity across several PH diagnostic groups and disease controls from the PH clinic might 

suggest that a causal effect is less likely or very modest. 

Diagnosing iron deficiency based on clinical blood biomarkers in individuals with chronic disease is a 

challenging task as chronic disease itself and iron deficiency are the two most common causes of 

anaemia (Cash and Sears, 1989). The circulating (soluble) form of transferrin receptors (sTfR) has 

been reported as a marker of iron deficiency unaffected by inflammation, providing an alternative 

for bone marrow biopsies in patients with acute or chronic inflammation (Punnonen et al., 1994, 

Cook et al., 1990). Levels of sTfR moderately increase in individuals with iron deficiency without 

anaemia and are more drastically elevated in iron deficiency anaemia when marrow functional iron 
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deficiency develops (Punnonen et al., 1994), although high values are not specific to iron deficiency 

and are also observed in conditions associated with increased erythropoiesis (Mast et al., 1998). 

Studies evaluating the predictive ability of iron status biomarkers in individuals with chronic 

inflammatory diseases using bone marrow biopsies found that whilst sTfR showed high sensitivity, it 

had generally low specificity (Mast et al., 1998, Zoli et al., 1994, Juncà et al., 1998, Nielsen et al., 

1994), and suggested the use of a higher sTfR cut-off and the use of sTfR and ferritin combined in a 

ratio index (Remacha et al., 1998, Bultink et al., 2001, Means Jr et al., 1999, Suominen et al., 2000). 

Similar studies using bone marrow staining to evaluate the sensitivity and specificity of iron indices 

in identifying iron deficiency have not been conducted in pulmonary hypertension to date. However, 

the results in a wide range of other chronic diseases mentioned above possibly apply to PH as well. 

Individuals in this study were assigned to one of three iron deficient- or the iron replete category of 

which the one defined by the combination of ferritin, TSAT and sTfR (Ferr-TSAT+sTfR) is comparable 

to the combined use of ferritin and sTfR suggested by the experimental studies mentioned above. 

The log ratio of sTfR and ferritin, shown to outperform any other available blood biomarker for 

correctly identifying iron deficiency in chronic disease, served as an index of iron availability in the 

prediction and prognostic models of this study. Levels of sTfR/ferritin were lowest in the iron replete 

group, increased twice as much from iron replete to the Ferr-TSAT group than from iron replete to 

the sTfR-only group and were drastically higher (1.6 standard units) in the Ferr-TSAT+sTfR group. 

Anaemia prevalence ranged between 10% and 44% in the five PH groups and disease controls. Levels 

of haemoglobin (Hgb) were higher in H/IPAH, PAH CHD and CTEPH patients than disease controls in 

white and non-white individuals alike. Hgb was generally lower in individuals from black or South 

Asian backgrounds than in white individuals and its levels increased with increasing tissue iron 

availability measured by the ratio of sTfR/ferritin in white patients only. Low Hgb, high sTfR and 

normal ferritin levels in the non-white cohort could suggest anaemia due to factors different from 

iron deficiency, such as vitamin B12 or folate deficiencies.  

Soluble transferrin receptor (sTfR) levels were independently predicted by the inflammatory 

cytokine IL-6, the iron storage protein ferritin and the diagnosis of PAH CTD (in whom they were 

higher) in white patients. In the patient cohort from black or South Asian backgrounds, decreasing 

Hgb levels predicted elevated sTfR, suggesting stimulated erythropoiesis, although this could not be 

tested as erythropoietin measurements were not available. These differences in iron status and 

anaemia between white and non-white individuals should be considered in future investigations into 

iron deficiency in PH. H/IPAH, PAH CTD and CTEPH diagnostic groups had significantly lower sTfR 

than disease controls after adjusting for the effects of Hgb, IL-6 and ferritin in the non-white cohort. 
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sTfR was higher in the non-white cohort than in white individuals and was not associated with IL-6 

and ferritin levels in non-white individuals. The correlation of sTfR and Hgb and the lack of 

correlation between sTfR and iron markers such as ferritin have been described with erythropoietic 

activity in the iron replete state (Beguin, 2003). Comparisons between white and non-white 

individuals were all adjusted for diagnosis, although analyses of ethnicity effects within diagnostic 

groups were not possible due to the small sample size of non-white individuals in the PH diagnostic 

groups.  

Unlike sTfR, the ratio of sTfR and ferritin was not associated with IL-6 and it predicted hepcidin 

levels. Hepcidin plays a pivotal role in iron homeostasis by suppressing iron absorption from the gut. 

Hepcidin expression is upregulated by circulating iron and inflammation and inhibited by 

erythropoiesis (See 1.6 Iron homeostasis and iron biomarkers). A previous study reported 

abnormally high hepcidin levels in a significant proportion of IPAH patients defined as iron deficient 

based on sTfR levels (> 28.1 nmol/L) only (Rhodes et al., 2011a). Rhodes et al. argued that 

inappropriate hepcidin production may contribute to iron deficiency in IPAH by inhibiting dietary 

iron uptake and the release of iron from iron storing cells. They also demonstrated that knocking 

down BMPR2 in hepatoma cells leads to increased hepcidin levels as a response to BMP-6 

stimulation (See 1.8 Iron deficiency in PAH). BMPR2 is underexpressed in the lungs of PAH patients 

harboring BMPR2 mutations and also in the lungs of mutation-negative idiopathic and associated 

PAH patients (Atkinson et al., 2002). Hepcidin dysregulation in IPAH is supported by the observation 

that only a small proportion of IPAH patients respond to oral iron therapy (Ruiter et al., 2011). In this 

study, whilst hepcidin levels were similar in disease controls, H/IPAH and PH LHD patients in the 

white cohort, in non-white patients H/IPAH diagnosis predicted higher hepcidin levels independent 

of sTfR/ferritin, IL-6, age and sex. However, higher sTfR and lower Hgb levels as well as the lack of 

correlation between sTfR and ferritin in the non-white cohort could be signs of erythropoiesis which 

was not accounted for in the hepcidin model and could result in lower hepcidin in non-white 

controls. Rhodes et al. found that the difference in hepcidin levels between IPAH patients and 

healthy controls was robust to adjusting for erythropoietin levels (Rhodes et al., 2011a).  

Iron deficiency in previous studies was associated with worse prognostic markers, such as 6-minute 

walk distance (6MWD) and predicted survival in IPAH patients (Rhodes et al., 2011a, Ruiter et al., 

2011). In the study of Rhodes et al. sTfR associated with worse survival in IPAH patients independent 

of 6MWD. In this cohort, sTfR did not predict survival after adjustments for 6MWD, IL-6, ethnicity, 

diagnosis, sex and age. On the other hand, belonging to the sTfR-only group had a strong effect on 

survival which was especially pronounced in the H/IPAH diagnostic group. Those in the sTfR-only 

group had more than twice the risk of dying than those in the iron replete group. The other two iron 
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deficiency groups were not at increased risk compared to iron replete individuals. This suggests that 

the survival effect of being in the sTfR-only group is likely not caused solely by iron deficiency, as if 

that was the case, the more severely iron deficient Ferr-TSAT+sTfR group would show at least some 

degree of risk increase against the iron replete group. A possible explanation for the poor prognosis 

of patients in the sTfR-only group is the cooccurrence of iron deficiency and inflammation, i.e. they 

might have elevated sTfR due to iron status but fail to meet ferritin and TSAT criteria due to 

inflammation. Even though inflammation was accounted for in the form of interleukin-6 (IL-6) levels 

in the survival models, residual confounding may remain as a result of measurement imprecision and 

the inability of IL-6 levels to fully capture systemic inflammation. Residual inflammation could 

explain the modest protective effect of sTfR/ferritin, which would suggest, somewhat 

counterintuitively, that worse tissue iron availability decreases risk of dying. Patients in the sTfR-only 

group have similar iron indices to those in the iron replete group and therefore are not likely to 

represent a milder form of iron deficiency. Sensitivity analyses excluding the sTfR-only group did not 

provide evidence for the prognostic value of iron deficiency proxied by either sTfR levels or iron 

deficiency status. These observations suggest that other processes underlying more advanced 

disease instead of iron deficiency could be the cause of elevated sTfR in the sTfR-only group. The 

survival effect of non-iron related sTfR increase could be explained by a systemic response to severe 

chronic local hypoxia, i.e. the expansion of immature red blood cell precursors in the bone marrow, 

leading to more membrane bound TfR as well as higher sTfR. A gene expression signature specific to 

erythroid differentiation discriminated between a group of PAH patients including idiopathic and 

scleroderma-associated cases (PAH SSC) and a group of controls including systemic sclerosis patients 

without PH and healthy controls (Cheadle et al., 2012). This gene expression cluster contained genes 

expressed almost exclusively in erythroid progenitors and in the bone marrow. The genes ALAS2 

(aminolevulinate, delta-, synthase2) and ERAF (erythroid differentiation associated factor) within the 

cluster showed markedly increased levels in IPAH and PAH SSC patients, both of which are essential 

for the terminal differentiation of erythroid cells. This gene signature was also associated with 

increasingly severe disease measured by hemodynamic parameters in IPAH but not PAH SSC, which 

is in line with the prominent risk increase of the sTfR-only group in IPAH patients compared to other 

diagnostic groups in this study. The presence of this gene signature characterized by Cheadle et al. 

and the elevated sTfR levels observed in PAH are indicative of increased red blood cell recruitment 

and may constitute a systemic response to severe chronic local hypoxia. 

The congenital heart disease- and connective tissue disease associated PAH groups (PAH CHD and 

PAH CTD, respectively) were pooled into a single group of associated PAH for the survival analyses 

given the relatively small sample size and therefore small number of events in these two groups. 
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Therefore it remains possible that the prognostic value of iron deficiency differs between PAH CHD 

and PAH CTD groups that this study was not powered to detect. 

This study differs in certain aspects from previously published observational studies of iron 

deficiency in PAH which, at least in part, could underlie the disparities between them. Iron indices 

and/or cut-offs used in the criteria for iron deficiency differ between this study and previous studies 

of iron deficiency in PAH (Rhodes et al., 2011a, Ruiter et al., 2011, Soon et al., 2011). Rhodes et al. 

(Rhodes et al., 2011a) defined iron deficiency on the basis of sTfR levels using the upper limit of the 

normal range (> 28.1 nmol/L) as a cut-off (same cut-off as in the sTfR-only and Ferr-TSAT+sTfR 

groups in this study) and found 62 out of 98 IPAH patients (63%) iron deficienct. Ruiter et al. used 

the combination of serum iron (< 10 µmol/L) and TSAT (< 15% in females and < 20% in males) for the 

definition of iron deficiency which classified 30 out of 70 IPAH (43%) iron deficient. Soon et al. (Soon 

et al., 2011) used ferritin (< 10 µg/L), transferrin (> 2.2 g/L) and normal C-reactive protein levels for 

defining iron deficiency in a cohort of 85 IPAH patients of which 26 (31%) were found iron deficient. 

The cut-off values in the studies of Ruiter et al. and Soon et al. seem conservative for defining iron 

deficiency in chronic disease patients which could have lead to underestimation of iron deficiency 

prevalence in their study populations. On the other hand, the iron deficiency criterium applied by 

Rhodes et al. might have been too liberal considering the evidence that the upper limit of normal 

sTfR (28.1 nmol/L) is likely too low in individuals with chronic disease (Nielsen et al., 1994, Juncà et 

al., 1998, Remacha et al., 1998, Mast et al., 1998, Means Jr et al., 1999, Suominen et al., 2000, 

Bultink et al., 2001). For instance, the ferritin thereshold of 10 and 22 µg/L for females and males 

has an estimated specificity of 99%, but sensitivity as low as 25% whilst the sTfR cut-off of 28.1 

nmol/L is less specific (74%) but more sensitive (71%) when predicting bone marrow iron content in 

a heterogenous population of patients (Means Jr et al., 1999).  

Prevalence of iron deficiency was similar between CTEPH and H/IPAH patients in this cohort, which is 

not in agreement with the findings of Soon et al. who reports 30% of IPAH patients and only 5% of 

CTEPH patients who served as controls in their cohort to be iron deficient (Soon et al., 2011). 

Twenty-five percent of H/IPAH patients and 28% of CTEPH patients were iron deficient in this study, 

considering the strictest criteria including all three iron indices (Ferr-TSAT+sTfR). Prevalence of iron 

deficiency in CTEPH patients was still 25% after excluding those who underwent pulmonary 

endarterectomy before blood biomarkers were measured. Age at diagnosis and the age at which 

patients were sampled are similar between this study and the study of Soon et al. for both diagnostic 

groups, however the sample size is over twice as large in this cohort which could result in more 

accurate prevalence estimates. Even though no exclusions based on clinical history or co-existing 

morbidities such as gastrointestinal bleeding, transfusion-dependent conditions or renal failure were 
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made in this study, this should not impact considerably the relative proportions of iron deficiency 

since exclusions were not applied to either CTEPH or H/IPAH. This would hold true assuming that the 

two diagnostic groups had similar proportions of patients with co-morbidities likely affecting iron 

status, as observed in the study of Soon and colleagues (Soon et al., 2011).  

3.5 Conclusions 

Iron deficiency has not been well characterized in PH, other than IPAH. This study suggests that iron 

deficiency is prevalent in all patients admitted to the PH clinic, but it is not associated with worse 

survival. Elevated levels of soluble transferrin receptor associated with worse survival, which was 

especially prominent in IPAH patients, although this seemed to be more complicated than simply 

being due to iron deficiency. The diagnosis and assessment of iron deficiency severity in a chronic 

disease like PH is a challenging task, but soluble transferrin receptor levels used in combination with 

ferritin could provide a measure with higher specificity. The fact that iron deficiency was equally 

common in patients admitted to the PH clinic but found not to have PH begins to question the 

likelihood of iron deficiency being a causal pathway in the development of PH. 
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4 Mendelian randomisation analysis of red cell distribution 

width in pulmonary arterial hypertension 

4.1 Introduction 

In chapter three I showed that iron deficiency is common in all patients attending the PH clinic. In 

this chapter I focus on group 1 PH, specifically IPAH and heritable PAH, to assess the association of 

iron status and PAH susceptibility for causality using genetic variants as instruments. Iron deficiency 

is currently under investigation as a therapeutic target in PAH (Howard et al., 2013). 

PAH is a rare and complex disease with both genetic and environmental factors contributing to the 

pathogenesis of PAH (Southgate et al., 2020). The effects of rare (Graf et al., 2018) and common 

(Rhodes et al., 2018) genetic variants have recently been described in the largest to date cohort of 

PAH patients utilizing genome-wide array and whole genome sequencing data from multiple centers 

(Materials and methods 2.9). Approximately 70–80% of heritable PAH and 10–20% of IPAH patients 

are known to harbour mutations in the bone morphogenetic protein type II receptor (BMPR2) gene 

(Evans et al., 2016). The study of Gräf et al. involving over one thousand PAH patients confirmed the 

prevalence of causal mutations in BMPR2, as well as in five other established genes (TBX4, ACVRL1, 

ENG, SMAD9, and KCNK3), and identified PAH-associated mutations in four new genes (ATP13A3, 

SOX17, AQP1, and GDF2), all together accounting for 23.5% of the cases studied (Graf et al., 2018). 

The rare mutations in all these genes are inherited in an autosomal dominant manner and exhibit 

reduced penetrance, indicating that other genetic, epigenetic and/or environmental factors 

influence the development of PAH.  

Red cell distribution width (RDW) has been demonstrated to strongly correlate with survival in PAH 

(Rhodes et al., 2011b, Hampole et al., 2009). A recent hypothesis-free phenome-wide analysis 

indicated PAH, among several disease descriptors, as the most strongly associated trait with RDW 

(odds ratio, OR = 2.0, 95% CI = 1.75-2.4 per % increase in RDW) in a hospital population (Thayer et 

al., 2019). RDW - a measure of red blood cell (RBC) size variability in an individual – is part of the full 

blood count in standard hospital practice and readily available as a biomarker. RDW correlates well 

with iron status biomarkers and high values can signal early stage iron deficiency or iron deficiency 

anemia (Emans et al., 2011). RDW increases with decreasing iron as available body iron stores fail to 

meet the iron demand of RBC synthesis resulting in RBCs of varied size.  
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An observed correlation between two traits does not necessarily imply that interventions on one 

trait will change the other and there are numerous examples where false positive associations have 

led to unsuccessful randomized controlled trials (Hennekens et al., 1996, 2002). Clinical trials are 

expensive and time-consuming, and recruitment can be challenging, especially in rare diseases. With 

the growing availability of genetic data in large disease-focused and population-based studies, 

testing causal relationships between traits of interest has become possible by harnessing the 

naturally occurring genetic variation in the population. The collection of methods used to test causal 

relationships using genetic variants is called Mendelian randomisation (MR)(described in detail in 

Introduction 1.9 and Materials and methods 2.6, 2.7). MR has been successfully used to help 

prioritize intervention and drug targets and to identify causal factors for several diseases (Pichler et 

al., 2013, Collaboration et al., 2011, Interleukin-6 Receptor Mendelian Randomisation Analysis et al., 

2012, Lewis et al., 2011, Palmer et al., 2013). In general, candidate drugs with genetic evidence for 

effectiveness are more successful in drug trials compared to those without such genetic support 

(King et al., 2019).  

It remains to be investigated whether elevated RDW is largely a consequence of PAH or plays a 

causal role in the condition. The common genetic variation determining RDW levels has been 

defined in very large population studies described in Materials and methods 2.9 (Astle et al., 2016), 

with more power than equivalent studies of iron status which makes RDW a strong candidate for MR 

analysis. The primary aim of this chapter is to investigate the epidemiological association between 

RDW and PAH by assessing causality using MR. I refined the estimate of association between RDW 

and PAH using biomarker data in 642 PAH cases and over 15,000 controls with common diseases 

from the Imperial College PH Biobank, the UK PAH Cohort and the Vanderbilt University Medical 

Centre (VUMC) and applied MR to investigate whether being genetically predisposed to higher levels 

of RDW increases the odds of developing PAH. 
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4.2 Methods 

4.2.1 Definition of pulmonary arterial hypertension (PAH) 

PAH was defined by internationally agreed criteria (Galie et al., 2016), specifically mean pulmonary 

artery pressure >25mmHg, pulmonary vascular resistance >3 Woods and pulmonary capillary wedge 

pressure <15 mmHg. Patients with concurrent diseases known to cause pulmonary hypertension 

were excluded such that all were considered to have idiopathic, heritable or anorexigen-induced 

PAH.  

4.2.2 Genetic and phenotype data in contributing studies 

4.2.2.1 Individual-level data 

Individual-level data including clinical laboratory RDW was available for a total of 524 PAH patients 

from the Imperial College PH Biobank and the multi-centre UK PAH Cohort, a study that facilitates 

collaboration and the sharing of data and samples between the specialist pulmonary hypertension 

centres in the United Kingdom.  

In addition, the hospital population-based VUMC study provided longitudinal clinical laboratory RDW 

measurements, detailed clinical diagnoses and genome-wide genotype array data (genotyping 

platform: Illumina MEGAex) for an additional 118 PAH patients and 15,889 common disease controls 

(Table 4.1). VUMC hosts a collection of electronic medical records linked to genetic data derived 

from blood collected during routine clinical assessment in outpatient clinics where all patients are 

shown the consent form during check-in (Roden et al., 2008). Details on the quality control and 

genotype imputation procedures of VUMC genotype array data are described in Methods 0. 

Table 4.1 Characteristics of the study population used for estimating the association between RDW and PAH, 
stratified by sex. 
Definition of abbreviations: PAH – Pulmonary Arterial Hypertension, VUMC - Vanderbilt University Medical 
Centre, NIHRBR - UK National Institute for Health Research BioResource, RDW – red cell distribution width. 

Individuals from non-white ethnic backgrounds were excluded to avoid potential bias from ethnicity 

effects. Since RDW is known to be elevated in a number of diseases, all individuals with either of the 

 PAH (118 VUMC; 524 NIHRBR) Controls (15,889 VUMC) 

Female (%) Male (%) Female (%) Male (%) 

N 445 (69) 197 (31) 8,539 (54) 7,350 (46) 

RDW (mean/SD) 15.1/2.20 15.5/2.33 13.6/1.41 13.6/1.39 

Age (mean/SD) 52.4/17.6 58.2/16.2 54.3/16.1 58.1/14.7 
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following in their medical history were excluded: polycystic kidney disease, chronic kidney disease, 

liver disease and transfusion therapy received. Furthermore, children and adolescents under the age 

of 18 as well as individuals with extreme RDW values (below 10%, N=20 or above 30%, N=15) were 

not included in the analysis (Figure 4.1). Out of the 35 excluded for extreme RDW, 14 were cases 

from VUMC in the range of 43-55 and 20 were all below 10 from one of the NIHRBR centers. Both 

centers confirmed reporting errors for these samples. 

 

Figure 4.1 Flow diagram of the exclusion steps in the UK centers and the Vanderbilt University Medical 
Centre (VUMC) participating in the RDW and PAH association analysis. 
Definition of abbreviations: PAH – Pulmonary Arterial Hypertension, VUMC - Vanderbilt University Medical 
Centre; RDW – red cell distribution width. 

4.2.2.2 Summary-level data 

Summary-level data for RDW and PAH susceptibility were used in the MR analyses to maximize the 

sample size and therefore the statistical power. Genetic instruments serving as a proxy for RDW 

were obtained from the largest-to-date (over 170,000 individuals) GWAS on hematological traits 
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(hereon referred to as the ‘RDW GWAS’) in a population-based study by Astle et al. (Astle et al., 

2016).  

A large proportion of the idiopathic and familial PAH cases from the UK PAH Cohort were whole 

genome sequenced as part of the UK National Institute for Health Research BioResource (NIHRBR) 

(Rhodes et al., 2018, Graf et al., 2018) study. For genetic effects on PAH, I used the largest GWAS of 

PAH susceptibility published by our group and others investigating the effects of common genetic 

variation on PAH risk (hereon referred to as the ‘PAH GWAS’) involving a total of 11,744 individuals 

of which 2,085 were PAH cases. Effect estimates of the PAH GWAS were combined through the 

meta-analysis of four independent studies, one of which is the NIHRBR with 847 PAH cases and 

5,048 rare disease controls. The other major contributing study, the US PAH Biobank (PAHB) used a 

control population with mixed common diseases recruited from outpatient clinics (694 PAH cases 

and 1560 controls), whilst the two smaller studies used population-based controls, with 269/275 

PAH cases and 1068/1983 controls in the PHAAR and BHFPAH studies, respectively (Rhodes et al., 

2018). 

4.2.3 Statistical analyses 

4.2.3.1 RDW and PAH association 

To confirm and refine the estimate for the association between RDW and PAH, PAH patients from 

the Imperial College PH Biobank, the UK PAH Cohort and the VUMC were combined and compared 

to common disease controls from the VUMC recruited in outpatient clinics. RDW values were natural 

log-transformed and for ease of interpretation Z-score normalized to have a mean of zero and a 

standard deviation of one. The association between RDW levels and PAH was tested in a logistic 

regression framework adjusted for age and sex. Closest to diagnosis RDW measurements were used 

for PAH cases and the first available RDW measurement was retrieved for controls.  

4.2.3.2 Causal effect estimation 

To test for causality between RDW and PAH, I applied a two-sample MR strategy that requires effect 

estimates for the genetic instrument on the risk factor (here RDW) and the outcome (here PAH) 

from two non-overlapping datasets (Figure 4.2). The genetic instrument for RDW comprised genetic 

variants associated with RDW levels in the RDW GWAS at a study specific significance level (P ≤ 

8.31×10−9) devised for the genome-wide testing of common, low-frequency and rare variants from 

whole genome sequencing data (Xu et al., 2014). In the PAH GWAS, 179 variants (inclusive of 12 

proxy variants with a minimum r2 of 0.8) out of the 212 independent (r2 < 0.01) RDW quantitative 

trait loci (QTL) were available after excluding 13 palindromic variants (A/T or C/G) with intermediate 

allele frequencies (minor allele frequency > 45%) to ensure that the effects of the variants for the 
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two traits can be harmonized to the same allele. To obtain the causal estimate, I applied the inverse 

variance weighted (IVW) (Lawlor et al., 2008) - and weighted median (Bowden et al., 2016) methods. 

Heterogeneity between the causal estimates from each QTL was estimated using the Cochran’s Q 

test. 

In brief, the alleles of RDW QTL were aligned to correspond to an increase in RDW followed by 

harmonizing PAH effects to the same allele. The causal effect was estimated with IVW and weighted 

median methods as implemented in the MR-Base software (Hemani et al., 2018). In the conventional 

IVW method, each RDW QTL provides a causal estimate calculated by simply dividing the variant 

effect on PAH by the variant effect on RDW (ratio estimate or Wald ratio). These individual causal 

estimates are then meta-analyzed in a random-effects model weighted by the reciprocal of the 

standard error of the variant association with PAH, giving more weight to the more precise estimates 

(detailed description of the causal effect estimation is given in Methods 2.7). 

In the primary MR analysis, all available genome-wide significant RDW QTL (n = 179) were included. 

The secondary analysis explicitly tested the role of iron deficiency in the RDW-PAH association using 

five RDW QTL mapped to genes involved in iron homeostasis (HFE, TMPRSS6, TFRC and TFR2) from 

the full set of genome-wide significant RDW QTL (Figure 4.2). All of these five RDW QTL 

concomitantly increase serum iron, ferritin, and transferrin saturation and decrease transferrin, 

reflecting systemic iron status (Supplementary Table 8.2.1) and were first reported by an 

independent GWAS - the Genetics of Iron Status GWAS - as genome-wide significant signals for at 

least two of the above-mentioned iron status biomarkers (Benyamin et al., 2014). These five RDW 

QTL are among the signals which explain the highest proportion of variance in the RDW GWAS, 

highlighting the importance of iron availability in RDW levels. 
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Figure 4.2 Mendelian Randomisation (MR) analyses of red cell distribution width (RDW) and pulmonary 
arterial hypertension (PAH). 
RDW quantitative trait loci (QTL) and their effect estimates were taken from the largest-to-date population 
based RDW genetic association study (GWAS). Effect estimates for the RDW QTL on pulmonary arterial 
hypertension (PAH) susceptibility were obtained from the largest-to-date PAH GWAS. The primary MR analysis 
included all 179 RDW QTL while the secondary MR analysis was restricted to five from the 179 RDW QTL acting 
via iron status. 

4.2.3.3 Estimating the variance explained by the RDW genetic instrument 

The validity of the RDW genetic instrument – consisting of 179 RDW QTL - as a proxy for RDW levels 

was tested in 14,964 common disease controls from the VUMC with genetic data available. A 

weighted genetic risk score (GRS) for RDW was constructed for each individual by summing the 

effect alleles multiplied by the effect size at each RDW QTL (detailed description in Methods 0). The 

validity of the genetic instrument was assessed by regressing the first available RDW measurement 

on the RDW GRS which provided the variance explained (R2) in RDW levels by the RDW GRS in this 

cohort.  

The R2 for the RDW GRS alone was calculated by subtracting the R2 of the model not containing the 

GRS (null model) from the R2 of the full model. The models were as follows; 

Full model: RDW ~ GRS + sex + age + principal components (1st and 2nd) + batch (study specific) 

Null model: RDW ~ sex + age + principal components (1st and 2nd) + batch (study specific) 
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The R2 for the combined RDW QTL in the RDW GWAS discovery and replication populations (UK 

Biobank – UKB and INTERVAL) was calculated from the summary statistics. The individual R2 

estimates were then summed to give the overall variance explained by the RDW instrument: 

𝑅2 =  ∑
𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑘 + 1

𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑘
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2
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−
1

𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑘

𝐾

𝑘=1

 

 

where: 
𝑘 is an index for each of the variants used in the RDW genetic instrument 
𝑍 is the Z-statistic as reported in the RDW GWAS summary statistics  
𝑁𝑠𝑎𝑚𝑝𝑙𝑒 is the sample size as reported in the RDW GWAS summary statistics. 
 

The standard error for the R2 estimate was calculated as shown below: 

𝑆𝐸𝑅2 =  ∑ √(
2

𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑘
) × (2 × 𝑅𝑘

2 +
1
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𝐾
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4.2.3.4 Power calculation 

Since genetic variants typically explain a small proportion of the variability in the associated trait, MR 

studies often require large sample sizes to detect a non-zero causal effect. The power to detect a 

causal association in the current MR analyses was calculated as described by Burgess et al., using the 

R2 values estimated in VUMC and also those estimated in the RDW GWAS populations (Burgess, 

2014). 
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4.3 Results 

4.3.1 Defining the association of RDW and PAH 

Within this observational analysis, each standard unit (1.4%) increase in RDW was associated with 

90% higher odds of prevalent PAH after adjusting for the effects of age and sex (odds ratio, OR = 

1.90, 95% CI = 1.80 - 2.01). There were no marked between-cohort differences in RDW levels (Figure 

4.3). 

 

Figure 4.3 RDW levels in the merged cohort of PAH cases (N=642) and the disease control cohort (N=15,889). 
The bottom and the top lines of the box indicate the 25th and 75th percentiles, while the centerline indicates 
the median value. The whiskers extend to 1.5 times the interquartile range from both ends of the box with 
individual points being more extreme observations. SD = standard deviation. Definition of abbreviations: RDW = 
red cell distribution width; SD = standard deviation; UK = United Kingdom; VUMC = Vanderbilt University 
Medical Centre. 

4.3.2 Genetic risk score for RDW 

It was estimated that the 179 RDW QTL would explain over 12% of the variability (R2 = 12.7%, 95% CI 

= 12.32% -12.99%) in RDW levels in the RDW GWAS population (UK Biobank and INTERVAL) in which 

they were discovered. The RDW GRS constructed for the VUMC controls explained 2.6% (95% CI = 

2.17% - 3.19%) of the variability in the first available RDW measurement. The set of five variants 

specific to iron status explain an estimated 1.7% (95% CI = 1.62% – 1.87%) of the RDW variability in 

the UKB and INTERVAL populations whilst they explain 0.7% (95% CI = 0.43% - 0.92%) of the total 

variability in RDW in the VUMC controls. The RDW GWAS study populations had lower mean RDW 
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levels than the common disease controls in this study (UKB and INTERVAL = 13.45; VUMC = 13.60) 

and lower standard deviations (UKB and INTERVAL = 0.82; VUMC = 1.40) which could in part explain 

differences between the R2 estimates in these studies. 

4.3.3 Statistical power to detect causal effect 

With a genetic instrument that explains a relatively high proportion (R2 = 12%) of the total variation 

in RDW levels (Figure 4.4, red curve) there is 80% power to detect a causal effect as small as 1.25 

(OR). If the true variance explained lies closer to that estimated in the VUMC controls (R2 = 2.6%, 

Figure 4.4, green curve), this changes to 1.52. When the variance explained by the genetic 

instrument is small (R2=1.7%, Figure 4.4, blue curve), the study is limited, with the current sample 

size, to an OR of 1.7 or above. However, if the effect of RDW calculated in this observational analysis 

(OR=1.80-2.01) was causal in nature, either of the two MR analyses, based on R2 estimates from the 

RDW GWAS, would have over 80% power to detect an effect of that magnitude. Using the estimates 

based on the VUMC data, the analysis using all 179 RDW QTL (Figure 4.4, green line) would have 

sufficient (>80%) power with the current sample size, while the iron-specific model (Figure 4.4, 

purple line) would be underpowered. 
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Figure 4.4 Power to detect a causal association in the RDW-PAH Mendelian Randomisation analyses. 
X-axis: size of the true underlying causal effect of one standard unit increase in red cell distribution width 
(RDW) on pulmonary arterial hypertension (PAH) risk. The effect estimate obtained from the observational 
study is indicated with the vertical black line at OR = 1.90 whilst the red dotted line marks the desired power of 
80%. Red curve: Mendelian Randomisation (MR) using all overlapping genome-wide significant variants from 
the RDW genome-wide association study (GWAS), given the true R2 = 12% as per estimated in the UKB and 
INTERVAL cohorts. Green curve: MR using all genome-wide significant RDW quantitative trait loci (QTL) from 
the RDW GWAS, given the true R2 = 2.6% as per estimated in our VUMC control cohort. Blue line: MR using five 
genome-wide significant variants from the RDW GWAS reflecting systemic iron status, given the true R2 = 1.7% 
as per estimated in the UKB and INTERVAL cohorts. Purple line: MR using five genome-wide significant QTL 
from the RDW GWAS reflecting systemic iron status, given the true R2 = 0.7% as per estimated in our VUMC 
control cohort. 

4.3.4 RDW-PAH causal relationship 

I tested for a causal effect of RDW on development of PAH in the primary MR analysis using 179 

RDW QTL and found no significant relationship (IVW ORcausal = 1.07, 95% CI = 0.93 – 1.23, Q p-value 

= 0.57, Figure 4.5). A secondary MR analysis based on five RDW QTL provided no evidence for a 

causal effect of iron status on PAH (IVW ORcausal = 1.09, 95% CI = 0.77 – 1.54, Q p-value = 0.91, 

Figure 4.5). The weighted median method, which is more robust to violations of MR instrument 

assumptions, yielded similar estimates for both the primary (WM ORcausal = 1.11, 95% CI = 0.89 – 

1.38) and the secondary (WM ORcausal = 1.04, 95% CI = 0.68 – 1.59) MR analyses.  
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Figure 4.5 RDW-PAH Mendelian Randomisation analyses. 
Scatterplot of variant – RDW associations (x-axis) plotted against variant – PAH associations (y-axis) where 
each dot represents a single RDW QTL. The effect estimates and their standard errors (grey bars) are given in 
standard units for RDW and in odds ratios for PAH. The solid black line denotes an OR of 1 (no effect) whilst the 
dashed blue line is the overall causal effect from the IVW regression using all 179 RDW QTL. The five iron-
specific RDW QTL (red dots) used as instruments in the secondary Mendelian Randomisation analysis are 
labelled with their corresponding gene names and the red dotted line denotes the corresponding causal effect. 
Definition of abbreviations: RDW = red cell distribution width; SD = standard deviation; PAH = pulmonary 
arterial hypertension; OR = odds ratio; QTL = quantitative trait loci. 

If the OR estimated in the primary MR analysis was indicative of the magnitude of a real causal 

effect, the number of PAH cases needed to detect such a causal effect with a genetic instrument that 

explains 10% of the variance in RDW would be ~ 20,600 (with the same 1:4.6 ratio of cases:controls 

as in this study) to achieve 80% power at a false positive rate of 5% (P = 0.05). Heterogeneity was 

tested between causal effects estimated in the four studies contributing to the PAH GWAS 

separately (Supplementary Figure 8.2.1 and Supplementary Figure 8.2.2) to assess if differences in 

the nature of their control populations yielded heterogenous effect estimates. Heterogeneity tests 
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on the IVW estimates (primary MR: Q = 0.83, df = 3, p = 0.84; secondary MR: Q = 0.55, df = 3, p = 

0.91) did not detect considerable variability between the causal effects in the four contributing 

studies based on a random-effects model. 

4.4 Discussion 

I applied a two-sample MR approach to test whether the epidemiological relationship between 

elevated RDW levels, which are associated with iron deficiency, and PAH is causal in nature. The 

effect of RDW on PAH was estimated in a large sample of cases and common disease controls. By 

using genetic variants as instruments for RDW, I found no evidence for a causal effect of RDW on 

PAH of the magnitude suggested by observational studies.  

Previous work has shown that iron deficiency is common in PAH and associated with a poor 

prognosis, reduced exercise capacity and worsening hemodynamics (Ruiter et al., 2011, Soon et al., 

2011, Rhodes et al., 2011a). A physiological link has been described in healthy volunteers where iron 

infusion attenuated the rise in pulmonary artery pressure induced by acute hypoxia (Balanos et al., 

2002, Smith et al., 2008) and in rats where chronic iron deficiency results in pulmonary hypertension 

(Cotroneo et al., 2015). This relationship could be driven by the role of iron in de-stabilizing the 

hypoxia-inducible factor, thereby deficiency can mimic the hypoxic state (Ivan et al., 2001). This 

study confirmed the association of raised RDW with PAH using controls from a hospital population 

and cases from multiple centres (with an effect size 1.90 for one standard unit RDW, 1.4%), 

supporting a recent hypothesis-free phenome-wide analysis which indicated, among several disease 

descriptors, PAH as the most strongly associated phenotype with RDW with a similar effect size (OR 

2.0, 95% CI = 1.75-2.4 per % increase in RDW) (Thayer et al., 2019). This MR analysis was adequately 

powered to detect a causal role for RDW with an effect of this magnitude. The fact that no causal 

effect was detected suggests that at least some of the observed association is secondary to the 

disease.  

The results of this study may appear to be at odds with previous clinical studies of the efficacy of 

iron supplementation in PAH patients, which have focused on functional capacity rather than 

disease pathology. An open-label study of twenty patients with idiopathic PAH with iron deficiency 

reported improved iron status, 6-minute walk distance (6MWD) and quality of life (QoL) two months 

after a single infusion of 1000 mg ferric carboxymaltose (Viethen et al., 2014). Another open-label 

study in fifteen iron deficient idiopathic PAH patients reported improvement of iron status, QoL and 

exercise endurance capacity on cardiopulmonary exercise testing after receiving 1000 mg of 
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intravenous iron (Ruiter et al., 2015). Neither of the clinical studies were placebo controlled, 

although Viethen et al. compared their intervention group to a group of matched iron-replete 

patients who did not receive iron infusion. It remains possible that iron supplementation in PAH 

could have benefits through mechanisms distinct from those driving the cardiovascular pathology, 

for example on muscle function (Charles-Edwards et al., 2019).  

MR studies using data from large consortia support a causal effect of iron status in other diseases. 

The genetic instruments (two variants in HFE and one variant in TMPRSS6) used in these studies 

were also used in the secondary MR analysis. Gill and colleagues found iron to have a protective 

effect against coronary artery disease (IVW causal OR = 0.94 per standard deviation (SD) change in 

serum iron) (Gill et al., 2017) but increase the risk of cardioembolic stroke (IVW causal OR = 1.16 per 

SD iron) (Gill et al., 2018). The authors suggest the opposing effects of iron status on CAD and stroke 

might be due to different underlying mechanisms. Pichler et al. (Pichler et al., 2013) have reported 

that iron protects against the risk of developing Parkinson`s disease (IVW causal OR = 0.88 per SD 

iron). Iron deficiency is a common risk factor and these causal effect estimates in common diseases 

are modest; this study was not powered to detect an effect if this is also true of PAH. 

In the light of this MR analysis, alternative explanations for the association of RDW and PAH have to 

be considered; namely, that PAH causes raised RDW (reverse causation, for example reduced oxygen 

delivery and/or haemolysis related to PAH may stimulate reticulocytosis which would increase RDW) 

or that PAH and elevated RDW are caused by an independent common mechanism. One such 

mechanism is chronic inflammation, which is a common feature of PAH (Hassoun, 2014) and leads to 

intracellular sequestration of iron. Other mechanisms which may modify RDW such as folate or 

vitamin B12 could be studied for their association with PAH. To directly test whether PAH is causal 

for raised RDW levels a stronger genetic instrument for PAH is required than currently known 

common variation identified by PAH GWAS. 

An important strength of this study lies in the sample size available with phenotype and genetic data 

achieved through extensive collaboration. Given the rarity of PAH, data had to be pooled from 

several centres to allow the investigation of common genetic variation in PAH and to test causal 

relationships. This study also has some limitations. The control population for the observational 

study was not specifically selected to represent a population at risk of developing PAH. An example 

of a population at risk of PAH are relatives of patients with pathogenic BMPR2 mutations (and other 

rare pathogenic variants). Given the reduced penetrance of familial/heritable PAH (~42% in women 

and ~14% in men carrying known mutations) (Machado et al., 2001), following up the families of 
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affected individuals, especially relatives harbouring mutations associated with PAH, would be an 

invaluable source to identify environmental triggers of PAH.  

Despite my efforts to exclude controls with conditions that likely affect RDW and to use the first 

available RDW measurement, genetic effects of RDW are expected to differ between individuals with 

common diseases and a cohort of healthy volunteers. The R2 of a genetic variant describes the 

variance explained in the phenotype in a given population at a given time. Therefore, there can be 

no single population parameter that applies to multiple populations or the same population at 

multiple timepoints. Although the R2 estimated in the RDW GWAS is likely upwardly biased (since it 

contains the discovery as well as the replication samples), it might reflect better the extent to which 

genetic variation influences long-term RDW levels in disease-free populations than the R2 estimate 

from the VUMC disease controls, who may be expected to have more variable RDW levels due to 

comorbidities. This highlights a potential challenge in estimating power for MR studies. I estimated 

that upwards of 20,000 PAH patients would be required to detect any likely causal effect of iron 

deficiency. 

It is important to note that in these MR analyses, causal effects were estimated using the results of 

the PAH GWAS (Rhodes et al., 2018). Four independent studies contributed to the overall results of 

the PAH GWAS comparing allele frequencies of their PAH cases to control cohorts selected according 

to different criteria. The NIHRBR study used a control population with a mixture of rare diseases 

while the other major contributing study from the United States used mixed common disease 

controls. The two smaller contributing studies used population-based controls; a preferable design 

for estimating the effects of surrogate genetic variants for common risk factors. Selection bias can 

affect the estimates of the instrumental genetic variants on disease susceptibility. This is especially 

true if the control cohort is enriched for conditions also affected by the risk factor of interest.  
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4.5 Conclusions 

There is strong observational evidence for an association between elevated RDW, a surrogate for 

iron deficiency, and PAH. However, this Mendelian randomisation analysis does not indicate that 

RDW is causally linked to disease development. The study was powered to detect a causal effect 

similar in size to that observed. A more modest causal effect remains possible but would require a 

significantly larger study population to detect. Extending international collaborations and careful 

follow up of populations at risk will allow increasingly sophisticated study designs to investigate 

causal relationships, shared underlying mechanisms with other conditions and overall genetic 

susceptibility in PAH. 
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5 Supplementation of iron in idiopathic pulmonary 

hypertension: a randomized controlled crossover trial 

5.1 Introduction 

Randomized controlled trails (RCTs) represent the ‘gold standard’ for testing causality or treatment 

efficacy. Randomization of a sufficient number of study subjects will balance out any confounders 

between treatment groups allowing the observed differences in outcome between the groups to be 

attributed to the treatment received. Randomised intervention trials (RIT) can be used to assess the 

role of putative causal factors in disease development and identify targets for prevention strategies 

in a study design that reduces biases that conventional observational trials suffer from. However, 

RITs require large sample sizes (depending on disease frequency in the population) and long follow-

up periods which make this trial design very expensive. Effects of dietary intervention on disease risk 

are often investigated with RITs. An example of this is the Women`s Health Initiative study that 

recruited and randomized a population of 48,835 women to an intervention and a control dietary 

group and followed them up for a median of 8.1 years to investigate the effects of a low-fat diet on 

developing common diseases such as diabetes (Howard et al., 2018), cardiovascular diseases 

(Howard et al., 2006) and certain types of cancers (Prentice et al., 2006, Thomson et al., 2014). RITs 

can be affected by selection bias, as willing participants and those sticking to the treatment regime 

tend to be more interested in health and are generally healthier; therefore they may not be 

completely representative of their underlying populations. Selection bias can be a factor in all clinical 

trials, but its impact on the generalizability of treatment effect is believed to be minimal in RITs and 

not comparable to the magnitude of selection bias that affect observational studies, where 

participants select their own treatments. Another caveat in RITs is compliance or in other words 

adherence to the treatment regimen, which being a behavioral trait is shown to be predicted by 

factors such as socioeconomic status, ethnicity and marital status (Charles et al., 2003, Van Horn et 

al., 1997, Brunner et al., 2009), and should be considered and addressed, for instance, by increasing 

participant contact (Brunner et al., 2009). 

Investigating causal relationships with RITs is often not feasible, especially in rare diseases like PAH. 

Even though the achievable sample size for rare diseases excludes most epidemiological study 

designs apart from the case-control design for meaningful statistical analyses, the growing 

availability of genotyping and sequencing as well as rapid improvements in methodology focused on 
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utilization of summary-level data now enable strategies to investigate these rare diseases in much 

larger sample sizes to answer questions about genetic susceptibility, causal relationships and shared 

etiologies with other diseases. 

As discussed in previous chapters, this thesis focuses on iron deficiency as a causal factor in IPAH. 

Open-label studies without randomization or placebo control, summarized in Table 1.3 in the 

Introduction section, suggested that iron supplementation in IPAH patients with iron deficiency 

improved patient quality of life and exercise capacity (Viethen et al., 2014, Ruiter et al., 2015). 

However, it is unclear whether iron deficiency influences the natural history of IPAH directly or is an 

epiphenomenon. Chapter four of this thesis applied the technique of Mendelian Randomisation 

(MR), a form of instrumental variable analysis, to test for causality between iron status and IPAH 

using genetic variants for red cell distribution width and systemic iron status as instruments. There 

was no evidence of a causal relationship between iron deficiency and IPAH in this MR analysis 

powered to detect a causal association with an effect size of 1.25 (odds ratio) or greater using the 

largest to-date genome-wide association study of IPAH susceptibility (Ulrich et al., 2019). Possible 

roles for iron deficiency in IPAH include a causal role (MR analysis suggesting only with a modest 

effect), where iron deficiency might or might not influence IPAH once it developed, or iron deficiency 

simply being an epiphenomenon. However, even if iron deficiency did not contribute to 

development of IPAH, iron replacement therapy in IPAH patients with iron deficiency could improve 

metrics of severity of the disease. 

In this chapter, I present the results from the first RCT of iron supplementation in IPAH patients with 

iron deficiency, designed to assess the clinical benefit and safety of intravenous iron replacement 

therapy in these patients. The trial is registered on ClinicalTrials.gov (Study Identifier: 

NCT01447628), was funded by the British Heart Foundation and sponsored by the Imperial College 

Academic Health Science Centre. 
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5.2 Methods 

A phase II proof-of-concept study was designed to assess the safety and potential therapeutic 

benefit of intravenous ferric carboxymaltose in iron deficient IPAH patients. The trial took place 

across four specialist centers in the United Kingdom and one centre in Germany (Hammersmith 

Hospital, London; Papworth Hospital, Cambridge; Royal Hallamshire Hospital, Sheffield; and Giessen 

in Germany) where 42 patients were recruited in total and one centre in Beijing, China where 17 

patients were enrolled. Patients were randomized in a 1:1 ratio in a 24‑week, double‑blind, 

placebo‑controlled, crossover study. Iron was administered intravenously as a single 1000 mg (15 

mg/kg if patient weight < 66.7 kg) infusion of Ferinject (ferric carboxymaltose, Europe) or 20mg/kg 

CosmoFer (iron dextran, China). Intravenous instead of oral iron supplementation was chosen in this 

trial to circumvent differences in dietary absorption of iron by abnormally high levels of hepcidin 

reported in IPAH (Soon et al., 2011, Rhodes et al., 2011a).  

The primary outcome of choice in many PAH RCTs (Barst et al., 1996, Galiè et al., 2005, Rubin et al., 

2002) to date has been 6-minute walk distance (6MWD), a noninvasive submaximal exercise test 

that is easy to perform, with prognostic significance in PAH (Miyamoto et al., 2000). However, 

6MWD measurements exhibit large within-subject variability, not suiting trials with relatively small 

number of patients and which may be less informative in patients with milder disease (6MWD > 450 

meters) (Frost et al., 2005). Outcome measures in this study were selected to have relatively low 

variability allowing the detection of an effect in a trial of ~60 patients. The initial primary outcome in 

this trial was resting pulmonary vascular resistance (PVR) measured at right heart catheterization 

which is an accurate and reproducible measure but also invasive. The primary endpoint was changed 

from PVR partway through the study in European centres after an interim analysis of a subset of 

patients indicated that the total sample size of the trial was too small for the detection of any 

potential effect of treatment on PVR, and hence the invasive catheterization procedure was 

removed from the protocol. While PVR remained the primary outcome in the China study, in Europe 

it was changed to endurance time at the end of the endurance bicycle cardiopulmonary exercise 

testing (CPET) at 80% peak work rate determined from the incremental exercise test. Secondary 

outcomes included exercise capacity and quality of life measures. Patients in the study received the 

iron treatment whilst being treated with approved PAH therapies, as recruiting treatment-näive 

patients would not be ethical. 

Exercise capacity measured by cardiopulmonary exercise testing (CPET) is a reproducible and 

objective measurement designed to quantitate the ability of the cardiovascular system to deliver 
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oxygen to the exercising muscles and the ability of the muscles to extract oxygen. Uptake of oxygen 

(VO2) during exercise is calculated using Fick`s equation: 

𝑉𝑂2 = (𝑆𝑡𝑟𝑜𝑘𝑒 𝑣𝑜𝑙.  × 𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒) × (𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑂2 − 𝑉𝑒𝑛𝑜𝑢𝑠 𝑂2) 

,where stroke volume multiplied by the heart rate equals cardiac output, the amount of blood that is 

pumped from the two ventricles per unit time. Stroke volume defines the amount of blood per beat 

whilst heart rate gives number of beats per minute. Arterial and venous oxygen content reflect the 

level of oxygen saturation of the blood being pumped to the muscles and that returning to the heart. 

Maximal VO2 reflects a person`s maximal ability to take up and utilize oxygen during exercise, or in 

other words a person`s functional aerobic capacity: 

𝑉𝑂2max = (𝑆𝑡𝑟𝑜𝑘𝑒 𝑣𝑜𝑙. max  × 𝐻𝑒𝑎𝑟𝑡 𝑟𝑎𝑡𝑒 𝑚𝑎𝑥) × (𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑂2max − 𝑉𝑒𝑛𝑜𝑢𝑠 𝑂2max) 

Maximal VO2 plateaus in healthy people near maximal exercise. In clinical conditions, this plateau 

might not be achieved and the peak VO2 measurement is used instead. Abnormally low peak VO2 

indicates exercise intolerance. Peak O2 pulse is calculated by dividing the peak VO2 by the peak heart 

rate during exercise and reflects the amount of oxygen consumed per heartbeat. VO2 at metabolic 

(anaerobic) threshold provides a measurement for the amount of oxygen required at the stage in 

exercise where oxygen supply cannot keep up with the increasing metabolic requirements of the 

muscles. The relationship between minute ventilation and carbon dioxide output called the VE/VCO2 

slope measures the amount of air breathed in to eliminate unit CO2 and reflects ventilatory 

efficiency (Albouaini et al., 2007). CPET is a correlate of functional class (Sun et al., 2001) and has 

been successfully used as primary outcome by two clinical trials in PAH (Barst et al., 2003, Barst et 

al., 2004). 

5.2.1 Participants 

Idiopathic, heritable or anorexigen-induced PAH cases diagnosed by right heart catheterization with 

iron deficiency were eligible to participate in the study. Patients were identified and recruited on the 

basis of suspected iron deficiency, supported by measurements from the clinical laboratories at their 

Pulmonary Hypertension centres, which were later replicated for confirmation by the central study 

laboratory at Imperial College. Iron deficiency at recruitment was identified by laboratory 

biomarkers including ferritin, transferrin saturation (TSAT), serum iron and soluble transferrin 

receptors (sTfR) where available. Participants met either one of four stringent biomarker cut-offs: 

ferritin < 37 µg/L or TSAT < 16.4% or serum iron < 10.3 µmol/L or sTfR > 28.1 nmol/L. These cut-offs 

are based on previous work (Howard et al., 2013) demonstrating that 83% of IPAH patients with an 
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sTfR > 28.1 nmol/L could be identified correctly using the above cut-offs for the other three, more 

widely available biomarkers. 

Eligible patients were between 16 and 75 years old and able to provide written consent, were stable 

on their PAH treatment regime for at least one month and had a minimum 6-minute walking 

distance of 50 meters at entry. Female participants of child-bearing potential agreed to using one of 

prespecified contraceptive methods. Exclusion criteria included renal or liver disease, severe anemia 

(haemoglobin <10 g/dL), haemoglobinopathy, hypophosphatemia (< 0.65 mmol/L), PAH-related 

hospital admission one month prior to recruitment, evidence of left ventricular or lung disease, 

pregnancy or lactation, acute or chronic infection or inflammation asthma, eczema, known hepatitis 

B or C infection, human immunodeficiency virus infection, disturbances in iron utilization, significant 

blood loss three months prior to recruitment and inability to perform Cardiopulmonary Exercise 

Test. 

Three patients in the Europe study were not randomized and were withdrawn from the study before 

treatment and one person who received placebo in both periods due to an administrative error did 

not contribute data to the analyses. Participant characteristics in the Europe and China studies are 

shown in Table 5.1. 
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Table 5.1 Baseline patient characteristics by randomization in Europe and China. 
All continuous variables are median (interquartile range). Definition of abbreviations: BMI = body mass index; 
sTfR = soluble transferrin receptor; 6MWD = six-minute walk distance; NTproBNP = N-terminal -pro hormone 
brain natriuretic peptide; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial pressure; 
mRAP = mean right atrial pressure; mPCWP = mean pulmonary capillary wedge pressure; PDE-5= 
phosphodiesterase type 5. 

  

Characteristic Iron - Placebo Placebo - Iron 

 Europe China Europe China 

Demographic variables 

Female:male, N (female %) 14:5 (74%) 11:1 (92%) 14:5 (74%) 4:1 (80%) 

Age, yr 50.0 (15.5) 35.0 (11.0) 49.0 (13.5) 29.0 (6.0) 

BMI, kg/m2 27.9 (6.3) 24.9 (4.5) 27.2 (5.8) 21.4 (2.2) 

Ethnicity, N (%) 

Chinese - 12 (100%) - 5 (100%) 

white 18 (95%)  - 18 (95%) - 

South Asian 1 (5%) - 1 (5%) - 

Iron status 

Iron, umol/L 12.8 (10.3) 8.5 (6.5) 12.1 (10.4) 10.0 (6.0) 

Ferritin, ug/L 17.0 (13.0) 11.0 (10.0) 18.0 (28.0) 11.0 (1.0) 

sTfR, nmol/L 41.7 (22.8) - 37.9 (21.3) - 

Hepcidin, ng/mL 3.5 (6.7) - 1.3 (3.0) - 

Haemoglobin, g/dL 13.5 (2.8) 14.4 (2.4) 13.7 (1.6) 12.3 (1.1) 

Functional status 

NYHA functional class, N (%)     

I - 1 (8%) 1 (5%) - 

II 11 (58%) 9 (75%) 9 (47%) 3 (60%) 

III 8 (42%) 2 (17%) 9 (48%) 2 (40%) 

6MWD, m 427.0 (65.0) 427.5 (102.0) 450.0 (71.5) 480.0 (46.0) 

Dyspnea score (Borg index) 2.5 (2.8) 2.5 (2.5) 2.5 (2.0) 0.5 (0.5) 

NTproBNP, ng/L 72.9 (218.2) - 222.5 (396.9) - 

Hemodynamic variables 

Systolic blood pressure, mmHg 112.0 (15.5) 104.0 (12.5) 110.0 (17.5) 108.0 (8.0) 

Diastolic blood pressure, mmHg 67.0 (13.0) 70.0 (10.3) 68.0 (10.5) 70.0 (6.0) 

PVR, Wood units 7.3 (2.4) 9.1 (3.5) 5.9 (4.1) 9.5 (1.0) 

mPAP, mmHg 45.5 (14.3) 49.0 (16.0) 50.0 (4.0) 49.0 (16.0) 

mRAP, mmHg 8.5 (7.8) 3.5 (5.3) 10.0 (3.0) 1.0 (7.0) 

mPCWP, mmHg 11.0 (3.3) 6.5 (3.5) 12.5 (4.0) 11.0 (5.0) 

Cardiac index, L/min/m2 2.6 (0.6) 2.7 (0.4) 2.5 (1.7) 2.4 (0.7) 

Treatment, N (%) 

PDE-5 inhibitors 15 (79%) 9 (75%) 17 (89%) 4 (80%) 

Endothelin receptor antagonists 15 (79%) 4 (33%) 13 (68%) 3 (60%)) 

Prostacyclins 6 (32%) 1 (8%) 4 (21%) - 

Calcium channel blockers 1 (5%) - 1 (5%) - 

Warfarin 13 (68%) 7 (58%) 12 (63%) 2 (40%) 

Diuretics 11 (58%) 12 (100%) 12 (63%) 5 (100%) 

Digoxin 1 (5%) 2 (17%) 3 (16%) - 

Sodium ferulate - 12 (100%) - 4 (80%) 
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5.2.2 Study design 

Participants were randomly assigned to arm A or B, where each subject assigned to arm A received 

iron infusion at baseline followed by placebo at week 12. In arm B, subjects received placebo at 

baseline followed by iron treatment at week 12. Assessments for all outcomes (primary and 

secondary) were carried out at baseline, 12 weeks and 24 weeks (Figure 5.1). 

 

Figure 5.1 Study design of the Ferinject trial. 
Arm A received iron (active treatment) first followed by placebo at the 12-week cross-over. Arm B received 
placebo at baseline followed by iron at 12 weeks. 

The main analyses to test the effect of treatment on the primary and secondary outcomes were 

carried out by a trial statistician – Dr Les Huson – as stated in the statistical analysis plan available 

from ClinicalTrials.gov (Study Identifier: NCT01447628). 

The primary outcome in the Europe study was changed after preliminary data analysis based on a 

subset of patients (N=17) at the end of period 1 to endurance time at the end of the endurance 

bicycle cardiopulmonary exercise testing at 80% peak work rate determined from the incremental 

exercise test (hereon referred to as endurance time). 

5.2.3 Statistical analyses 

The results from the Europe and the China studies were first analyzed separately followed by the 

meta-analysis of effect estimates for the overlapping efficacy endpoints. All endpoints were analyzed 

using linear mixed models appropriate for crossover design (Putt and Chinchilli, 1999). 

Mixed models include both fixed and random effects. In this analysis, sequence of administration 

(arm A or B), period (first 12 weeks or second 12 weeks of the study) and treatment (active or 

placebo) were defined as fixed effects, whilst subject was included in the model as the random 
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effect. Baseline outcome measurements were found to be statistically significant covariates and 

were adjusted for in all models.  

Additional analyses in the Europe study - not outlined in the statistical analysis plan of the trial - 

were conducted to test if the effect of iron supplementation differed with severity of baseline iron 

deficiency or was dependent on improvement in iron status on sixteen outcomes reflecting disease 

severity including CPET measures, N-terminal -pro hormone brain natriuretic peptide (NTproBNP), 

quality of life (QoL) score, 6 minute walk distance (6MWD) and Borg dyspnea score. To do this, the 

two arms of the study were aligned at the time of receiving treatment (iron infusion) which was at 

baseline for arm A and at 12 weeks for arm B. Patients in the two arms of the study were analyzed 

together as one group. These analyses will hereon be referred to as the ‘treatment-only’ analyses 

and baseline will refer to the timepoint when patients received iron infusion. Change in outcome 

from iron infusion (baseline) to 12 weeks after iron infusion was calculated by subtracting the 

baseline outcome measure from the outcome measured at 12 weeks post-infusion. Improvement in 

iron status was assessed by the reduction in the log-transformed ratio of sTfR and ferritin 

(sTfR/ferritin ratio). Change in outcome was modeled as a function of the change in sTfR/ferritin 

ratio, baseline sTfR/ferritin ratio, baseline outcome, age and sex: 

∆𝑜𝑢𝑡𝑐𝑜𝑚𝑒 ~ 𝛼 + ∆𝑠𝑇𝑓𝑅/𝑓𝑒𝑟𝑟𝑖𝑡𝑖𝑛 +  𝑠𝑇𝑓𝑅/𝑓𝑒𝑟𝑟𝑖𝑡𝑖𝑛𝐵𝑎𝑠𝑒 +  𝑜𝑢𝑡𝑐𝑜𝑚𝑒𝐵𝑎𝑠𝑒 + 𝐴𝑔𝑒 +  𝑆𝑒𝑥 +  𝜀 

, where α = intercept and ɛ = residual variance. 

Coefficients with a P-value below 0.00312, adjusted for sixteen tests were considered significant. 

Models showing suggestive (P-value < 0.05) associations between ∆outcome and ∆sTfR/ferritin were 

inspected for meeting modeling assumptions. Residuals plotted against fitted values of the 

regression model allows the detection of outliers and the presence of heteroscedasticity (unequal 

variance of errors) which may have the effect of giving too much weight to observations with large 

error variance when estimating regression coefficients. In homoscedasticity, residuals versus fitted 

values should be scattered around a horizontal line, with a roughly constant variance. 

Treatment-only analyses were conducted on the whole cohort in the Europe study (N = 38) and on a 

subset of those patients (N = 24) with severe iron deficiency at baseline defined by the combined 

cut-off of ferritin (< 100 µg/L), TSAT (< 20%) and sTfR levels (> 28.1 µmol/L). The ferritin and TSAT 

thresholds represent standard thresholds for iron deficiency, less conservative than those used in 

the study description (see ‘Participants’ above) as they were used in combination. 



117 
 

5.3 Results 

5.3.1 Baseline iron deficiency of participants 

In the Europe study, 37 study participants met at least one of iron, ferritin or TSAT thresholds for 

iron deficiency (met: one=14, two=12, three=11), while 28 patients reached the sTfR threshold as 

well. All 17 participants in the China study were iron deficient at baseline defined by at least one of 

iron, ferritin or TSAT levels where 10 (59%) patients met all three biomarker cut-offs. sTfR levels 

were not measured in China. The two arms of the trial were similar with respect to the baseline 

clinical and laboratory characteristics and use of medications at the time of enrollment (Table 5.1). 

There were no serious adverse events or allergic reactions reported during the trial and iron 

treatment was well tolerated in both studies indicated by phosphate levels which remained in the 

normal range (Figure 5.2). 

 

Figure 5.2 Phosphate levels in the Ferinject trial by randomization. 
Normal phosphate levels for adults: 0.8-1.5 mmol/L. The bottom and the top lines of the box indicate the 25th 
and 75th percentiles, while the centre line indicates the median value. The whiskers extend to 1.5 times the 
interquartile range from both ends of the box with individual points being more extreme observations. 

5.3.2 Primary and secondary outcomes by treatment 

All primary and secondary endpoints measured at baseline, week 12 and week 24 of the trial are 

tabulated in Supplementary Table 8.3.1 and 8.3.2 for Europe and China, respectively. The main 

results of iron treatment in IPAH patients with iron deficiency on the primary and secondary 
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outcomes are presented in Table 5.2. Pulmonary vascular resistance (PVR) was initially the primary 

outcome in both studies, however after an interim analysis in the Europe study, it was changed to 

endurance time in the Europe study only as results indicated that any effect on PVR would be too 

small to detect with the study size. There was no significant effect of iron treatment observed for 

either endurance time in the Europe study (EffectIron = -11.26 seconds, 95% CI = -70.28-47.76), or for 

PVR (EffectIron = 1.57 Wood units, 95% CI = -0.22-3.36) (Table 5.2 and Figure 5.3/A and B).  

Twenty-one out of 38 (55%) patients no longer met any of the iron deficiency criteria used for trial 

entry (see 5.2.1 Participants) 12 weeks after receiving iron infusion in the Europe study. In the China 

study, 13 out of 17 (76%) patients experienced iron status improvement to a degree that they did 

not meet any of the trial entry criteria 12 weeks after iron infusion. 

Iron status significantly improved 12 weeks after iron infusion in both studies shown by the increase 

in ferritin levels (Europe: EffectIron = 52.59 µg/L, 95% CI = 27.17-78.01, China: EffectIron = 78.52 µg/L, 

95% CI = 52.53-104.51, meta-analyzed P-value < 10-4) in both studies and the decrease in sTfR in the 

Europe study (EffectIron = -8.28 nmol/L, 95% CI = 4.63-11.93) (Table 5.2 and Figure 5.3/C and D). 

There was no significant difference in ferritin levels in the Iron-Placebo arm between week 12 and 

week 24 (t(df=60) = 0.84, P-value = 0.41), suggesting the effect of iron infusion lasted beyond 12 weeks. 

This observation was robust to excluding four individuals in the Europe study whose ferritin levels 

increased from 12 weeks to 24 weeks after receiving placebo (t(df=49) = 1.54, P-value = 0.13). TSAT 

levels exhibited a trend of moderate increase with iron treatment, but the difference between the 

placebo and active groups did not reach significance in either study (Europe: EffectIron = 3.76 %, 95% 

CI = -0.04-7.56, China: EffectIron = 5.54 %, 95% CI = 0.23-10.85). Serum iron levels did not increase 

significantly in either study (Europe: EffectIron = 1.48 µmol/L, 95% CI = -0.76-3.72, China: EffectIron = 

2.46 µmol/L, 95% CI = -1.12-6.04). No significant change was observed in any other secondary 

endpoint by iron treatment, including those reported by intervention studies (Viethen et al., 2014, 

Ruiter et al., 2015) to increase in PAH patients after iron treatment such as 6MWD and QoL score 

(Table 5.2). 
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Figure 5.3 Changes in primary outcomes and iron status in the Ferinject trial. 
Baseline measurement starts at zero, horizontal black lines are for the median change at 12 and 24 weeks. A: Primary outcome - endurance time change in Europe. B: 
Primary outcome - pulmonary vascular resistance change (PVR) in China. PVR measurements were discontinued in Europe after period 1 before the crossover. C: Ferritin 
change in Europe and China. D: Soluble transferrin receptors (sTfR) in Europe. 
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C D 
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Endpoint Europe China Meta 

Baseline 
mean, all 
patients 

Placebo 
group after 
12 weeks, 

LSM 

Iron group 
after 12 
weeks, 

LSM 

Iron - Placebo 
12 week 

effect 

P-value Baseline 
mean, all 
patients 

Placebo 
group after 
12 weeks, 

LSM 

Iron group 
after 12 
weeks, 

LSM 

Iron - 
Placebo 
12 week 

effect 

P-value P-value 

Primary outcomes 

Endurance time, sec 292.51 312.2 
(264.82-
359.58) 

300.94 
(253.96-
347.92) 

-11.26 0.7109 - - - - - - 

Pulmonary Vascular 
Resistance, Wood unit 

6.64 5.44 (3.61-
7.27) 

7.44 (5.71-
9.17) 

2 0.1143 10.24 10.03 (6.25-
13.81) 

11.6 (9.16-
14.04) 

1.57 0.471 0.2111 

Secondary outcomes 

Iron indices 

Iron, umol/L 14.33 15.56 (13.94-
17.17) 

17.03 (15.42-
18.64) 

1.48 0.205 8.88 13.31 (9.83-
16.79) 

15.77 (12.29-
19.25) 

2.46 0.1993 0.1715 

Ferritin, ug/L 26.28 94.48 (66.08-
122.88) 

147.07 
(118.63-
175.51) 

52.59 0.0003 18.88 65.52 (44.27-
86.77) 

144.04 
(122.79-
165.29) 

78.52 <0.0001 <0.0001 

sTfR, nmol/L 42.75 37.01 (34.02-
40) 

28.73 (25.73-
31.72) 

-8.28 <0.0001 - - - - - - 

TSAT, % 17.07 22.17 (19.21-
25.12) 

25.92 (22.96-
28.89) 

3.76 0.061 12.88 20.64 (15.27-
26) 

26.18 (20.81-
31.54) 

5.54 0.0641 - 

Functional status 

6MWD, m 421.79 424.38 
(410.06-
438.7) 

425.89 
(411.57-
440.2) 

1.5 0.8093 461.82 481.05 
(443.73-
518.37) 

486.27 
(448.96-
523.59) 

5.23 0.63 0.8533 

Dyspnea score (Borg 
index) 

3.53 3.67 (3.18-
4.17) 

3.25 (2.75-
3.75) 

-0.42 0.0725 1.65 1.3 (0.66-
1.93) 

1.36 (0.72-2) 0.06 0.8572 0.2348 

NTproBNP, ng/L 394.94 422.95 
(297.52-
548.39) 

312.04 
(186.47-
437.62) 

-110.91 0.1115 - - - - - - 

Symptom score 8.41 7.96 (7.02-
8.89) 

7.94 (6.99-
8.89) 

-0.01 0.979 - - - - - - 

QoL score 7.44 7.04 (5.91-
8.16) 

7.54 (6.38-
8.69) 

0.5 0.2219 - - - - - - 

Activity score 8.47 9.2 (8.25-
10.16) 

9.1 (8.14-
10.07) 

-0.1 0.7702 - - - - - - 
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Endpoint Europe China Meta 

 Baseline 
mean, all 
patients 

Placebo 
group after 
12 weeks, 

Iron group 
after 12 
weeks, 

LSM 

Iron - Placebo 
12 week 

effect 

P-value Baseline 
mean, all 
patients 

Placebo 
group after 
12 weeks, 

Iron group 
after 12 
weeks, 

LSM 

Iron - 
Placebo 
12 week 

effect 

P-value P-value 

Hemodynamics (completed in N=36) 

mPAP, mmHg - 47.65 (41.33-
53.97) 

46.7 (40.71-
52.69) 

-0.95 0.8212 - 47.73 (41.51-
53.96) 

50.05 (46.04-
54.07) 

2.32 0.5241 0.7932 

mRAP, mmHg - 9.19 (7.17-
11.21) 

7.32 (5.4-
9.23) 

-1.87 0.1777 - 5.84 (3.21-
8.48) 

6.23 (4.55-
7.91) 

0.39 0.7889 0.4156 

mPCWP, mmHg - 13.1 (10.34-
15.87) 

10.98 (8.36-
13.59) 

-2.13 0.2654 - 8.99 (7.14-
10.84) 

6.88 (5.72-
8.05) 

-2.11 0.0643 0.0865 

Cardiac output, L/min - 6.15 (5.31-
6.99) 

5.65 (4.86-
6.44) 

-0.5 0.3966 - 4.46 (3.44-
5.48) 

4.02 (3.37-
4.68) 

-0.43 0.4595 0.4925 

PA Sat, % - 70.84 (67.73-
73.94) 

71.91 (69-
74.82) 

1.07 0.6415 - 69.74 (65.39-
74.08) 

66.01 (63.2-
68.81) 

-3.73 0.1516 0.3239 

Stroke volume, mL - 88.94 (75.86-
102.02) 

89.73 (77.41-
102.05) 

0.79 0.8666 - 54.19 (45.22-
63.17) 

55.36 (49.57-
61.15) 

1.16 0.8104 0.9504 

ICPET 

Peak VO2, L/min 1.22 1.14 (1.08-
1.21) 

1.16 (1.1-
1.22) 

0.02 0.6424 0.94 0.91 (0.84-
0.97) 

0.93 (0.87-1) 0.03 0.4695 0.6631 

Peak VO2, mL/min/kg 15.51 14.94 (14.2-
15.68) 

14.84 (14.1-
15.58) 

-0.1 0.7625 15.27 13.15 (11.21-
15.09) 

14.76 (12.83-
16.68) 

1.61 0.2262 0.4756 

VO2 at metabolic 
threshold, L/min 

0.84 0.77 (0.73-
0.82) 

0.77 (0.73-
0.82) 

0 0.9967 0.67 0.68 (0.59-
0.77) 

0.67 (0.58-
0.76) 

-0.01 0.9144 0.9959 

VO2 at metabolic 
threshold, mL/min/kg 

10.45 10.02 (9.52-
10.53) 

9.96 (9.45-
10.46) 

-0.06 0.7711 10.82 10.81 (9.77-
11.86) 

11.02 (9.98-
12.06) 

0.21 0.7806 0.9074 

VO2/WR slope 8.8 8.07 (7.46-
8.68) 

8.11 (7.5-
8.71) 

0.04 0.8688 6.39 5.96 (5.15-
6.77) 

5.96 (5.15-
6.77) 

0 0.9999 0.991 

VE/VCO2 slope 41.17 42.32 (40.58-
44.07) 

41.18 (39.43-
42.93) 

-1.15 0.1788 34.86 35.49 (31.21-
39.78) 

34.99 (30.66-
39.31) 

-0.5 0.7795 0.414 

Peak O2 pulse, L/beat 8.92 8.62 (8.17-
9.08) 

8.82 (8.36-
9.28) 

0.2 0.4997 6.56 6.29 (5.79-
6.79) 

6.52 (6.02-
7.01) 

0.23 0.4298 0.5451 

ECPET (completed in N=38) 

VO2 at 3mins at 80% 
peak WR, L/min 

1 1.26 (0.96-
1.56) 

1.08 (0.77-
1.39) 

-0.18 0.389 - - - - - - 

VO2 at 3mins at 80% 
peak WR, mL/min/kg 

12.89 15.8 (12.39-
19.22) 

14.15 (10.63-
17.67) 

-1.66 0.4864 - - - - - - 



122 
 

Table 5.2 Effect of iron treatment on primary and secondary outcomes in Europe and China. 
Definition of abbreviations: LSM = least square mean; PVR = pulmonary vascular resistance; sTfR = soluble transferrin receptor; TSAT = transferrin saturation; 6MWD = six-
minute walk distance; NTproBNP = N-terminal -pro hormone brain natriuretic peptide; QoL = quality of life; mPAP = mean pulmonary arterial pressure; mRAP = mean right 
atrial pressure; mPCWP = mean pulmonary capillary wedge pressure; ICPET = incremental bicycle cardiopulmonary exercise testing; ECPET = endurance bicycle 
cardiopulmonary exercise testing; sTfR = soluble transferrin receptor; 6MWD = six-minute walk distance; NTproBNP = N-terminal -pro hormone BNP; QoL = quality of life; 
VO2 = oxygen consumption; WR = work rate; VE = minute ventilation; VCO2 = carbon dioxide output

VO2 at 80% peak WR, 
L/min 

1.19 1.13 (1.07-
1.2) 

1.18 (1.11-
1.24) 

0.04 0.2433 - - - - - - 

VO2 at 80% peak WR, 
mL/min/kg 

15.26 14.61 (13.78-
15.43) 

15.29 (14.47-
16.11) 

0.69 0.1394 - - - - - - 
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5.3.3 Primary and secondary outcomes by change in iron status 

To remove the possible effect of the Iron-placebo group (arm A) still benefitting from the initial iron 

treatment in the second, placebo phase, I performed a simplified analysis of only the treatment 

phases. In the treatment-only analyses, patient outcomes in the two arms (Iron-Placebo or Placebo-

Iron) of the Europe study were aligned so that baseline corresponds to the timepoint when iron was 

administered. Change in iron availability 12 weeks after iron infusion was assessed by reduction in 

the ratio of sTfR/ferritin. Figure 5.4 shows the change in sTfR/ferritin ratio from baseline to 12 weeks 

in the two arms of the study, with improvements in iron availability observed in both study arms. No 

difference was observed between the two arms in the ratio of sTfR/ferritin at either of the two 

timepoints (at baseline: t(df=35)= -0.25, P-value = 0.8; at 12 weeks: t(df=34)= -1.43, P-value = 0.16). The 

strongest predictor of change in sTfR/ferritin ratio was baseline levels of sTfR/ferritin ratio, with 

higher levels at baseline (i.e. more iron deficient) associated with a greater decrease at 12 weeks 

(EffectBase_sTfR/Ferr = -0.37; 95% CI = -0.09 – -0.65) adjusted for age, sex and baseline NTproBNP levels. 

This association suggests more severe iron deficiency at baseline resulted in a steeper improvement 

in iron status in response to iron supplementation. 

 

Figure 5.4 Ratio of soluble transferrin receptor and ferritin levels at baseline and twelve weeks after iron 
administration in the treatment-only analyses. 
The two arms (Iron-Placebo or Placebo-Iron) of the study were aligned so that baseline corresponds to the 
timepoint when iron was administered. Black horizontal lines correspond to median levels. Definition of 
abbreviations: log = natural logarithm; sTfR = soluble transferrin receptors. 
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Twenty-four of the thirty-seven patients formed a subset with severe iron deficiency at baseline. 

Treatment-only analyses were conducted on both the whole cohort and the severely iron-deficient 

subset of the cohort, where significant improvements in iron availability were observed in both arms 

(Figure 5.5). 

 

Figure 5.5 Ratio of soluble transferrin receptor and ferritin levels at baseline and twelve weeks after iron 
administration in the treatment-only analyses in patients with severe iron deficiency at baseline. 
The two arms (Iron-Placebo or Placebo-Iron) of the study were aligned so that baseline corresponds to the 
timepoint when iron was administered. Solid blue lines = men, dashed red lines = women, black horizontal lines 
= median. Definition of abbreviations: log = natural logarithm; sTfR = soluble transferrin receptors. 

Treatment-only analyses results for sixteen outcome measures (including the primary outcome in 

the Europe study) tested for the association with reduction in the ratio of sTfR/ferritin are shown in 

Figure 5.6. All models were adjusted for baseline sTfR/ferritin ratio, baseline outcome measurement, 

age and sex. Results for all coefficients in the sixteen regression models are shown in Supplementary 

Table 8.3.3 and Supplementary Table 8.3.4. The association of change in peak VO2 levels (from 

incremental bicycle CPET) with change in sTfR/ferritin ratio in the severely iron deficient subset 

(EffectsTfR/Ferr-change = -0.11 L/min; 95% CI = -0.19 – -0.02) reached suggestive significance (P-value < 

0.05). Change in peak O2 pulse – derived from peak VO2 (see Introduction above) – was associated 

with change in sTfR/ferritin ratio in the severely iron deficient subset of patients (EffectsTfR/Ferr-change = 

-0.88 mL/beat; 95% CI = -1.4 - -0.36) below the significance threshold adjusted for multiple testing 

(P-value < 3.12x10-3) and reached suggestive significance in the whole cohort (EffectsTfR/Ferr-change = -

0.58 mL/beat; 95% CI = -1.01 - -0.14). These negative associations between reduction in sTfR/ferritin 

ratio and change in peak O2 pulse and peak VO2 would suggest a larger increase in exercise capacity 
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with iron therapy in patients who experienced a smaller reduction in sTfR/ferritin ratio (i.e. less 

improvement in iron availability). 

Significant (peak O2 pulse) and suggestive (peak VO2 from the incremental and endurance CPET) 

associations from the treatment-only analyses (Figure 5.6) were evaluated to see how linear 

regression models represent the data and whether assumptions for inference and prediction are 

met. 

The association of change in peak VO2 and reduction in sTfR/ferritin ratio is shown in Figure 5.7/C, 

whilst residuals and fitted values from the regression model are plotted in Figure 5.7/D. Two 

extreme observations (observations 26 and 31) fall more than 2 standard deviations (SD) away from 

the mean change in peak VO2 (meanpeakVO2change = 0.01; SDpeakVO2change = 0.18) and exhibit large error 

variance (residuals) in the full association model (Figure 5.7/C,D). Excluding observations 26 and 31 

attenuates the association (EffectsTfR/Ferr-change = -0.05 L/min; 95% CI = -0.12 – 0.008) of peak VO2 

change and reduction in sTfR/ferritin ratio. 

Peak O2 pulse change was negatively associated with reduction in sTfR/ferritin ratio in the severely 

iron deficient cohort suggesting an increased effect on exercise capacity in patients with less 

improvement in iron status. Two observations (observations 2 and 31) are further than 2 SD from 

the mean change in peak O2 pulse (meanpeakO2pulse-change = 0.29; SDpeakO2pulse-change = 1.18) shown in 

Figure 5.7/A. Excluding these two (2 and 31) observations attenuates the association of change in 

peak O2 pulse and change in sTfR/ferritin ratio (EffectsTfR/Ferr-change = -0.58 mL/beat; 95% CI = -1.14 – -

0.03) that no longer meets the significance threshold adjusted for multiple testing.  

Recorded adverse events were checked for any coinciding reports on patient health that could 

explain the large differences in exercise capacity between baseline and 12 weeks after iron infusion. 

For patient 31 (Figure 5.7), the 12-week assessment, where the patient performed considerably 

worse compared to the baseline exercise test, coincided with an episode of respiratory cold and 

cough with sputum production treated with two courses of antibiotics. The onset of the respiratory 

cold was recorded for three days prior to the 12-week assessment and ended three months later. 
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Figure 5.6 Results of the treatment-only analyses: effect of iron status improvement as estimated by sTfR/Ferritin ratio on change in endpoint. 
Analyses were run in the whole of the cohort (ALL = 37) and a subset of severely iron deficient patients (ID = 24). Effect estimates on the x-axes are in units of change in the 
outcome per unit increase in sTfR/ferritin ratio change. All models are adjusted for baseline sTfR/ferritin ratio, baseline outcome, age and sex. Definition of abbreviations: 
ECPET = endurance bicycle cardiopulmonary exercise testing; 6MWD = six-minute walk distance; NTproBNP = N-terminal -pro hormone BNP; VO2 = oxygen consumption; 
WR = work rate; VE = minute ventilation; VCO2 = carbon dioxide output. 
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Figure 5.7 Peak O2 pulse and peak VO2 in the treatment-only analyses. 
A: Change in peak O2 pulse as a function of change in sTfR/ferritin ratio in the severely iron deficient cohort. B: Fitted values plotted against standardized residuals from the 
prediction model of change in peak O2 pulse in the severely iron deficient cohort. C: Change in peak VO2 as a function of change in sTfR/ferritin ratio in the severely iron 
deficient cohort. D: Fitted values plotted against standardized residuals from the treatment-only prediction model of change in peak O2 pulse in the severely iron deficient 
cohort. Straight blue lines in A and C: correlation coefficients. Blue lines in B and D: Smoothed localized regression lines show how residuals are scattered around the 
regression line. Red horizontal line in B and D: zero distance from the regression line of the full model. 

A B 

  
C D 
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There is marked heteroscedasticity, or in other words unequal variance of residuals across predicted 

values of the dependent variable, in the peak O2 pulse and peak VO2 models (Figure 5.7/B,D) with 

the majority of observations set around the center of the regression lines, which is especially true of 

the peak O2 pulse model (Figure 5.7/B). Interestingly, higher baseline iron availability (lower 

sTfR/ferritin ratio) is associated with improved exercise capacity measures at 12 weeks for three 

exercise capacity measures below suggestive significance (P-value < 0.05) (Supplementary Table 

8.3.4). These include change in peak VO2 adjusted for body weight from the endurance CPET 

(EffectBase_sTfR/Ferr = -1.53 mL/min/kg; 95% CI = -2.91 - -0.16), change in VO2 at metabolic threshold 

adjusted for body weight from the incremental CPET (EffectBase_sTfR/Ferr = -1.43 mL/min/kg; 95% CI = -

2.46 - -0.4) and change in peak VO2 adjusted for body weight from the incremental CPET 

(EffectBase_sTfR/Ferr = -1.57 mL/min/kg; 95% CI = -2.61 - -0.53). Furthermore, there is a trend in some 

endurance CPET exercise measures for beneficial effects of iron availability improvement on exercise 

capacity (Figure 5.6: peak VO2 and peak VO2 at 3 mins both adjusted and unadjusted for body weight 

from ECPET). 
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5.4 Discussion 

Treatment with a single infusion of intravenous iron (1000 mg ferric carboxymaltose) in the form of 

Ferinject (Europe) or Cosmofer (China) in idiopathic PAH (IPAH) patients with iron deficiency without 

anemia did not improve cardiopulmonary haemodynamics, functional status, exercise capacity or 

quality of life. Iron supplementation with the single maximal dose of ferric carboxymaltose 

significantly improved iron status as shown by increased ferritin and decreased sTfR levels and was 

well tolerated and not associated with adverse side effects in IPAH. The results of this trial are in 

agreement with the findings of the genetic instrumental variable analyses presented in chapter four 

which found no evidence for a causal relationship between iron status and PAH susceptibility. 

The primary outcome of choice in the original study design was resting pulmonary vascular 

resistance (PVR) measured by right heart catheterization in both studies (Europe and China). PVR`s 

relatively low variability makes it a favorable efficacy measure, allowing potential effects to be 

detectable in small patient populations. It also reports more directly on the primary problem in PAH 

which is perturbed cardiopulmonary haemodynamics. However, an interim analysis of a subset of 

patients indicated that the total sample size of the trial would be too small for the detection of any 

potential effect of iron supplementation on pulmonary haemodynamics; therefore, subjecting all 

patients to invasive cardiac catheterization was not acceptable. The primary outcome was changed 

to endurance time from the endurance CPET test in the Europe study, while in China, where no 

interim analysis took place, PVR remained the primary outcome. 

Single infusion of ferric carboxymaltose significantly improved the iron status of iron deficient IPAH 

patients in both studies as indicated by ferritin and soluble transferrin receptor (sTfR) levels 

measured 12 weeks after treatment. The majority of patients (55% in the Europe study and 76% in 

the China study) no longer met any of the iron deficiency criteria used for trial entry 12 weeks after 

receiving iron infusion. No adverse events related to iron treatment were recorded during the trial 

and iron supplementation was well tolerated as shown by phosphate levels that remained in the 

normal range.  

I carried out exploratory analyses to investigate if change in primary and secondary outcomes was 

dependent on the degree of improvement in iron status or if iron supplementation had an effect in 

severely iron deficient patients only. These analyses were conducted in the Europe study as iron 

improvement was measured with the ratio of sTfR and ferritin (sTfR/ferritin) and sTfR was not 

measured in the China study. Changes in sixteen outcomes reflecting disease severity were assessed 

in the whole cohort (N=38) and a severely iron deficient subset (N=24) that met cut-offs for all three 
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of ferritin, TSAT and sTfR levels. Improvement in peak O2 pulse (volume of oxygen per heartbeat) 

from the incremental CPET test was significantly associated with less improvement in iron availability 

in the severely iron deficient subset. This effect would suggest, somewhat counter-intuitively, that 

exercise capacity is improved in those patients who exhibit less improvement in iron status in 

response to iron supplementation, even after correcting for baseline iron status. Peak O2 pulse is 

derived by dividing the peak VO2 by the peak heart rate during exercise and reflects the amount of 

oxygen consumed per heartbeat. Peak VO2 showed the same direction of effect, but only reached 

suggestive significance (P-value < 0.05). These associations were not robust to outlier exclusion, 

although peak O2 pulse remained below suggestive significance, and inspection of model residuals 

suggested the unequal variance of residuals warranted caution when making inferences to 

independent variables in these models. In contrast to these negative associations of exercise 

capacity and improvement in iron availability, three models indicated higher baseline iron availability 

(lower sTfR/ferritin ratio) could be associated with improved exercise capacity at 12 weeks below 

suggestive significance. Since the strongest predictor of change in sTfR/ferritin ratio was baseline 

sTfR/ferritin ratio - with more improvement being associated with lower baseline levels – a possible 

explanation of negative association between exercise capacity and more pronounced improvement 

in iron status would be that it is driven by the poorer baseline iron status. In line with this, higher 

baseline sTfR/ferritin levels were associated with better outcomes at 12 weeks for three exercise 

variables below suggestive significance.  

The apparent lack of a clinically significant effect of iron supplementation on pulmonary 

haemodynamics, which are standard efficacy measures in clinical trials of PAH, limits conclusions of 

an effect that could be drawn to secondary outcome measures which should be interpreted with 

caution. 

Iron deficiency with or without anemia is common in IPAH (Ruiter et al., 2011, Soon et al., 2011, 

Rhodes et al., 2011a, Krasuski et al., 2011) as well as in other forms of pre- and post-capillary 

pulmonary hypertension patients from the National Pulmonary Hypertension Service at 

Hammersmith Hospital, described in the first chapter of this thesis. Prior to this RCT, results from 

two intervention studies of iron supplementation in idiopathic and associated PAH patients with 

intravenous ferric carboxymaltose (1000 mg) suggested improvement in well-being indicated by 

quality of life scores, various exercise capacity measures, including 6-minute walking distance, and 

skeletal muscle oxygen handling (Viethen et al., 2014, Ruiter et al., 2015). However, these studies 

were not randomized or placebo controlled and therefore prone to the biases such as inappropriate 

control selection and lack of blinding, which might have resulted in spurious associations between 

iron supplementation and improvement in outcomes. 
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RCTs have shown that intravenous iron supplementation improves the functional status and 

well‑being of patients with iron deficiency and chronic heart failure (CHF), a cardiovascular disease in 

which iron deficiency is also common and predicts prognosis (Jankowska et al., 2010). Two smaller 

(N ≤ 40) (Toblli et al., 2007, Okonko et al., 2008) and one large (N = 459) RCT (Anker et al., 2009) 

reported reduced levels of the myocardial stress biomarker, NTproBNP, and inflammatory 

biomarkers, improved left ventricular function, improved functional class, 6-minute walking distance 

and self-reported quality of life in CHF patients after intravenous iron therapy. Apart from 

differences in iron dosing between RCTs in CHF and this trial (Okonko et al. and Anker et al. adjusted 

dosing to achieve iron replenishment assessed by either ferritin levels or the Ganzoni formula), other 

differences between CHF and PAH may be relevant. The mechanisms by which iron supplementation 

improves outcomes in CHF are yet to be understood. If pulmonary vascular remodeling, the hallmark 

pathophysiological feature of PAH, does not improve with iron therapy, right heart failure cannot be 

prevented by iron in PAH.  

This pilot study had some limitations. Even though there was a significant improvement in iron 

status on the study level, some patients would still have met iron deficiency criteria after treatment. 

Also, patients who were randomized to the arm that received iron first were not iron deficient at the 

beginning of the placebo phase (shown by similar ferritin levels between the 12-week and 24-week 

endpoints in this arm of the trial). Treatment -only analyses involving the active treatment phase 

from both arms aimed to address these caveats (i.e. differences in iron replenishment and lasting 

effect of iron treatment in the iron-placebo arm), although this had less power compared to the 

primary analysis of the whole trial. The single infusion of iron and lack of washout period were 

decided upon to minimize the number hospital visits to patients who live throughout the United 

Kingdom. Also, the relatively short duration of the study did not allow for any long-term effects of 

iron replenishment to be detected, such as improved pulmonary hemodynamics caused by the 

reversal of pulmonary vascular remodeling. However, this study was of similar duration and had a 

larger sample size than the two open label studies of iron supplementation in PAH mentioned above 

(Viethen et al., 2014, Ruiter et al., 2015) and therefore could have reproduced their results.  
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5.5 Conclusions 

No evidence of a clinically significant effect of iron supplementation in iron deficient IPAH patients 

was found in this proof-of-concept RCT. There was no convincing evidence for the effect of varied 

improvement in iron availability on functional capacity. The results of this trial suggest that iron 

deficiency does not influence the natural history of IPAH directly and is likely an epiphenomenon 

which is in line with the findings of the Mendelian Randomisation study presented in chapter two 

where no evidence of causality between iron status and IPAH was found using genetic instruments. 
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6 Expression quantitative trait locus mapping in pulmonary 

arterial hypertension 

6.1 Introduction 

The relationships between genomic variability and disease risk and endophenotypes has been a 

focus of many research groups with access to suitable disease cohorts in recent years. This has been 

aided by the increasing affordability of genotyping and sequencing methodologies. Interpretation of 

the mechanisms behind effects of genetic variants discovered to associate with phenotypes poses a 

challenge as many are located in the non-coding space of the genome (Maurano et al., 2012). Non-

coding variants exert no direct effect on protein structure, making the biological link to the disease 

or phenotype more difficult to discern. Variants in the non-coding space may instead exert their 

effect by influencing gene expression (Maurano et al., 2012). Characterising the genomic control of 

gene expression can offer a handle on understanding the role of disease-associated variants by 

linking them to disrupted pathways (Gamazon et al., 2018). Variants associated with the expression 

of a gene, commonly called expression quantitative trait loci (eQTL) have been described, primarily 

in population-based studies in the past few years (Westra et al., 2013, Joehanes et al., 2017, 

Zhernakova et al., 2017).  

Differential gene expression analyses between cases and controls may be useful for diagnostic 

and/or prognostic purposes or in identifying genes which may have a causal role in developing the 

disease (Gonorazky et al., 2019, Dancik, 2015, Parker et al., 2009). In the case of the latter, 

distinguishing between differentially expressed genes that are secondary to the disease and those 

that contribute to disease development is a big and incredibly important challenge. However, if the 

frequency of an eQTL (or set of eQTLs) for a differentially expressed gene is also different between 

cases and controls, a causal association may be established, given the assumptions of causal 

inference, described in Methods 2.6, are met. In brief, for a causal relationship to be established 

between a gene product proxied by an eQTL and a disease, the eQTL has to be independent of the 

confounders of the association between the gene and the disease and it has to have no direct effect 

on the disease via a pathway that does not involve the gene it is instrumenting.  

Currently one of the main limiting factors for causal inference analysis using genomic data is the 

number of known eQTLs. Certain eQTL effects which go undetected in healthy cohorts commonly 

used for eQTL mapping may be unmasked in clinical conditions and diseases. The diagnostic value of 
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gene expression profiles, i.e. that they can be used to distinguish affected individuals from non-

affected ones, underlines the uniqueness of the set of genes expressed in a disease state (Gonorazky 

et al., 2019, Dancik, 2015). Differential gene expression in diverse states (carcinogenesis, 

inflammation, etc.) or at diverse stages (such as stages of embryonic development) becomes evident 

when comparing the gene correlation matrices of a biological system under different conditions or 

states. Such techniques are called ‘differential co-expression networks’ (Singh et al., 2018) and have 

been used successfully to identify genes and gene sets that are important in the state or stage under 

investigation in a network of genes (Gov and Arga, 2017, Zhu et al., 2016). By principle, functionally 

involved nodes or modules rewire more frequently than uninvolved ones in states they create 

and/or maintain and therefore can be identified (Hou et al., 2014). 

With the exception of housekeeping genes, the majority of genes in the human transcriptome are 

tissue-specific. Therefore, tissue selection for gene expression studies of disease is of importance. 

The lung is the most relevant tissue in the pathogenesis of PAH, although whole blood also has a 

relevance to PAH and might capture more than just systemic effects given the immune component 

of this disease. The role of inflammation in PAH has been extensively studied since the observation 

that inflammatory cells infiltrate various components of the remodeled vascular wall (Tuder et al., 

1994). Since PAH can be the complication of many autoimmune diseases such as connective tissue 

disease, thyroiditis, scleroderma, systemic lupus erythematosus, human immunodeficiency virus 

infection and schistosomiasis, it might be reasonable to suspect that inflammatory processes, even 

in the absence of a diagnosed comorbidity, contribute to disease development and maintenance. 

Another advantage of using whole blood instead of lung tissue is the non-invasiveness of sampling 

and availability. Lung samples are often only obtainable from the explanted organ after lung 

transplantation or from post-mortem tissues. Appropriate control samples for differential gene 

expression analyses are equally hard to come by. 

In this study, I characterized the genetic variability of transcriptome-wide gene expression in whole 

blood samples from 276 consecutively sampled  PAH patients in the PAH Cohort Study to define 

potentially novel eQTL active in this disease state, which could be used in elucidating known 

genotype-phenotype associations or causal analyses. 
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6.2 Methods 

6.2.1 Study participants and sample processing 

A total of 276 patients with idiopathic, heritable or drug-induced pulmonary arterial hypertension 

(PAH) recruited from expert centres across the UK were whole genome sequenced as part of the UK 

National Institute for Health Research BioResource (NIHRBR) study and had their transcriptomes 

profiled through RNA sequencing (RNAseq) as part of the PAH Cohort study (both studies are 

described in Methods 2.1 and 2.4). Table 6.1 shows the demographic characteristics and white blood 

cell counts of the individuals in this study.  

Whole blood (3ml) was collected in Tempus™ Blood RNA Tubes, which were stored at -80 oC until 

required. RNA was extracted using a Maxwell robotic system (Promega). Samples with a 260/230 

ratio >1.5 and a 260/280 ratio in the range 1.9-2.1 were further quality checked by Bioanalyser and 

those achieving a minimum RNA Integrity Number (RIN) of 7 were submitted for sequencing. Globin-

Zero Gold rRNA Removal Kits (Illumina Inc, San Diego, CA) were used to remove ribosomal RNA 

contamination from whole blood RNA samples. 75bp paired-end sequencing on a Hiseq4000 was 

performed on pooled libraries of ~80 samples. 

6.2.2 Gene expression data  

RNA sequencing and transcript abundance estimation procedures are described in the Methods 

(2.4). White blood cell composition was quantified using quanTIseq, a novel deconvolution algorithm 

(Finotello et al., 2019). Predicted white blood cell fractions from quanTIseq correlated with clinical 

white cell fractions available in a subset of PAH patients (Spearman correlation = 0.44-0.73). Well-

detected transcripts with a minimum of two reads in at least 95% of samples (n = 26,050) were taken 

forward to the eQTL analyses. 

6.2.3 Genetic data 

Whole-genome sequencing in the NIHRBR study is described in Methods 2.1.Genetic variants with a 

minimum minor allele frequency (MAF) of 5%, call rate of 95% and those with a p-value greater than 

10-5 for Hardy Weinberg equilibrium were considered, leaving a total of 7,362,566 markers for 

analyses. Genomic positions are reported on the Genome Reference Consortium Human Build 37. 

Variants were annotated with the dbSNP database (version 150) using the software tool ANNOVAR 

(Wang et al., 2010). 
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Characteristic Men Women 

N (%) 82 (30) 194 (70) 

Age at diagnosis, yr 

fsfa 

45.6 (24.5) 47.7 (22.1) 

Age at sampling, yr 54.4 (22.8) 52.9 (21.8) 

B cells 0.028 (0.014) 0.028 (0.016) 

Alternatively activated macrophages 0.022 (0.008) 0.020 (0.011) 

Neutrophils 0.265 (0.098) 0.285 (0.100) 

Natural killer cells 0.020 (0.017) 0.020 (0.020) 

CD8+ T cells 0.050 (0.057) 0.050 (0.038) 

Regulatory CD4+ T cells 0.150 (0.128) 0.160 (0.128) 

Other uncharacterized cells 0.397 (0.117) 0.392 (0.141) 

Table 6.1 Patient characteristics and white blood cell fractions in the PAH Cohort study. 
Age and white blood cell fractions are presented as median (interquartile range). 

6.2.4 eQTL effect estimation 

Raw gene count data was first variance stabilized to achieve homoskedasticity (constant variance 

along the range of mean values) using the DeSeq2 R package (Love et al., 2014). The variance 

stabilized transcript count data was first quantile normalized to the median distribution. The sample 

means were then centered to zero and sample variance was linearly scaled such that each sample 

had a standard deviation of one.  

A total of 7,362,566 markers were tested for their effects on the expression of all 26,050 well 

detected genes. To adjust for possible cryptic relatedness, I computed multidimensional scaling 

components based on 108,574 independent common (MAF ≥ 5%) genetic markers using PLINK 1.90 

(parameters: --indep-pairwise 50 5 0.05). There were no outliers observed based on the first and 

second components (Figure 6.1). 
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Figure 6.1 Population substructure in the PAH Cohort study. 
First (x-axis) and second (y-axis) components from multidimensional scaling (MDS) in 276 PAH patients with 
gene expression data. Samples were whole-genome sequenced using three different read length chemistries: 
100 bp (n=65), 125 bp (n=80), 150 bp (n=131). C1 and C2 = first and second MDS components; bp = base pair. 

Variants within 1 megabase (Mb) on either side of the gene`s transcription start site (TSS) were 

regarded cis-acting or cis-eQTL whilst all other markers farther on the same chromosome or on 

different chromosomes were regarded trans-eQTL.  

The eQTL analysis was conducted using the QUICKTEST software (Johnson et al., 2009). Other 

bioinformatics software tools used in data processing and analyses are listed in Methods 0. I 

modelled each well-detected transcript as a function of genotype (coded 0, 1 or 2 reflecting the 

number of alternate alleles) in a linear regression framework while adjusting for the following 

covariates: sex, first four components from multidimensional scaling and white blood cell fractions 

listed in Table 6.1. The genome-wide results were subsequently pruned using the ‘clump’ command 

in PLINK 1.90 (parameters: --clump-p1 1.9x10-12; --clump-r2 0.01; --clump-kb 1000) to pick the lead 

variant with the lowest p-value in a block of variants in linkage disequilibrium, and thus obtain 

independent effects. I report eQTL reaching a Bonferroni-adjusted significance threshold of 1.9x10-12 

given by dividing the genome-wide significance threshold (P ≤ 5x10-8) by the number of transcripts 

tested (n=26,050). 

6.2.5 Validation rate 

To assess the extent to which eQTL-transcript pairs in PAH overlap with previously reported eQTL-

transcript pairs described in healthy populations, I calculated the validation rate of my findings in the 

two largest published eQTL studies to date and the Genotype-Tissue Expression (GTEx) Project 

(Westra et al., 2013, Joehanes et al., 2017, Aguet et al., 2019). Validation rate was defined as the 
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number of significant eQTL-transcript pairs in this study validated by the published study divided by 

the total number of significant eQTL-transcript pairs that were tested by the published study and 

multiplied by one hundred.  

I extracted all eQTL with effects below the study specific significance threshold (see details below as 

to how these were defined in the published studies) from the published studies` results for all 

significant transcripts in this study. I used Ensembl identifiers for the transcripts and genomic 

coordinates (chromosome and base pair position) on the Genome Reference Consortium Human 

Build 37 for eQTL when matching my eQTL-transcript pairs to those published by the external 

studies.  

I considered an eQTL-transcript pair to be validated if the lead variant was in linkage disequilibrium 

(r2 ≥ 40%) with the lead eQTL of the same transcript in the published study. For this purpose, a list of 

correlated variants was obtained from the European population of the 1000 Genomes Project 

(Durbin et al., 2010) - using the R package ‘proxysnps’ - for each lead eQTL reported by the studies 

used for validation. Each eQTL-transcript pair that reached the study-specific significance threshold 

in at least one of the studies was considered validated.  

Since the complete list of variants or transcripts that passed study-specific quality control is not 

usually made available by published studies, I had to make assumptions when determining the total 

number of my significant eQTL-transcript pairs tested in the external studies. This did not apply to 

GTEx results where all tested eQTL-transcript pairs could be retrieved.  

All transcripts present on the expression array used in the other two studies were assumed to have 

been tested (see below for details). Annotation files were downloaded from the manufacturer`s 

website for the complete list of transcripts present on the expression arrays (see below for details). 

Additionally, all eQTL in this study were assumed to have been available for analysis in the studies 

used for validation which used genotyping array data imputed to high-density reference panels 

(Table 6.2). Imputed variants are routinely filtered based on some sort of imputation quality score, 

usually depending on the software used for imputation. Successful imputation in a region depends 

on the “backbone” of high-quality genotyped variants available as well as the allele frequency of the 

imputed variant. I restricted my analyses to common variants with MAF ≥ 5% which is at least as high 

as those of the external studies (Table 6.2). 
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6.2.6 Studies used for validation 

I selected two of the largest published eQTL studies and the GTEx Project to compare my results to. 

Westra et al. (Westra et al., 2013) meta-analysed eQTL effects from seven studies totaling 5,311 

individuals to identify cis-acting effects genome-wide as well as trans-acting effects of 4,542 variants 

implicated in diseases and traits from the GWAS Catalog (Buniello et al., 2019) at the time of their 

study. The other eQTL study used for validation was published by Joehanes et al. (Joehanes et al., 

2017) who conducted the largest to-date single cohort transcriptome-wide analysis testing both cis- 

and trans-acting elements genome-wide in the whole blood samples of 5,257 individuals from the 

Framingham Heart Study. The GTEx Project aims to create a database of genotype and gene 

expression correlations in multiple human tissues of consenting donors to aid the scientific 

community in understanding inherited disease susceptibility. The GTEx website provides a browser 

(https://gtexportal.org/home/testyourown) for retrieving results for any given variant and transcript 

pair based on Ensembl identifiers in the tissue of interest.  

The current release (V8) of the GTEx Project has 838 post-mortem donor samples with genetic data 

of which 670 contributed to the eQTL mapping in whole blood (GTExPortal, Aguet et al., 2019). Only 

tissue samples that passed histological examination were accepted for the project, however tissue 

exclusions were not made based on cause of death. Demographics and cause of death statistics can 

be found on the GTEx Portal (GTExPortal). 

Westra et al. meta-analysed seven studies that measured gene expression on one of Illumina`s 

whole-genome Expression BeadChips (HT12v3, HT12v4 or H8v2 arrays). Since most of the cohorts 

used the HT12v3 array, the analyses were restricted to transcripts present on this array (Westra et 

al., 2013). Joehanes et al. used the Affymetrix Human Exon ST 1.0 array for the whole cohort 

(Joehanes et al., 2017). The complete list of transcripts was obtained from the manifest files, namely 

HumanHt-12_V3_0_R3_11283641_A.bgx for Illumina and HuEx-1_0-st-v2.na33.1.hg19.probeset.csv 

for Affymetrix, available on the manufacturers` websites.  

The genotype data from Westra et al. and Joehanes et al. were imputed to the largest haplotype 

reference panels available (Table 6.2) at the time of conducting their analyses. Westra et al. mapped 

cis-eQTL differently from our and the other two studies` approach, using a 250 kilobases (kb) 

maximum distance from the probe midpoint to demarcate cis effects, while eQTLs with a distance 

greater than 5 Mb were defined as trans-eQTLs. The validation rate of my trans eQTL was not 

assessed using Westra`s trans eQTL results as they have only tested a small set of selected variants 

(see above). Also, my cis-eQTL were restricted to the ones not farther than 250 kB from the 

transcript`s TSS when validating my signals with Westra`s results. 
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Table 6.2 Characteristics of the PAH Cohort eQTL mapping study and the eQTL studies used for validation. 
Comparison of gene expression and genetic data and expression quantitative trait locus definitions of this study 
and the studies used for validation. MAF = minor allele frequency; TSS = transcription start site; RNAseq = RNA 
sequencing; WGS = whole genome sequencing. 

6.2.7 Overlap with common variants affecting PAH susceptibility 

Our group has previously investigated the genome-wide common (MAF ≥ 2%) genetic variation of 

PAH susceptibility in 2,085 idiopathic or heritable PAH cases and 9,659 controls in a meta-analysis of 

four PAH genome wide association studies (hereon referred to as the ‘PAH GWAS’) (Rhodes et al., 

2018). This largest-to-date PAH GWAS observed two loci above genome-wide significance (5x10-8), 

one within HLA-DPA1/DPB1, which encodes a member of the major histocompatibility complex 

(MHC) class II family, and one (containing two independent associated signals) upstream of SOX17, 

encoding a transcription factor. The HLA-DPA1/DPB1 genotype was shown by the same study to 

strongly affect survival in PAH patients, while the variants near SOX17 were functionally linked to 

altered expression of SOX17. Apart from these two loci, there were thirty-two further variants that 

reached suggestive significance (p-value <10-5) and passed the visual assessment of regional 

association plots ensuring each of them is a good quality signal in a cluster of variants linked by 

linkage disequilibrium (LD). All PAH susceptibility lead variants reaching suggestive significance and 

nearby variants in LD (r2 ≥ 40%) were retrieved to check for overlapping loci with the significant eQTL 

in this study. 

6.2.8 Overlap with variants from the GWAS Catalog 

An important aim of this study is to identify eQTL in PAH with effects that have not been observed in 

population-based studies, and to assess the clinical relevance of these PAH-specific eQTL in PAH 

susceptibility itself (see above), but also in a wide range of diseases.  

The NHGRI-EBI GWAS Catalog of published genome-wide association studies (GWAS) (Buniello et al., 

2019) provides a curated database of genetic markers associated with a wide range of traits and 

 Westra et al. Joehanes et al. GTEx This study 

Gene expression array Illumina HumanHT-12 
v4.0 

Affymetrix HuEx 1.0 ST RNAseq RNAseq 

Imputation panel HapMap2 1000-Genomes WGS WGS 

MAF threshold ≥5% ≥1% ≥1% ≥5% 

N variants in analysis not reported 8,510,936 10,008,325 7,362,566 

Cis eQTL ≤250 kb from probe 
midpoint 

≤1Mb from the TSS ≤1Mb from the TSS ≤1Mb from the TSS 

Trans eQTL ≥5 Mb from probe 
midpoint 

>1 Mb from the TSS >1 Mb from the TSS >1 Mb from the TSS 
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diseases. All variant-phenotype pairs below an association P-value threshold of 9x10-6 were 

downloaded from the GWAS Catalog website on March 5, 2020. The GWAS Catalog at the time 

contained 113,510 unique variants (including variants in LD) reported as lead variants for 4,314 

phenotypes. The list of GWAS variants were intersected with each eQTL locus (including the lead 

eQTL and variants in LD with r2 ≥ 40%) identified in this study. 

6.2.9 Functional enrichment analysis of genes with novel eQTL 

An important aim of this eQTL study is to differentiate previously reported eQTL that influence gene 

expression in disease-free populations from eQTL with unmasked or augmented effects in PAH. 

Potentially novel eQTL-eGene pairs in this study are the ones eligible to be validated by at least one 

study and not validated by any of the studies that tested them. 

Functional enrichment analysis of genes with novel eQTL in PAH using the WEB-based GEne SeT 

AnaLysis Toolkit (WebGestalt) (Wang et al., 2017) was conducted to determine if these genes are 

predominantly from pathways with relevance to the pathobiology of PAH. A form of pathway 

analysis called over-representation analysis (ORA) (Khatri et al., 2012) was run using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 2007) database to group 

these novel e-genes into a smaller number of gene-sets relating to biological processes. In pathway 

analysis, genes are grouped together based on their involvement in common pathways. 

ORA assesses the fraction of genes in a pathway found among the list of query genes (Khatri et al., 

2012), commonly a list of differentially expressed genes in a disease or condition. Each pathway in 

the database is assessed for the query genes as well as a list of appropriate background genes to 

estimate the probability of finding the number of genes shared between the query list of size n and 

the pathway in a random sample of n genes from the background list. ORA implemented in 

WebGestalt is based on Fisher`s test and therefore the hypergeometric distribution.  

The query list in this study was the list of novel e-genes whilst all the tested genes that are also 

present on the expression array (see above) of at least one of the studies used for the validation 

process constituted the list of background gene. Pathways below an FDR corrected significance 

threshold of 0.05 were considered significant. 
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6.3 Results 

6.3.1 eQTL discovery 

I observed 2,354 significant eQTL-eGene pairs in total accounting for 9% of all genes tested in this 

transcriptome- and genome-wide eQTL mapping in PAH. 147 of these pairs were novel transcripts 

not yet annotated in the Ensembl database (Figure 6.2). 90% of all significant eQTL-eGene pairs were 

cis-acting. The top 50 lead eQTL-eGene pairs, ranked by percent of variance explained (R2), are 

presented in Table 6.3. The proportion of variation explained (R2) in gene expression levels was 

generally lower for trans-acting eQTL than for cis-acting eQTL (mediancis-eQTL = 23.1%, IQRcis-eQTL = 

12.5%; mediantrans-eQTL = 21.5%, IQRtrans-eQTL = 11.5%; t(df=1332) = 4.5, p-value = 8.3x10-6). 

 

Figure 6.2 Results of the PAH Cohort eQTL discovery. 
Pie chart showing the proportions of cis-, trans- and unmapped eQTL identified in the PAH Cohort eQTL 
mapping. Counts of eQTL within each category are shown next to the category name. An eQTL counts ‘novel’ if 
it was eligible to be validated in at least one of the previously published studies and was not among their 
significant eQTL-eGene pairs. Those eQTL-eGene pairs that reached the study-specific significance threshold in 
at least one of the published studies were considered ‘validated’. Unmapped transcripts not yet annotated in 
the Ensembl database could not be validated. Ineligible eQTL-eGene pairs were not tested by any of the three 
studies used for validation. 
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Table 6.3 Lead variants for the top 50 expression quantitative trait loci in the PAH Cohort ordered by 
variance explained in gene expression. 
Column names: rs ID = dbSNP (150) variant identifier; chr:pos = chromosome and genomic position (Ensembl 
GRCh37 coordinates); ref = reference allele in the human genome reference GRCh37; alt = alternative allele in 
the human genome reference GRCh37; Ensembl gene ID = Ensembl stable gene identifiers; variant type = dbSNP 
version 150 variant annotation; R2 (%) = percent variance explained in gene expression by the genetic variant; 
validated = validated (Y) by at least one of the published studies, or not validated (N) by any of the studies, or 
ineligible to be validated (NA). 

rs ID chr:pos ref alt Gene 

symbol 

Ensembl gene ID cis/tran

s 

P-value R2 (%) validat

ed rs3793638 9:123582697 G T RP11.27I1

.2 

ENSG00000226752 cis 1.17x10-97 61.4 Y 
rs10876864 12:56401085 G A RPS26 ENSG00000197728 cis 7.6x10-89 59.1 Y 

rs1055337 10:16555431 A T C1QL3 ENSG00000165985 cis 2.88x10-86 58.4 Y 

rs2732317 8:33330687 A C FUT10 ENSG00000172728 cis 1.36x10-83 57.6 Y 

rs10771798 12:31223322 A G DDX11 ENSG00000013573 cis 5.47x10-83 57.4 Y 

rs2295768 6:2954602 C T HTATSF1P

2 

ENSG00000271361 cis 7.1x10-83 57.4 N 

rs1458255 4:39446549 G A RPL9P9 ENSG00000237550 trans 1.74x10-82 57.3 NA 

rs2240101 15:31115709 G C RP5.1086

D14.5 

ENSG00000259845 cis 4.5x10-79 56.2 N 

rs11231152 11:62351984 G A RP11.371

A22.1 

NA unmap

ped 

1.62x10-78 56 NA 

rs2302559 7:105903904 T C NAMPTL ENSG00000229644 trans 6.35x10-78 55.9 N 

rs11053539 12:10154580 G T CLEC12A ENSG00000172322 cis 1.02x10-77 55.8 Y 

rs9308807 2:109173930 T C LIMS3 ENSG00000256977 trans 6.63x10-78 55.8 NA 

rs4554383 7:150457308 T C TMEM17

6A 

ENSG00000002933 cis 1.36x10-77 55.7 Y 

rs2536690 12:9618649 G A OVOS ENSG00000214776 cis 4.8x10-77 55.6 Y 

rs2927608 5:96252432 G A ERAP2 ENSG00000164308 cis 1.53x10-75 55.1 Y 

rs1628955 15:65187220 T C ANKDD1A ENSG00000166839 cis 1.58x10-74 54.7 Y 

rs7520185 1:213016007 G A FLVCR1.A

S1 

ENSG00000198468 cis 2.22x10-74 54.7 Y 

rs6720375 2:132440073 G C AC093724

.1 

ENSG00000197927 cis 3.62x10-74 54.6 Y 

rs9890200 17:48624523 A C SPATA20 ENSG00000006282 cis 2.26x10-73 54.3 Y 

rs79379134 16:30292500 A T RP11.347

C12.2 

ENSG00000183604 cis 6.28x10-73 54.2 Y 

rs9349050 6:37663624 T C MDGA1 ENSG00000112139 cis 8.74x10-73 54.1 Y 

rs74827019 19:10403603 C T AC114271

.2 

NA unmap

ped 

1.99x10-72 54 NA 

rs745666 17:72744798 G C RP11.452I

5.2 

ENSG00000266036 cis 1.9x10-70 53.3 N 

rs7635 11:721570 C T RPLP2 ENSG00000177600 cis 2.05x10-70 53.3 N 

rs4554383 7:150457308 T C TMEM17

6B 

ENSG00000106565 cis 1.48x10-69 53 Y 

rs2431530 5:102118007 C T PAM ENSG00000145730 cis 1.48x10-69 53 Y 

rs58288565 8:144631031 A G RP11.661

A12.5 

ENSG00000254859 cis 2.67x10-69 52.9 Y 

rs10948059 6:42928461 C T PEX6 ENSG00000124587 cis 1.94x10-69 52.9 Y 

rs4654746 1:21772167 C G NBPF3 ENSG00000142794 cis 6.18x10-69 52.7 Y 

rs471521 12:10115647 A T CLEC12B ENSG00000256660 cis 1.72x10-68 52.6 Y 

rs6511291 19:21950402 T C ZNF100 ENSG00000197020 cis 1.94x10-68 52.5 N 

rs7314691 12:661981 G A B4GALNT

3 

ENSG00000139044 cis 3.86x10-68 52.4 Y 

rs13197384 6:135818897 C A AHI1 ENSG00000135541 cis 3.96x10-68 52.4 Y 

rs2932102 12:48665720 A G ZNF641 ENSG00000167528 cis 6.65x10-68 52.3 Y 

rs2688874 10:52122258 G A RP11.564

C4.6 

ENSG00000231345 cis 1.08x10-67 52.3 Y 

rs9392465 6:3162378 C A TUBB2A ENSG00000137267 cis 1.77x10-67 52.2 Y 

rs756553 21:45538647 T C CH507.9B

2.5 

NA unmap

ped 

1.76x10-67 52.2 Y 

rs1332018 1:110282972 G T GSTM3 ENSG00000134202 cis 3.68x10-67 52.1 NA 

rs6858440 4:47917474 A G NFXL1 ENSG00000170448 cis 1.12x10-66 51.9 Y 

rs2151511 20:60776444 A G MTG2 ENSG00000101181 cis 2.01x10-66 51.8 Y 

rs964611 15:48597514 C A SLC12A1 ENSG00000074803 cis 2.99x10-66 51.7 Y 

rs4582 2:27604279 A G PPM1G ENSG00000115241 cis 3.44x10-66 51.7 Y 

rs10483877 14:77182302 C T VASH1 ENSG00000071246 cis 9.56x10-66 51.5 Y 

rs12904576 15:101094127 T C RP11.526I

2.5 

ENSG00000270127 cis 2.81x10-65 51.3 Y 

rs55794721 1:25561667 G A RHD ENSG00000187010 cis 3.82x10-65 51.3 Y 

rs1059307 6:86387888 G T SNHG5 ENSG00000203875 cis 7.83x10-65 51.2 Y 

rs67933574 12:11226237 A G TAS2R43 ENSG00000255374 cis 9.15x10-65 51.1 Y 

rs11079015 17:39975164 C T NT5C3B ENSG00000141698 cis 8.58x10-65 51.1 N 

rs1256839 15:90454757 G C ARPIN ENSG00000242498 cis 2.28x10-64 51 N 

rs11637626 15:32810421 G A RP11.632

K20.2 

ENSG00000254912 cis 1.86x10-64 51 Y 
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6.3.2 Validation rate 

To assess how well my results overlap with previously reported eQTL in healthy populations, I 

calculated the validation rate of significant cis-eQTL in the studies of Westra et al., Joehanes et al. 

and the GTEx Project while the validation rate of significant trans-eQTL were validated in the studies 

of Joehanes et al. and the GTEx Project. An eQTL-eGene pair was validated if the lead variant was in 

linkage disequilibrium (r2 ≥ 40%) with the lead eQTL (FDR < 0.05) of the same transcript in the 

opposite study. The number of validated eQTL-eGene pairs was divided by the total pairs eligible to 

be validated.  

1,509 out of the 1,986 (76%) unique cis-eGenes could be mapped to the Illumina HT12v3 array used 

by Westra et al., 2,022 out of 2,134 (95%) unique eGenes were mapped to the Affymetrix Human 

Exon chip used by Joehanes et al., whilst results from the GTEx Portal could be obtained for 73% of 

eQTL-eGene pairs in this study. 28% of my cis-eQTL were validated by Westra et al., 31% by 

Joehanes et al. and 90% of tested cis-eQTL validated in GTEx. Overall, 75% of significant cis-eQTL-

transcript pairs were validated in at least one of the studies (Figure 6.2). The overall validation rate 

for trans-eQTL-transcript pairs reached 16%, with all but one being validated by the GTEx project 

alone. Joehanes et al. validated only one trans-eQTL-transcript pair (chr1:248039451 (C/T) - JAM3). 

6.3.3 Overlap with common variants affecting PAH susceptibility 

One of the significant cis- eQTL in PAH was associated with PAH susceptibility and met a suggestive 

threshold of significance (P value < 10-5) in a recent meta-analysis of PAH GWAS (Rhodes et al., 

2018). The eQTL chr7:142495156 (T/G) associated with the expression of TRBJ2-7 which encodes the 

J region of the variable domain of the T cell receptor beta chain, is validated in GTEx (P-value = 

1.4x10-6) in whole blood and is directionally consistent between the two studies with the major allele 

‘T’ increasing TRBJ2-7 transcript levels. However, it is worth noting that the effect of chr7:142495156 

(T/G) on gene expression in the GTEx population (EffectT allele = 0.27 SD, 95% CI = 0.16-0.38) is much 

weaker than its effect in this PAH cohort (EffectT allele = 1.16 SD, 95% CI = 0.87-1.45). 

Chr7:142495156 (T/G) is a missense variant that changes the seventh amino acid coded by the single 

exon of TRBJ2-7 from a phenylalanine to a valine residue. Figure 6.4 illustrates the normalized 

expression levels of TRBJ2-7 in PAH patients in this eQTL study and genotype counts in PAH cases 

and controls in the biggest contributing cohort (880 PAH and 5,048 controls) of the PAH GWAS 

(Rhodes et al., 2018). The effect of chr7:142495156 (T/G) on PAH susceptibility was tested in three 

out of the four cohorts in the PAH GWAS where the G allele – associated with lower TRBJ2-7 

expression - was found in all three GWASs to increase the odds of developing PAH, resulting in a 
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meta-analysed P-value of 1.1x10-6 (OR = 1.74; 95% CI = 1.39-2.17). Chr7:142495156 (T/G) is the lead 

variant in both this eQTL study and the PAH GWAS. TRBJ2-7 is primarily expressed in whole blood 

(median transcripts per million [TPM] = 11, N=755), in the spleen (median TPM = 8, N=241), in the 

small intestine (median TPM = 3.5, N=187) as well as in the lung (median TPM = 2, N=578), however 

chr7:142495156 (T/G) is reported in GTEx as a significant eQTL in whole blood only. Tissue-specific 

gene expression data was derived from the GTEx Analysis Release V8 

(https://gtexportal.org/home/gene/TRBJ2-7). 

  

https://gtexportal.org/home/gene/TRBJ2-7
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Genotype counts for chr7:142495156 in the NIHRBR cohort 

 T/T T/G G/G MAF 

PAH 767 111 2 6.5% 

Controls 4648 393 7 4% 

TRBJ2-7 

Start End Length 

142,495,140 142,495,186 47 

CTCCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAG 

Figure 6.3 PAH susceptibility variant chr7:142495156 (T/G) is also an eQTL for TRBJ2-7. 
Top: Normalized TRBJ2-7 expression levels in 273 PAH patients by genotype at the eQTL chr7:142495156. 
Bottom: Table of genotype counts and minor allele (G) frequency in PAH cases and controls from the UK 
National Institute for Health Research BioResource (NIHRBR) cohort. Genomic coordinates with the nucleotide 
sequence of TRBJ2-7 from the GRCh37 Ensembl browser. Highlighted nucleotides represent single nucleotide 
polymorphisms (SNP) in TRBJ2-7. Red SNPs are stop gained variants, yellow SNPs are missense and green SNPs 
are synonymous. The eQTL chr7:142495156 (T/G) is a missense SNP shown in bold in the nucleotide sequence. 

6.3.4 Overlap with variants from the GWAS Catalog 

In order to assess the relevance of eQTL identified in this study to broad clinical phenotypes, I 

intersected the list of 2,173 unique eQTL with the database of published genotype-phenotype 

associations from the GWAS Catalog. In total, 929 eQTL were reported for at least one trait 

previously (median N GWAS traits / eQTL = 2; IQR N GWAS traits / eQTL = 3). Ninety-eight (11%) of the 929 eQTL had 

at least 10 or more unique GWAS phenotypes associated with them. Figure 6.4 shows the number of 

overlapping GWAS phenotypes per eQTL in the validated and novel eQTL categories. The proportion 

of cis-acting eQTL overlapping with at least one published GWAS association in the validated subset 
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was 47%, whilst in the novel subset it was 37%. Among trans-eQTL, the proportion of loci 

overlapping at least one GWAS trait was 50% in the validated, and 27% in the novel group. The two-

sample equality of proportions test was significant for both cis-, and trans-acting eQTL (Cis: χ2
(df=1) = 

13.9; 95% CI = 0.05-0.15; p-value = 0.0002. Trans: χ2
(df=1) = 4.2; 95% CI = -0.003-0.45; p-value = 0.04), 

suggesting a higher proportion of overlapping loci in the validated eQTL groups. Interestingly, the 

proportion of novel eQTL previously reported for lung-related phenotypes (11%) is twice as high as 

the proportion of validated eQTL associated with lung-related phenotypes (5.5%) (χ2(df=1) = 6.9; 95% 

CI = 0.006-0.1; p-value = 0.009). Lung-related phenotypes reported for the novel eQTL include 

chronic obstructive pulmonary disease (COPD), lung function (forced vital capacity, forced expiratory 

volume), low versus high forced expiratory volume, interstitial lung disease, emphysema, lung 

cancer and lung adenocarcinoma. 

 

Figure 6.4 Reported GWAS traits for eQTL in the PAH Cohort.  
Percentage of binned numbers of overlapping GWAS traits (y-axis) per eQTL in each eQTL category (x-axis). 
Reported genotype-trait associations were downloaded from the NHGRI-EBI Catalog of published genome-wide 
association studies. 
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6.3.5 Functional enrichment analysis of genes with novel eQTL 

To assess if novel e-Genes in the PAH Cohort are enriched for certain biological processes or 

pathways active in diseases, I ran ORA in WebGestalt using the KEGG knowledge-base. A list of 606 

novel e-Genes were queried using a list of 25,128 background genes.  

Five pathways were found to be significantly (FDR < 0.05) enriched, with the pathways taste 

transduction, graft-versus-host disease and autoimmune thyroid disease being the three most 

significant (Table 6.4). Supplementary Table 8.4.2 in the Appendix lists the overlap between these 

novel e-Genes with their corresponding eQTL in PAH and each of the five pathways. 

Gene set Description Size Overlap Expectation Enrichment ratio P-value FDR 

hsa04742 Taste transduction 48 8 0.87 9.24 1.78x10-6 5.72x10-4 

hsa05332 Graft-versus-host disease 32 6 0.58 10.40 1.85x10-5 2.86x10-3 

hsa05320 Autoimmune thyroid disease 34 6 0.61 9.79 2.66x10-5 2.86x10-3 

hsa05330 Allograft rejection 33 5 0.59 8.40 2.75x10-4 0.02 

hsa04940 Type I diabetes mellitus 36 5 0.65 7.70 4.19x10-4 0.03 

Table 6.4 Pathways enriched for genes with novel eQTL in the PAH Cohort. 
Results of the over-representation analysis using the KEGG pathway database. Column names: Gene set = 
searchable identifier of the gene set in KEGG; Size = number of genes participating in the gene set and overlap 
gives the number of genes in the gene set that overlap with the queried gene list; Expectation = number of 
genes that are expected to be shared between the queried gene list and the gene set if the queried list was a 
random sample of the background gene list; Enrichment ratio = fold enrichment of the gene set for the queried 
gene list; P-value = enrichment significance of the Fisher`s exact test; FDR = false discovery rate adjusted 
significance. 
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6.4 Discussion 

Gene expression serves as an intermediate phenotype between genetic variants and associated 

phenotypes such as clinical diagnoses-, presentation and biomarkers, anthropometric- and 

behavioural traits, etc. Previous eQTL studies provided support for the idea that genetic effects on 

gene expression have phenotypic consequences and that eQTL aid in the biological interpretation of 

associated genetic markers in disease (Zhernakova et al., 2017, Westra et al., 2013, Joehanes et al., 

2017). However, eQTL effects are not only dependent on the tissue or cell type under investigation 

(Powell et al., 2012, Aguet et al., 2019), but also on the environment or context (Zhernakova et al., 

2017, Barreiro et al., 2012, Fairfax et al., 2014, Çalışkan et al., 2015) in which gene expression is 

measured. This implies that a more comprehensive eQTL map could be constructed by extending 

mapping efforts beyond population-based studies. I ran a transcriptome-wide eQTL analysis in a 

cohort of 276 PAH patients to characterize the genetic control of gene expression variability in this 

condition, uncovering potentially novel eQTL not detected in healthy populations. The resulting 

2,354 significant eQTL-eGene pairs were intersected with the results of two previously published 

population-based eQTL studies and the results of the GTEx Project. 25% of cis-acting eQTL-eGene 

pairs and 84% of trans-acting eQTL-eGene pairs in this study were not found in any of the three 

studies used for validation. Novel and validated eQTL were investigated for their pathobiological 

relevance to both PAH - using the largest-to-date PAH GWAS published by our group (Rhodes et al., 

2018) - and a wide range of diseases from the NHGRI-EBI Catalog of published genome-wide 

association studies (GWAS Catalog).  

Nearly half (N=929, or 43%) of all eQTL identified in this study colocalized with at least one trait or 

disease in the GWAS Catalog. Even though the proportion of colocalizing eQTL was higher for 

validated cis- and trans -eQTL than for novel eQTL, the proportion of eQTL associated with lung-

related phenotypes was twice as high among novel eQTL than validated eQTL previously detected in 

population-based studies (p-value = 0.009). This indicates that these novel blood eQTL identified in 

PAH might be highly informative for pulmonary diseases such as COPD, interstitial lung disease and 

emphysema. The higher proportion of GWAS-trait associated eQTL in the validated subset might be 

explained by validated eQTL mainly consisting of cis-acting variants (98.1%), whilst the proportion of 

cis-eQTL among novel variants is 76.3 %. Trans-acting eQTL usually explain a lower proportion of 

variation (R2) in gene expression levels than cis-acting eQTL, which was observed in this study too. 

The higher variance explained by the predominantly cis-acting eQTL in the validated subset means 

that these eQTL are more likely to be discovered - due to better statistical power - in genetic 

association studies. Also, novel eQTL in this study were not replicated in an independent PAH cohort, 
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therefore it is expected that a proportion of these novel association signals is spurious which could 

contribute to the lower colocalization rate with previously reported GWAS loci. 

As an example for the overlap between lung-related GWAS traits and eQTL in PAH , the novel cis-

eQTL chr7:74069645 (A/G) associated with expression of the gene GTF2IRD2B overlaps with multiple 

phenotypes including COPD (Zhu et al., 2019), lung function (Kichaev et al., 2019), cardiovascular 

disease (Kichaev et al., 2019) and diastolic blood pressure (Evangelou et al., 2018). Deletion of 

GTF2IRD2B leads to a rare congenital disease called Williams-Beuren syndrome which frequently 

presents with supravalvular aortic stenosis (SVAS; OMIM 185500), a congenital heart defect 

characterized by the narrowing of the aorta, pulmonary and coronary arteries and other blood 

vessels (Merla et al., 2012).  

The list of eQTL was also intersected with susceptibility loci for PAH including two loci reaching 

genome-wide significance (p-value < 5x10-8) and 34 loci below the threshold for suggestive 

significance (p-value < 10-5). The lead variant of one of these possible PAH susceptibility loci was 

found to colocalize with a lead cis-eQTL associated with the expression of the gene TRBJ2-7. The 

same allele that lowers TRBJ2-7 expression increases the risk of developing PAH. TRBJ2-7 - T Cell 

Receptor Beta Joining 2-7 - codes for the J region of the variable domain of the T cell receptor beta 

chain which participates in antigen recognition. T-cell receptors are present on the surface of T-

lymphocytes and are essential in the normal functioning of immune responses. The complex 

pathophysiological mechanisms behind PAH involve multiple driving factors of which immune 

dysfunction and inflammation are suspected to be among the major contributors (Rabinovitch et al., 

2014). Certain subtypes of T-cells have been proposed to be detrimental, whilst others to attenuate 

PAH progression. Whilst T-helper (Th) cells (Th1, Th2 and Th17) have been implicated in causing 

autoimmune response through production of interleukins (Steiner et al., 2009, Maston et al., 2017, 

Chen et al., 2018), regulatory T-cells (Treg) were found to have an immunosuppressive role in PAH 

and attenuate PAH development (Tamosiuniene et al., 2011). Tamosiuniene et al. showed that Treg 

deficient rats develop severe PAH and that immune-reconstitution with Tregs prevents early 

inflammation and attenuates development of PAH in response to vascular injury (Tamosiuniene et 

al., 2011). The marked difference in the magnitude of effect of chr7:142495156 (T/G) on TRBJ2-7 

expression between the PAH cohort and the GTEx population may indicate that the effect of this 

eQTL becomes amplified when pathways and processes in which T-cells play a role become 

activated. The importance of antigen presenting and recognition in PAH is underlined by the most 

significant genetic variant discovered in the PAH GWAS in the HLA-DPA1/DPB1 locus encoding class II 

major histocompatibility complex (MHC) molecules (Rhodes et al., 2018) which associated with three 

HLA alleles all containing a glutamic acid (Glu⁶⁹) at amino acid residue 69. MHC molecules at the 
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surface of antigen presenting cells are recognized by T cell receptors which are restricted to sensing 

antigens bound to class I or class II molecules of the MHC. The TRBJ2-7 and HLA-DPA1/DPB1 PAH 

susceptibility loci emphasize the role of immune dysregulation in PAH development (Rabinovitch et 

al., 2014, Kumar and Graham, 2018) which warrants further investigation. Colocalization of a disease 

susceptibility variant with a cis-eQTL may provide more robust evidence for the direction of the 

relationship (if there is one, assuming no horizontal pleiotropy at the eQTL) between the disease and 

gene expression, i.e. altered gene levels caused by the cis-eQTL are more likely to influence the 

disease phenotype than vice versa. However, in silico analysis without in vitro or in vivo experiments 

cannot provide definitive evidence for a genetic variant`s effect on gene expression. 

Pathway analysis of eGenes associated with novel eQTL identified five biological processes from the 

KEGG database enriched for this list of genes which included four immune-related phenotypes. Six 

genes from the graft-versus-host disease and allograft rejection pathways overlap with the list of 

genes with novel eQTL, five of which belongs to the Human Leukocyte Antigen (HLA) class. 

Furthermore, all genes overlapping with the type I diabetes and allograft rejection pathways come 

from the HLA class. Genes encoded by the more than two hundred HLA genes in the highly 

polymorphic HLA region play an important role in antigen processing and presentation. In total, 20 

eGenes in this study come from the HLA classes I and II (N=18) and from the HLA class IB (N=2) 

genes. Half of these eQTL-HLA gene associations were found to be novel. Out of the 5 trans- and 17 

cis-eQTL, 3 trans- and 8 cis-eQTL were validated by published studies. The immune-related pathways 

enriched for novel eQTL-eGene pairs in this study demonstrate that novel eQTL could be identified in 

disease populations since their gene expression profiles differ from the profiles of healthy 

individuals. 

Overall, the validation rate of eQTL in this study was comparable to that seen in published studies 

(Joehanes et al., 2017, Westra et al., 2013). A third of cis-eQTL validated in the two population-based 

studies by Westra et al. and Joehanes et al. whilst 90% of cis-eQTL were validated by the GTEx 

Project. In comparison, 25% to 58% of cis-eQTL reported by Joehanes et al. were validated by other 

eQTL studies, with the lowest validation rate coming from the validation between their study that 

used expression array data (Joehanes et al., 2017) and one that used RNA sequencing (Battle and 

Montgomery, 2014). Fifteen percent of trans-eQTL-eGene pairs validated in either the GTEx project 

or the study of Joehanes et al. Trans-eQTL validation rates are generally much lower (under 10%) 

than validation rates of cis-eQTL (Westra et al., 2013, Joehanes et al., 2017). However, the validation 

rate reported by this study and possibly other studies could underestimate the true validation rate 

between eQTL studies, since the list of variants and genes that passed quality control and were 

tested by any one study are usually not made available. Consequently, the number of eQTL-eGene 
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pairs eligible to be validated is overestimated when all genetic variants and genes present on the 

array are assumed to have been available for analysis. Apart from overestimating the number of 

eQTL-eGene pairs eligible for validation, imperfect validation rates between two eQTL studies can 

arise due to other factors such as the difficulty in accurately matching gene expression levels 

measured with different platforms, suggested by the higher validation rates between two array-

based studies than between array-based- and RNA sequencing – based studies (Joehanes et al., 

2017). This was true of this study and validation rate was higher with the RNA sequencing-based 

GTEx Project than with the other two, array-based studies. Differences between the study 

populations being compared can also give rise to imperfect validation and also to novel discoveries, 

as all genetic effects depend on both the genetic (epistasis) and environmental context of the 

population they were estimated in and therefore do not necessarily apply to another population or 

the same population at a different time. A more accurate way of identifying novel eQTL in this study 

would have been to contrast PAH eQTL effects with eQTL effects estimated in a control population 

assayed on the same platforms and in one batch with the PAH samples to reduce the variability due 

to technical factors. Also, novel eQTL are yet to be replicated in an independent population of PAH 

patients to identify true positives. 

The effects of eQTL can vary by the tissue and even cell type under investigation (Powell et al., 2012, 

Andiappan et al., 2015) and may be modified by external and environmental factors (Barreiro et al., 

2012, Fairfax et al., 2014). Previous studies have successfully identified so-called ‘response’ eQTL 

that are associated with variation in gene expression levels in cells under one of two experimental 

conditions, but not both. For example, in the study of Barreiro nearly two-hundred eQTL were 

identified in primary dendritic cells from sixty-five individuals with effects specific to either the 

Mycobacterium tuberculosis-infected cells or the uninfected ones (Barreiro et al., 2012). These 

response eQTL were argued to constitute natural regulatory variation that likely affect host - 

Mycobacterium tuberculosis interaction and account for interindividual variation in the immune 

response and susceptibility of tubercolosis. The authors of the study found when integrating their 

data with genome-wide genetic susceptibility of pulmonary tuberculosis that these response eQTL 

were more likely to be associated with the disease, uncovering potential susceptibility genes in 

pulmonary tubercolosis. Another study by Fairfax et al. (Fairfax et al., 2014) investigated the effect of 

innate immune stimuli on eQTL effects by exposing primary CD14+ cells from 432 European 

volunteers to the inflammatory cytokine interferon-γ or the endotoxin lipopolysaccharide. 

Inflammatory stimulation revealed hundreds of eQTL specific to either stimulus, which were 

enriched for disease-risk loci. In this study, the proportion of eQTL also associated with lung diseases 

or lung function was twice as high in the novel eQTL subset than in the validated subset, highlighting 
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the importance of genotype – environment interaction in understanding genetic variation of disease 

susceptibility characterized by genome-wide association studies. 
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6.5 Conclusions 

To date, large-scale eQTL-mapping have been done in healthy individuals from population-based 

studies (Joehanes et al., 2017, Westra et al., 2013, Zhernakova et al., 2017) providing a valuable 

knowledge base for understanding the mechanisms behind associations of genetic variation and 

disease. It has been shown that recapitulating the environmental context relevant to disease, it is 

possible to more extensively decipher genetic variation of disease susceptibility (Fairfax et al., 2014, 

Barreiro et al., 2012, Çalışkan et al., 2015). Genome- and transcriptome-wide eQTL-mapping in this 

cohort of idiopathic and heritable PAH patients identified hundreds of potentially novel eQTL with 

twice the proportion of lung disease associated genetic variants than eQTL validated by population-

based studies. Apart from pulmonary conditions, these novel eQTL specific to or active in PAH could 

be useful in understanding genetic risk factors for other diseases that share common mechanisms 

with PAH, such as those with immune dysregulation. 
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7 Conclusions and future work 

The role of iron deficiency in the development of pulmonary arterial hypertension (PAH) and disease 

severity was investigated in a cross-sectional observational study, an instrumental variable analysis 

using genetic variants as proxy measures and a RCT; all of which found no evidence for a clinically 

significant effect of iron availability on PAH. This thesis emphasized the need for robust criteria for 

diagnosing iron deficiency in PAH and other PH subgroups. QTL for intermediate phenotypes, such as 

gene expression, proteins and metabolites, can offer a handle on understanding the mechanisms 

behind genetic associations of disease susceptibility. Genetic effects of gene expression in PAH 

largely overlapped with those described in disease-free populations; however, the relevance of the 

set of novel eQTL to lung-related phenotypes and diseases supports the rationale behind mapping 

QTL for intermediate phenotypes in disease populations. 

Previous investigations into the phenomenon of iron deficiency in PAH focused on IPAH and 

heritable PAH cases and used healthy volunteers (Rhodes et al., 2011a) or patients with chronic 

thromboembolic pulmonary hypertension (CTEPH) (Soon et al., 2011) as controls. In the chapter 

titled ‘Iron deficiency and anaemia in pulmonary hypertension diagnostic groups: a cross-sectional 

study in the National Pulmonary Hypertension Service, Hammersmith Hospital, iron deficiency 

prevalence and clinical outcomes were investigated using three different iron deficiency criteria and 

iron status biomarkers in a heterogenous cohort of patients representing five PH diagnostic groups. 

Iron deficiency was highly prevalent in IPAH and heritable PAH, but also in other PH classes including 

CTEPH patients and disease controls, contrary to the findings of previous studies (Soon et al., 2011, 

Rhodes et al., 2011a). However, it is important to note, that the control group in this study 

comprised of patients who were referred to the pulmonary hypertension clinic but were not 

diagnosed with PH. This, possibly heterogenous, group of patients could have had conditions that 

confounded effect estimates of diagnosis in these analyses.  

The Mendelian Randomisation (MR) analysis of RDW, a correlate of iron status biomarkers, and IPAH 

and heritable PAH in chapter four showed no evidence of a causal relationship with RDW using all 

known RDW QTL or specifically those with strong evidence of involvement in regulating systemic 

iron status discovered in population-based studies as instruments for iron status. This analysis was 

powered to detect a causal effect (OR = 1.25 - 1.52) smaller than the observed estimate of the RDW-

PAH association in this study (OR = 1.80 – 2.01 per 1.4% RDW) and another recent phenome-wide 

association study of RDW (OR = 1.75-2.4 per 1% RDW) (Thayer et al., 2019). The MR causal estimates 
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of RDW-PAH suggest either no effect or a much more modest causal effect of iron status than those 

observed in standard epidemiological investigations. However, the sample size required to detect 

smaller causal effects, like those reported for iron status by other MR studies (Gill et al., 2017, Gill et 

al., 2018, Pichler et al., 2013), is nearly ten times that of the largest PAH genome-wide association 

study (Rhodes et al., 2018) used in the MR analyses in this work. In agreement with the MR study, 

the first RCT presented in chapter five found no clinically significant impact of intravenous iron 

supplementation in iron deficient IPAH patients on markers of disease severity at 12 weeks. The 

treatment was well tolerated and effective at restoring iron status, suggesting it was well performed 

and that positive effects of iron treatment in previous studies are not likely to be through direct 

effects on pulmonary vascular tension or remodeling. Peripheral effects such as improved muscle 

function cannot be excluded (Charles-Edwards et al., 2019). Despite the potential weaknesses of the 

RCT and the MR study (i.e. lack of washout period in the clinical trial, no power to detect moderate 

effects in the MR study), the two approaches finding no evidence of a causal effect makes it more 

convincing that iron deficiency is not a therapeutic target in PAH and therefore not a priority for 

future clinical studies. 

While the rapid development of MR methodologies provided robust ways of estimating causal 

effects between an exposure and an outcome (Burgess et al., 2020, Sanderson et al., 2018, Zheng et 

al., 2017), a prerequisite to MR is the availability of well-defined, genetically controlled phenotypes 

to serve as exposures and outcomes. The genetic control of a rich variety of complex phenotypes 

and biomarker measurements has been characterized in large populations utilizing electronic health 

records or deidentified databases (Bycroft et al., 2018, Crawford et al., 2014). Gene expression QTL 

have been extensively described in recent years in unaffected individuals from population-based 

studies (Westra et al., 2013, Joehanes et al., 2017, Zhernakova et al., 2017), whereas eQTL mapping 

in disease cohorts lags behind. The molecular environment specific to certain disease states could 

mask or unmask eQTL effects and specific environmental stimuli (such as viral and bacterial 

infections or inflammatory cytokines) have been shown to alter the effects of certain QTL in human 

cell studies . In the last chapter of this thesis, genetic determinants of gene expression in IPAH and 

heritable PAH were mapped and compared to eQTL from population-based studies to identify PAH-

specific eQTL. Even though the number of GWAS and disease susceptibility loci continually increases 

with increasing affordability of genotyping and sequencing technologies, linking these common 

susceptibility variants to mechanisms of disease remains a major challenge (Visscher et al., 2012). 

Intermediate phenotypes such as gene expression, protein levels, metabolites and more are being 

integrated with genomic data to identify molecular patterns associated with disease (Hasin et al., 

2017) and have been proven useful in translating disease susceptibility loci into biological insight 
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(Westra et al., 2013, Battle et al., 2015, Nath et al., 2017). In this PAH eQTL mapping study, the 

proportion of potentially novel eQTL – those not reported by population-based eQTL studies – that 

overlap loci reported for lung-related phenotypes was twice as high as that of the validated eQTL 

set. This highlights the importance of environment and genetic background whereby genetic variants 

contributing to disease susceptibility often exert their effect only under certain environmental 

and/or genetic conditions. Expression QTL studies have demonstrated that so-called ‘response’ eQTL 

that only show an effect in response to viral (Çalışkan et al., 2015), bacterial (Barreiro et al., 2012) or 

immune (Fairfax et al., 2014) stimuli are abundant and colocalize with susceptibility loci of the 

diseases related to the stimuli. 

There could be alternative ways of identifying response eQTL relevant to PAH and related diseases. 

Even though mimicking the whole array of mechanisms that constitutes PAH is not possible, 

mapping eQTL in healthy individuals before and after exposing them to hypoxia (e.g. in populations 

living at altitude who change altitude at different times of year for work or study) could identify 

genetic variants that only have an effect on gene expression in the context of the molecular 

environment typical of low oxygen conditions. This could also be achieved using human cells where 

hypoxia can be induced with Cobalt (II) Chloride hexahydrate (Wu and Yotnda, 2011), a chemical 

inducer of hypoxia-inducible factor-1.3. Since loss-of-function mutations in BMPR2 increase 

susceptibility to PAH and BMPR2 levels are reduced in the lungs of heritable, idiopathic and – to a 

smaller extent – secondary PAH patients (Atkinson et al., 2002), transcriptome-wide gene expression 

measured before and after BMPR2 knockdown in a cell type that expresses BMPR2 could also 

identify eQTL active in a molecular environment that is characteristic of PAH. Since eQTL generally 

explain a large proportion of variance in gene expression, hundreds of response eQTL may be 

identified in under a hundred samples (Barreiro et al., 2012). Such context dependent eQTL could 

help in linking disease susceptibility loci with unclear functions to candidate causal genes and 

biological mechanisms. 

Diagnosing iron deficiency in patients with chronic disease is challenging as routine iron status 

biomarkers are affected by iron deficiency and anaemia of chronic disease in a similar way. Also, iron 

deficiency and anaemia of chronic disease may simultaneously be present, further complicating the 

diagnosis. Testing the performance of iron status biomarkers and their combinations, ferritin and 

soluble transferrin receptor (sTfR) in particular, in diagnosing true iron deficiency identified by bone 

marrow staining in PAH patients would provide a useful reference for future investigations. 

However, bone marrow biopsy is an invasive procedure and might not be acceptable in PAH patients 

without additional justification for its need. In the absence of such evidence in PAH, I relied on the 

results of studies that evaluated iron biomarkers in rheumatoid arthritis, other chronic diseases and 
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malignancies (Means Jr et al., 1999, Suominen et al., 2000, Bultink et al., 2001) and used the ratio of 

sTfR and ferritin shown to maximize sensitivity and specificity in disease populations. Interestingly, 

higher than normal sTfR levels (> 28.1 nmol/L) together with normal ferritin (> 100 µg/L) and 

transferrin saturation (> 20%) as defined in the ‘sTfR-only’ iron deficiency group was associated with 

much worse prognosis, especially in the H/IPAH diagnostic group, but sTfR levels alone were not. 

These results suggest that a high-risk patient group could be identified based on higher than normal 

sTfR together with normal iron biomarker levels - which could result from inflammation if residual 

confounding remains after controlling for interleukin-6 levels -, although the mechanisms underlying 

elevated sTfR in the apparent absence of iron deficiency in this patient group should be further 

investigated. A possible explanation could be worsening hypoxia (i.e. reduced oxygen delivery) as 

the disease progresses and/or haemolysis related to PAH (Barnett et al., 2008), both of which can 

stimulate reticulocytosis and thus lead to increased sTfR. Reticulocytosis could also explain the 

strong association of high RDW and PAH susceptibility reported in previous studies (Thayer et al., 

2019, Rhodes et al., 2011b) and in chapter four of this thesis. Reticulocyte counts and/or 

erythropoietin measurements could be used to test whether reticulocytosis is prominent in patients 

in the sTfR-only group and if it separates them from the other sTfR-based, but severely iron deficient 

group. Further measurements on arterial blood gases, such as arterial oxygen and carbon dioxide 

pressures, could also be useful in assessing hypoxemia/tissue hypoxia in these two groups. 

PAH is a rare but complex disease with genetic and environmental risk factors. Even though much 

progress has been made in recent years to uncover genetic determinants of PAH (Graf et al., 2018, 

Rhodes et al., 2018), epidemiological investigations into the environmental component of the 

disease are limited by the available sample size and the biases of the case-control design and the 

difficulty to identify appropriate controls that represent the population at risk of developing PAH. 

For example, healthy controls are often recruited from individuals visiting primary care and living in 

the neighborhood of the hospital which is also the referral hospital for patients with a rare disease. A 

large proportion of these referred patients with the rare disease travel from other areas of the 

country and could differ with regards to, for instance, socioeconomic factors from the recruited 

control population, leading to spurious associations (Morabia, 1997). Given the reduced penetrance 

of heritable PAH and IPAH (~42% in women and ~14% in men carrying known mutations) (Machado 

et al., 2001), following up families of affected individuals, especially relatives harbouring mutations 

associated with PAH, could identify environmental modifiers of genetic risk. Examples of populations 

at risk of developing PAH are relatives of patients with pathogenic BMPR2 mutations, individuals 

with HIV or schistosomiasis infection or systemic sclerosis. The longitudinal follow-up of such cohorts 

would be an invaluable source to identify environmental triggers of PAH. 
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As genotyping is becoming increasingly accessible to the wider research community, extending 

international collaborations and sharing summary-level data in the future could increase the 

precision of common genetic effects of PAH susceptibility, allowing the investigation of shared 

genetic aetiologies and causal mechanisms between PAH and a wide range of phenotypes 

characterized by large population-based studies like that of the UK Biobank. Well-designed 

Mendelian Randomisation studies could be applied to other phenotypes associated with PAH, such 

as metabolic disturbances and diabetes (Poms et al., 2013), proteins including vascular endothelial 

growth factor (Voelkel and Gomez-Arroyo, 2014),  and inflammation (Tian et al., 2019, Kumar and 

Graham, 2018), which may require genetic effects to be defined in a larger than currently available 

PAH population and improved definitions of QTL. The relevance of PAH eQTL to other lung-related 

phenotypes suggest it could be worth exploring the genetic variablilty of gene expression (and other 

intermediate phenotypes) in disease populations to unmask regulatory QTL which cannot easily be 

found in healthy, population-based studies. 

The main conclusion of this thesis is that although iron deficiency is prevalent in IPAH and other PH 

subclasses, no evidence for a causal relationship or a clinically meaningful effect of iron 

supplementation in IPAH patients was found. Approaches using genetic epidemiology, such as 

Mendelian Randomization and estimating genetic correlation between PAH and other candidate 

phenotypes should be applied to investigate causal and epidemiological relationships in the future, 

which will be made more powerful by increasing the accuracy of PAH genetic effects through 

collaboration, and by improving QTL definitions of phenotypes relevant to PAH. Genetic variants 

influencing gene expression in IPAH but not in healthy individuals were highly relevant for lung-

associated traits and diseases, highlighting the usefulness of mapping quantitative trait loci in 

disease cohorts. 
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8 Appendix 

8.1 Iron deficiency and anaemia in pulmonary hypertension diagnostic groups: a 

cross-sectional study in the National Pulmonary Hypertension Service, 

Hammersmith Hospital 
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Supplementary Table 8.1.1 Characteristics of patients referred to the National Pulmonary Hypertension Service at Hammersmith Hospital. 
Values reported are median and interquartile range unless otherwise specified. Definition of abbreviations: No PH = disease controls; H/IPAH = heritable/idiopathic 
pulmonary arterial hypertension; PAH CTD = pulmonary arterial hypertension associated with connective tissue disease; PAH CHD = pulmonary arterial hypertension 
associated with congenital heart disease; PH LHD = pulmonary hypertension due to left heart disease; CTEPH = chronic thromboembolic pulmonary hypertension; BNP = B-
type natriuretic peptide; NTproBNP = N-terminal pro b-type natriuretic peptide; IL-6 = interleukin-6; 6MWD = six-minute walk distance test; PVR = pulmonary vascular 
resistance; mPAP = mean pulmonary arterial pressure 

 No PH H/IPAH PAH CTD PAH CHD PH LHD CTEPH 

 Female Male Female Male Female Male Female Male Female Male Female Male 

N (%) 116 (72) 45 (28) 131 (73) 48 (27) 40 (78) 11 (22) 19 (59) 13 (41) 49 (60) 32 (40) 120 (48) 128 (52) 

Age at diagnosis, mean (SD) 
57.95 

(16.72) 
57.22 

(14.55) 
49.25 

(18.19) 
57.61 

(18.02) 
56.9 

(14.92) 
64.62 

(13.23) 
46.3 

(15.88) 
52.95 

(20.25) 
70.4 

(11.95) 
73.67 
(8.35) 

61.85 
(16.51) 

62.43 
(13.83) 

Age at sample, mean (SD) 
58.04 

(16.87) 
57.36 

(14.41) 
52.12 

(17.43) 
59.65 

(16.26) 
58.96 

(13.97) 
65.47 

(12.88) 
49.99 

(16.08) 
55.28 

(19.36) 
70.91 

(11.14) 
73.64 
(8.35) 

64.27 
(16.17) 

64.63 
(13.73) 

WHO class, N (%)  

available 88 (76) 36 (80) 107 (82) 39 (81) 34 (85) 7 (64) 18 (95) 11 (85) 41 (84) 28 (88) 108 (90) 119 (93) 

I 9 (10) 8 (22) 3 (3) 3 (8) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 1 (4) 5 (5) 10 (8) 

II 24 (27) 8 (22) 19 (18) 7 (18) 11 (32) 0 (0) 3 (17) 4 (36) 5 (12) 3 (11) 17 (16) 37 (31) 

III 54 (61) 20 (56) 75 (70) 26 (67) 19 (56) 4 (57) 12 (67) 6 (55) 32 (78) 24 (86) 73 (68) 66 (55) 

IV 1 (1) 0 (0) 10 (9) 3 (8) 4 (12) 3 (43) 3 (17) 1 (9) 3 (7) 0 (0) 13 (12) 6 (5) 

Ethnicity, N (%)  

available 69 (59) 28 (62) 110 (84) 34 (71) 32 (80) 10 (91) 14 (74) 10 (77) 32 (65) 21 (66) 105 (88) 118 (92) 

white 50 (72) 23 (82) 95 (86) 31 (91) 25 (78) 9 (90) 12 (86) 9 (90) 29 (91) 18 (86) 93 (89) 107 (91) 

South Asian 7 (10) 0 (0) 12 (11) 2 (6) 3 (9) 1 (10) 2 (14) 1 (10) 2 (6) 2 (10) 0 (0) 2 (2) 

black 12 (17) 5 (18) 3 (3) 1 (3) 4 (12) 0 (0) 0 (0) 0 (0) 1 (3) 1 (5) 12 (11) 9 (8) 

Anticoagulant at the time of 
sample, % 

28 47 64 58 37 67 47 60 64 52 100 100 

BNP ng/L 
46.05 

(19.08-
88.22) 

28.8 
(10.6-
83.18) 

85.3 
(29.9-
199.6) 

268.1 
(126.8-
614.8) 

136.5 
(48.3-
423.6) 

242.25 
(78.43-
964.12) 

120.3 
(71.45-
229.43) 

169.4 
(64.9-

303.32)) 

253 
(163.52-
392.5) 

378 
(174.65-
601.55) 

89.3 
(38.03-265) 

82.6 
(42.95-
335.1) 

NTproBNP pmol/L 
186.2 
(77.2-
797.2) 

290.9 
(79.8-
792.4) 

403.98 
(102.23-
1056.1) 

666.65 
(103.4-
1677.2) 

387.3 
(193.78-
1576.2) 

1190.95 
(367.12-

2112) 

670.3 
(268.55-
1013.4) 

944.17 
(216.7-
1603) 

1278.15 
(704.9-

1701.13) 

1200.55 
(546.03-
1653.8) 

392.75 
(84.92-

1306.33) 

477.2 
(135.83-
1555.9) 
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 No PH H/IPAH PAH CTD PAH CHD PH LHD CTEPH 

 Female Male Female Male Female Male Female Male Female Male Female Male 

6MWD m 
336 

(213-408) 

397.5 
(323.25-

450) 

336 
(120-390) 

284 
(108-419.5) 

240 
(105-

362.25) 

228 
(39-413.25) 

336 
(120-387) 

320 
(240-340) 

125 
(48-312) 

297 
(156-356.5) 

240 
(96-372) 

321.5 
(198-427) 

Haemodynamics available, % 35 40 86 94 78 82 42 54 78 72 83 90 

PVR Wood units 
1.74 

(1.34-2.41) 
1.16 

(0.77-1.54) 
11.46 

(5.9-15.33) 
8.4 

(5.67-12.3) 

7.38 
(4.94-
10.55) 

10.14 
(7.76-
11.52) 

4.47 
(2.05-
10.32) 

2.86 
(2.59-
11.26) 

3.88 
(2.55-7.85) 

2.33 
(1.71-5.2) 

8.29 
(5.42-
12.43) 

7.85 
(4.36-
10.97) 

mPAP mmHg 
20 

(18-23) 
23 

(20.25-24) 
53 

(42-60) 
50 

(40-60) 
43 

(32.5-50) 
40 

(39-47) 
40.5 

(28.8-54.8) 
47 

(35.5-54.5) 
35 

(28-44.5) 
31 

(29.5-42.5) 
45 

(34-51.25) 
44 

(35-55) 
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 Replete Ferr-TSAT sTfR Ferr-TSAT + sTfR 

N 258 93 193 208 

Female, N (%) 143 (55) 77 (83) 107 (55) 148 (71) 

Age at sample, mean (SD) 59.6 (15.72) 59.66 (18.56) 61.15 (14.9) 61.73 (17.7) 

WHO class, N (%)     

available 215 (83) 69 (74) 175 (91) 177 (85) 

1 19 (9) 4 (6) 11 (6) 6 (3) 

2 51 (24) 14 (20) 43 (25) 30 (17) 

3 132 (61) 49 (71) 106 (61) 124 (70) 

4 13 (6) 2 (3) 15 (9) 17 (10) 

Ethnicity, N (%)  

available 198 (77) 69 (74) 159 (82) 157 (75) 

white 183 (92) 65 (94) 123 (77) 130 (83) 

South Asian 5 (3) 3 (4) 11 (7) 15 (10) 

black 10 (5) 1 (1) 25 (16) 12 (8) 

Anticoagulant, % 65 55 63 70 

Iron µmol/L 16.5 (14-20) 11 (9-12) 15 (12-19) 8.5 (6-11) 

sTfR nmol/L 22.4 (19.3-25.5) 23.9 (21.6-25.7) 35.8 (31.3-44.1) 42.2 (33.72-52.35) 

Log sTfR/ferritin ratio -1.61 (-2.15--0.91) -0.81 (-1.16--0.35) -1.17 (-1.72--0.66) 0.34 (-0.22-1.04) 

Transferrin g/L 2.6 (2.38-2.8) 2.8 (2.6-3.1) 2.6 (2.23-2.9) 3.1 (2.7-3.4) 

TSAT % 26 (22-33) 16 (14-18) 24 (20-31) 12 (8-16) 

Ferritin µg/L 104 (55.25-183) 54 (35-72) 128 (81-212) 27 (17-50.25) 

Hepcidin ng/mL 17.15 (9.2-32.7) 10.6 (5-18.5) 16.2 (6.6-36.6) 2.55 (0.9-6.82) 

Haemoglobin g/dL 14.2 (13.03-15.28) 13.2 (12.2-14.5) 13.8 (12.1-15.2) 12.7 (11.4-14.03) 

Haematocrit % 0.43 (0.39-0.45) 0.41 (0.38-0.43) 0.42 (0.38-0.45) 0.4 (0.36-0.43) 

RDW % 14 (13.3-14.6) 14.4 (13.6-15) 15.1 (14.2-16.5) 15.9 (14.5-17.1) 

BNP ng/L 79.6 (32.02-253.6) 78.1 (41.95-242.8) 86.6 (35.02-268.4) 102 (48.45-309.5) 

NTproBNP pmol/L 
472.5 
(100-1302.35) 

316.24 
(101.87-945.85) 

585 
(148.92-1480.6) 

459.24 
(122.7-1567.9) 

IL-6 pg/mL 3 (1.6-5.65) 3.3 (1.7-5.1) 4.68 (2.52-8.25) 4.9 (3.08-9) 

6MWD m 354 (221.5-432) 320 (144-393) 288 (132-384) 240 (96-364) 

PVR available, N (%) 183 (71) 71 (76) 137 (71) 157 (75) 

PVR Wood units 6.74 (2.58-11.22) 6.3 (2.56-12.38) 7.38 (3.4-12.13) 7.76 (3.54-11.52) 

mPAP available, N (%) 183 (71) 72 (77) 138 (72) 157 (75) 

mPAP mmHg 44 (31.5-52) 40.5 (28-54) 44 (30.25-53) 44 (32-53) 

Supplementary Table 8.1.2 Characteristics of patients referred to the National Pulmonary Hypertension 
Service at Hammersmith Hospital by iron status. 
Values reported are median and interquartile range unless otherwise specified. Definition of abbreviations: Ferr 
= ferritin; sTfR = soluble transferrin receptor; TSAT = transferrin saturation; RDW = red cell distribution width; 
BNP = B-type natriuretic peptide; NTproBNP = N-terminal pro b-type natriuretic peptide; IL-6 = interleukin-6; 
6MWD = six-minute walk distance test; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial 
pressure. 
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 Replete Ferr-TSAT sTfR Ferr-TSAT + sTfR 

N 183 65 123 130 

Female, N (%) 95 (52) 55 (85) 65 (53) 89 (68) 

Age at sample, mean (SD) 59.79 (15.97) 59.04 (18.64) 63.36 (13.81) 65.21 (16.65) 

available 164 (0.9) 56 (0.86) 115 (0.93) 118 (0.91) 

1 16 (0.1) 3 (0.05) 5 (0.04) 6 (0.05) 

2 37 (0.23) 10 (0.18) 28 (0.24) 18 (0.15) 

3 99 (0.6) 41 (0.73) 72 (0.63) 85 (0.72) 

4 12 (0.07) 2 (0.04) 10 (0.09) 9 (0.08) 

Anticoagulant, % 69 62 70 76 

Iron µmol/L 16 (13.5-21) 11 (9-12) 14 (11-19) 9 (6-11) 

sTfR nmol/L 
22.17 (19.32-
25.5) 

24 (20.8-26.3) 35.6 (30.6-40.45) 40.89 (32.2-50.38) 

Log sTfR/ferritin ratio 
-1.53 (-2.13--0.8) 
 

-0.7 (-1.15--0.34) 
 

-1.22 (-1.76--0.74) 
 

0.28 (-0.28-0.99) 
 

Transferrin g/L 2.6 (2.3-2.8) 2.8 (2.6-3) 2.6 (2.3-2.9) 3.05 (2.7-3.3) 

TSAT % 26 (22-33) 17 (14-19) 24 (19-31) 13 (8-17) 

Ferritin µg/L 96 (51-183) 49 (32-66) 127 (76-211) 27 (18-51.75) 

Hepcidin ng/mL 15.8 (8.53-31.08) 9.2 (3.9-15.9) 17 (6.05-37.05) 2.5 (0.9-6.38) 

Haemoglobin g/dL 14.4 (13.4-15.5) 13.3 (12.4-14.2) 14.1 (12.85-15.5) 12.8 (11.6-14.17) 

Haematocrit % 0.43 (0.4-0.46) 0.41 (0.38-0.43) 0.43 (0.4-0.47) 0.4 (0.37-0.43) 

RDW % 14 (13.3-14.5) 14.4 (13.8-15.1) 15 (14.3-15.9) 15.8 (14.6-16.9) 

BNP ng/L 79.4 (36.6-252.2) 
78.1 (39.75-
216.55) 

126.2 (41.8-
412.75) 

112.8 (54.4-299.5) 

NTproBNP pmol/L 
464.8 (99.73-
1199.85) 

396.42 (136.46-
1178.6) 

577.5 (159.1-
1480.6) 

458.9 (103.75-1466.4) 

IL-6 pg/mL 2.98 (1.65-5.6) 3.2 (1.6-5.7) 5.4 (3-9.8) 5.5 (3.45-9.2) 

6MWD m 360 (240-444) 304 (127.5-397) 280 (120-381) 240 (90-355) 

PVR available % 135 (74) 53 (82) 97 (79) 105 (81) 

PVR Wood units 6.9 (2.65-10.5) 6.39 (2.94-11.62) 7.95 (3.05-12.14) 7.76 (3.8-11.65) 

mPAP available % 135 (74) 53 (82) 97 (79) 105 (81) 

mPAP mmHg 44 (32.5-52) 43 (30-54) 45 (31-54) 43 (32-53) 

Supplementary Table 8.1.3 Characteristics of patients from a white background referred to the National 
Pulmonary Hypertension Service at Hammersmith Hospital by iron status. 
Values reported are median and interquartile range unless otherwise specified. Ferr = ferritin; sTfR = soluble 
transferrin receptor; TSAT = transferrin saturation; RDW = red cell distribution width; BNP = B-type natriuretic 
peptide; NTproBNP = N-terminal pro b-type natriuretic peptide; IL-6 = interleukin-6; 6MWD = six-minute walk 
distance test; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial pressure. 
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 Replete Ferr-TSAT sTfR Ferr-TSAT + sTfR 

N 15 4 36 27 

black 10 1 25 12 

South Asian 5 3 11 15 

Female, N (%) 10 (67) 3 (75) 24 (67) 21 (78) 

Age at sample, mean (SD) 55.65 (15.8) 49.85 (18.07) 52.91 (15.84) 46.63 (14.43) 

available 15 (1) 4 (1) 34 (0.94) 25 (0.93) 

1 1 (0.07) 1 (0.25) 4 (0.12) 0 (0) 

2 4 (0.27) 2 (0.5) 11 (0.32) 8 (0.32) 

3 10 (0.67) 1 (0.25) 16 (0.47) 12 (0.48) 

4 0 (0) 0 (0) 3 (0.09) 5 (0.2) 

Anticoagulant, % 60 0 50 39.13 

Iron µmol/L 15 (13.5-17.5) 12 (11.5-12) 16 (13.75-18.25) 8 (6-11) 

sTfR nmol/L 
22.6 (20.77-
24.75) 

25.82 (24.71-
26.45) 

48.21 (32.66-
64.85) 

45 (34.72-57.05) 

Log sTfR/ferritin ratio 
-1.41 (-1.95--
1.01) 

-1.07 (-1.18--
0.69) 

-0.93 (-1.36--
0.57) 

0.59 (0.09-1.31) 

Transferrin g/L 2.35 (2.02-2.68) 2.85 (2.63-3.08) 2.5 (1.9-2.8) 3.1 (2.68-3.48) 

TSAT % 30 (24.5-32.5) 15.5 (14.75-17) 25 (22.5-33.75) 12 (8-13.5) 

Ferritin µg/L 104 (69.5-167.5) 70 (56.25-76) 121 (90.5-217.5) 21 (13-48) 

Hepcidin ng/mL 
15 (8.3-20) 15.68 (8.82-

22.57) 
11.55 (6.5-34.65) 2.8 (1.35-5.4) 

Haemoglobin g/dL 
12.5 (11.95-13.4) 13.15 (12.65-

13.58) 
12 (10.55-13.62) 12.5 (10.9-13.5) 

Haematocrit % 0.38 (0.36-0.4) 0.39 (0.38-0.4) 0.37 (0.31-0.42) 0.38 (0.34-0.41) 

RDW % 
14.9 (13.5-15.6) 14.25 (13.95-

14.53) 
15.95 (14.5-
18.02) 

15.7 (14.5-17.8) 

BNP ng/L 
99.8 (25.7-
436.17) 

55.2 (32.6-116.4) 48 (23.82-123.55) 22 (13.5-63.3) 

NTproBNP pmol/L 
656.5 (110.95-
1045.1) 

113.4 (92.27-
144.42) 

915.9 (135.72-
1551.33) 

376.7 (115.45-1179.24) 

IL-6 pg/mL 3.6 (2.4-6.7) 2.74 (1.33-4.35) 3.5 (2.5-6.7) 3.7 (2.25-4.9) 

6MWD m 345 (172-360) 240 (164-345.75) 336 (194-420) 291 (176-412.5) 

PVR available % 13 (86.67) 3 (75) 20 (55.56) 19 (70.37) 

PVR Wood units 5.36 (2.73-7.69) 1.34 (0.67-7.36) 5.08 (2.9-10.15) 8.01 (4.83-13.88) 

mPAP available % 13 (86.67) 4 (100) 20 (55.56) 19 (70.37) 

mPAP mmHg 41 (28-50) 55 (37.75-63.75) 32 (27.5-47.75) 46 (43-54.5) 

Supplementary Table 8.1.4 Characteristics of patients from a non-white background referred to the National 
Pulmonary Hypertension Service at Hammersmith Hospital by iron status. 
Values reported are median and interquartile range unless otherwise specified. Ferr = ferritin; sTfR = soluble 
transferrin receptor; TSAT = transferrin saturation; RDW = red cell distribution width; BNP = B-type natriuretic 
peptide; NTproBNP = N-terminal pro b-type natriuretic peptide; IL-6 = interleukin-6; 6MWD = six-minute walk 
distance test; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial pressure. 
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Supplementary Figure 8.1.1 Kaplan-Meier survival estimates stratified by diagnostic group. 
Definition of abbreviations: No PH = disease controls; H/IPAH = heritable/idiopathic pulmonary arterial 
hypertension; PAH CTD = pulmonary arterial hypertension associated with connective tissue disease; PAH CHD 
= pulmonary arterial hypertension associated with congenital heart disease; PH LHD = pulmonary hypertension 
due to left heart disease; CTEPH = chronic thromboembolic pulmonary hypertension; tft = test for trend. 
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8.2 Mendelian randomisation analysis of red cell distribution width in pulmonary 

arterial hypertension 
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Supplementary Table 8.2.1 Five variants selected from the RDW GWAS based on their effects on systemic iron status. 
Elevated RDW can reflect iron deficiency which presents with decreased serum iron levels. Betas for RDW and the other iron biomarkers are reported in standard units. 
Definition of abbreviations: RDW = red cell distribution width; TSAT = transferrin saturation; TF = transferrin; GWAS = genome-wide association study. *Where the lead RDW 
variant for the locus is not available in the Genetics of Iron Status GWAS, the results of a suitable proxy variant in strong linkage disequilibrium (r2 ≥ 0.8) with the lead 
variant are listed. 

Variant information 
RDW GWAS 

Astle et al. 

Genetics of Iron Status GWAS 

Benyamin et al. 

Gene Lead variant 

ID 

Effect 

Allele 

Allele 

Frequency 

in UKB and 

INTERVAL 

beta 

RDW  

P - value Proxy variant 

ID* 

beta 

iron  

P – value 

iron 

beta 

ferritin 

P – value 

ferritin 

beta 

TSAT 

P – value 

TSAT 

beta 

TF 

P – value 

TF 

HFE rs144861591 C 0.92 0.21 6.50 x 10-216 rs1800562 -0.37 4.0 x 10-77 -0.21 1.4 x 10-29 -0.58 1.5 x 10-178 0.55 1.3 x 10-153 

TMPRSS6 rs855791 A 0.44 0.13 9.79 x 10-271 - -0.19 4.3 x 10-77 -0.05 5.8 x 10-8 -0.19 3.5 x 10-80 0.04 1.3 x 10-4 

HFE rs198851 G 0.85 0.13 2.55 x 10-161 - -0.19 1.6 x 10-40 -0.06 3.6 x 10-6 -0.23 4.7 x 10-59 0.12 3.0 x 10-17 

TFRC rs7619708 C 0.24 0.07 4.35 x 10-64 rs6583288 0.03 1.2 x 10-2 0.004 7.3 x 10-1 0.05 3.8 x 10-6 -0.06 3.8 X 10-8 

TFR2 rs9801017 G 0.37 0.05 9.40 x 10-37 rs7385804 -0.06 7.2 x 10-8 -0.02 2.5 x 10-2 -0.05 1.8 x 10-7 0.01 4.0 X 10-1 
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Supplementary Figure 8.2.1 RDW-PAH primary Mendelian Randomisation analysis in the individual 
contributing studies in the PAH GWAS. 
Individual inverse variance weighted causal estimates for the primary MR analysis of association between RDW 
and PAH from the four contributing studies in PAH GWAS. The y-axis lists the study name and the number of 
available RDW quantitative trait loci (QTL) including suitable proxy variants with a minimum r2 of 0.8 in the 
study. X-axis: PAH odds ratios per one standard unit increase in RDW (dot) with the corresponding lower and 
upper 95% confidence intervals (horizontal line). PHAAR: Pulmonary Hypertension Allele­Associated Risk (269 
PAH cases, 1068 controls). PAHB: US National Biological Sample and Data Repository for Pulmonary Arterial 
Hypertension (694 PAH cases, 1560 controls). NIHRBR: UK National Institute for Health Research BioResource 
(847 PAH cases, 5048 controls). BHFPAH: British Heart Foundation Pulmonary Arterial Hypertension (275 PAH 
cases, 1983 controls). 
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Supplementary Figure 8.2.2 RDW-PAH secondary Mendelian Randomisation analysis in the individual 
contributing studies in the PAH GWAS. 
Individual inverse variance weighted causal estimates for the secondary MR analysis of association between 
RDW acting via iron status and PAH from the four contributing studies in PAH GWAS. The y-axis lists the study 
name and the number of available RDW quantitative trait loci (QTL) including suitable proxy variants with a 
minimum r2 of 0.8 in the study. X-axis: PAH odds ratios per one standard unit increase in RDW (dot) with the 
corresponding lower and upper 95% confidence intervals (horizontal line). PHAAR: Pulmonary Hypertension 
Allele­Associated Risk (269 PAH cases, 1068 controls). PAHB: US National Biological Sample and Data 
Repository for Pulmonary Arterial Hypertension (694 PAH cases, 1560 controls). NIHRBR: UK National Institute 
for Health Research BioResource (847 PAH cases, 5048 controls). BHFPAH: British Heart Foundation Pulmonary 
Arterial Hypertension (275 PAH cases, 1983 controls). 
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8.3 Supplementation of iron in idiopathic pulmonary hypertension: a randomized 

controlled crossover trial 
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Variable  Iron - Placebo Placebo - Iron 

 N Baseline 12 weeks 24 weeks Baseline 12 weeks 24 weeks 

Iron indices        

Iron, umol/L 37 12.8 (10.3) 16.3 (9.3) 17.0 (8.7) 12.1 (10.4) 10.9 (8.3) 16.2 (5.4) 

Ferritin, ug/L 37 17.0 (13.0) 146.0 (137.5) 115.0 (141.50) 18.0 (28.0) 14.0 (18.0) 134.5 (114.0) 

TSAT, % 37 12.4 (15.3) 24.0 (17.8) 23.3 (23.3) 13.6 (12.5) 14.1 (10.4) 24.4 (11.6) 

Haemoglobin, g/dL 38 12.4 (1.0) 15.0 (1.5) 15.0 (1.7) 12.5 (3.1) 13.6 (3.6) 14.6 (1.6) 

sTfR, nmol/L 37 41.7 (22.8) 27.4 (17.5) 28.6 (18.8) 37.9 (21.3) 38.2 (16.0) 26.3 (8.5) 

Hepcidin, ng/mL 37 3.5 (6.7) 43.6 (50.4) 31.8 (37.0) 1.3 (3.0) 1.0 (6.2) 20.5 (21.3) 

Primary endpoint        

Endurance time, secs 29 272.0 (187.5) 253 (211.3) 384.0 (244.0) 255.0 (150.5) 216.0 (163.5) 273.0 (125.5) 

Secondary endpoints        

Functional status        

6MWD, m 35 427.0 (65.0) 426.5 (71.5) 450.0 (92.0) 450.0 (71.5) 451.0 (107.5) 433.0 (119.3) 

Dyspnea score (Borg index) 35 2.5 (2.8) 2.0 (5.25) 3.0 (5.0) 2.5 (2.0) 2.5 (1.5) 2.0 (2.4) 

NYHA functional class, no. 37       

I  0 0 0 1 1 1 

II  11 11 11 10 12 11 

III  8 8 8 8 6 6 

NTproBNP, ng/L 37 72.9 (218.2) 88.7 (96.6) 106.7 (233.4) 222.5 (396.9) 168.3 (677.0) 283.1 (300.9) 

Hemodynamics        

Systolic blood pressure, mmHg 37 112.0 (15.5) 113.0 (12.0) 112.0 (10.0) 110.0 (17.5) 110.0 (18.5) 113.0 (18.2) 

Diastolic blood pressure, mmHg 37 67.0 (13.0) 67.0 (16.5) 67.0 (19.0) 68.0 (10.5) 66.0 (8.5) 71.0 (15.8) 

PVR, Wood units 17 7.3 (2.4) 6.2 (2.7) - 5.9 (4.1) 4.7 (1.6) - 

mPAP, mmHg 17 45.5 (14.3) 45.0 (17.0) - 50.0 (4.0) 54.0 (20.5) - 

mRAP, mmHg 17 8.5 (7.8) 6.0 (5.0) - 10.0 (3.0) 9.5 (5.3) - 

mPCWP, mmHg 17 11.0 (3.3) 9.0 (7.0) - 12.5 (4.0) 13.5 (7.5) - 

Cardiac index, L/min/m2 17 2.6 (0.6) 2.7 (0.7) - 2.5 (1.7) 2.9 (1.6) - 

Questionnaire (CAMPHOR)        

QoL score 31 6.0 (10.0) 5.0 (7.3) 5.0 (10.0) 4.5 (7.0) 5.0 (6.5) 6.0 (9.0) 

Symptom score 31 8.0 (8.0) 7.0 (7.0) 9.0 (10.0) 8.0 (7.5) 8.5 (7.0) 6.0 (5.0) 
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Variable  Iron - Placebo Placebo - Iron 

 N Baseline 12 weeks 24 weeks Baseline 12 weeks 24 weeks 

Questionnaire (CAMPHOR)        

Activity score 31 8.0 (6.0) 8.0 (7.0) 10.0 (7.0) 9.5 (7.8) 8.0 (7.5) 8.0 (9.3) 

ECPET        

VO2 at 80% peak WR, L/min 29 1.14 (0.59) 1.15 (0.37) 1.19 (0.39) 1.14 (0.37) 1.07 (0.48) 1.14 (0.41) 

VO2 at 80% peak WR, mL/min/kg 29 14.82 (3.04) 15.67 (2.44) 15.62 (3.26) 14.97 (4.48) 14.61 (7.78) 15.23 (5.50) 

VO2 at 3mins at 80% peak WR, L/min 27 1.03 (0.39) 1.06 (0.50) 1.07 (0.26) 1.04 (0.29) 1.03 (0.34) 1.09 (0.21) 

VO2 at 3mins at 80% peak WR, mL/min/kg 27 13.12 (4.26) 14.53 (6.03) 14.22 (1.04) 13.50 (4.67) 13.80 (4.13) 15.15 (3.71) 

ICPET        

Peak VO2, L/min 33 1.17 (0.48) 1.14 (0.25) 1.14 (0.32) 1.10 (0.36) 1.14 (0.40) 1.20 (0.38) 

Peak VO2, mL/min/kg 33 14.95 (2.68) 15.24 (3.72) 14.56 (2.42) 14.49 (4.93) 15.28 (6.40) 15.38 (5.24) 

VO2 at metabolic threshold, L/min 33 0.72 (0.32) 0.75 (0.19) 0.74 (0.20) 0.89 (0.33) 0.87 (0.31) 0.78 (0.25) 

VO2 at metabolic threshold, mL/min/kg 33 10.06 (2.15) 9.78 (1.93) 9.64 (2.23) 10.13 (2.86) 10.18 (3.84) 9.92 (2.81) 

VE/VCO2 slope 34 40.90 (9.60) 38.70 (18.85) 40.00 (18.00) 37.80 (9.20) 40.00 (10.05) 36.70 (9.40) 

VO2/WR slope 29 9.55 (2.58) 8.80 (1.50) 9.20 (2.85) 8.45 (1.58) 8.05 (1.98) 7.80 (3.05) 

Peak O2 pulse 34 8.55 (4.23) 8.70 (3.60) 8.90 (2.50) 8.20 (2.80) 8.10 (3.05) 8.70 (2.20) 

Supplementary Table 8.3.1 Primary and secondary endpoints of the Ferinject (Europe) clinical trial. 
All continuous variables are median (interquartile range). Participants were randomized to receive either iron (Iron-Placebo) or saline (Placebo-Iron) at baseline in this 
crossover design. The Iron-Placebo group received intravenous iron at baseline and saline at 12 weeks. The Placebo-Iron group received saline at baseline and intravenous 
iron at 12 weeks. Column ‘N’ gives the total number of participants completing the assessment at every visit (baseline, 12 week, 24 week). Definition of abbreviations: TSAT 
= transferrin saturation; sTfR = soluble transferrin receptor; ECPET = endurance cardiopulmonary exercise test; 6MWD = six-minute walk distance; NTproBNP = N-terminal -
pro hormone BNP; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial pressure; mRAP = mean right atrial pressure; mPCWP = mean pulmonary 
capillary wedge pressure; QoL = quality of life; ICPET = incremental cardiopulmonary exercise test; VO2 = oxygen consumption; WR = work rate; VE = minute ventilation; 
VCO2 = carbon dioxide output. 

.
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Variable  Iron - Placebo Placebo - Iron 

 N Baseline 12 weeks 24 weeks Baseline 12 weeks 24 weeks 

Iron indices        

Iron, umol/L 16 8.5 (6.5) 14.0 (7.5) 12.5 (10.0) 10.0 (6.0) 12.0 (2.75) 16.5 (4.0) 

Ferritin, ug/L 16 11.0 (10.0) 98.0 (86.8) 53.0 (47.5) 11.0 (1.0) 13.0 (3.3) 169.5 (45.5) 

TSAT, % 16 11.0 (8.25) 24.5 (20.8) 21.5 (13.5) 12.0 (8.0) 14.5 (4.25) 26.0 (7.8) 

Haemoglobin, g/dL 16 14.4 (2.4) 15.4 (2.3) 16.0 (1.8) 12.3 (1.1) 12.9 (1.7) 13.4 (1.1) 

sTfR, nmol/L - - - - - - - 

Hepcidin, ng/mL - - - - - - - 

Primary endpoint        

PVR, Wood units 16 9.1 (3.5) 11.1 (4.9) - 9.5 (1.0) 9.8 (7.6) - 

Secondary endpoints        

Functional status        

6MWD, m 16 427.5 (102.0) 463.5 (68.75) 465.0 (91.8) 480.0 (46.0) 515.5 (75.5) 505.0 (71.5) 

Dyspnea score (Borg index) 16 2.5 (2.5) 1.0 (2.6) 1.5 (2.3) 0.5 (0.5) 0.8 (0.9) 0.8 (0.9) 

NYHA functional class, no. 16       

I  1 1 1 0 1 1 

II  9 9 9 3 3 3 

III  2 2 2 2 0 0 

NTproBNP, ng/L - - - - - - - 

Hemodynamics        

Systolic blood pressure, mmHg 16 104.0 (12.5) 110.0 (14.0) 100.0 (18.0) 108.0 (8.0) 110.0 (22.5) 100.0 (1.8) 

Diastolic blood pressure, mmHg 16 70.0 (10.3) 70.0 (8.5) 69.5 (12.5) 70.0 (6.0) 65.0 (5.0) 70.0 (2.3) 

mPAP, mmHg 16 48.0 (13.0) 51.0 (17.3) - 49.0 (16.0) 43.0 (16.0) - 

mRAP, mmHg 16 3.5 (5.3) 6.5 (5.5) - 1.0 (7.0) 5.0 (2.0) - 

mPCWP, mmHg 16 6.5 (3.5) 7.5 (2.3) - 11.0 (5.0) 9.0 (0.8) - 

Cardiac index, L/min/m2 16 2.7 (0.4) 2.5 (0.6) - 2.4 (0.7) 2.7 (0.7) - 

Questionnaire (CAMPHOR)        

QoL score - - - - - - - 

Symptom score - - - - - - - 

Activity score - - - - - - - 
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Variable  Iron - Placebo Placebo - Iron 

 N Baseline 12 weeks 24 weeks Baseline 12 weeks 24 weeks 

ECPET        

Endurance time, secs - - - - - - - 

VO2 at 80% peak WR, L/min - - - - - - - 

VO2 at 80% peak WR, mL/min/kg - - - - - - - 

VO2 at 3mins at 80% peak WR, L/min - - - - - - - 

VO2 at 3mins at 80% peak WR, mL/min/kg - - - - - - - 

ICPET        

Peak VO2, L/min 15 0.83 (0.2) 0.83 (0.15) 0.93 (0.19) 1.05 (0.19) 0.98 (0.18) 1.04 (0.05) 

Peak VO2, mL/min/kg 15 13.9 (2.5) 13.7 (2.5) 14.6 (3.5) 18.2 (5.2) 14.1 (7.9) 18.4 (3.2) 

VO2 at metabolic threshold, L/min 15 0.61 (0.16) 0.61 (0.28) 0.70 (0.28) 0.69 (0.25) 0.65 (0.18) 0.74 (0.05) 

VO2 at metabolic threshold, mL/min/kg 15

14 

10.1 (2.4) 10.4 (3.5) 11.6 (2.9) 11.3 (1.9) 10.5 (1.2) 12.5 (0.7) 

VE/VCO2 slope 14 38.3 (12.2) 34.3 (7.2) 37.5 (15.8) 27.9 (4.9) 27.9 (3.0) 27.5 (6.5) 

VO2/WR slope 11 5.2 (4.2) 5.8 (3.1) 6.0 (1.8) 6.4 (2.0) 6.0 (1.3) 6.9 (1.0) 

Peak O2 pulse 15 6.1 (1.6) 6.3 (1.4) 6.7 (1.5) 6.9 (1.8) 6.5 (0.6) 6.8 (1.1) 

Supplementary Table 8.3.2 Primary and secondary endpoints of the Ferinject (China) clinical trial. 
All continuous variables are median (interquartile range). Participants were randomized to receive either iron (Iron-Placebo) or saline (Placebo-Iron) at baseline in this 
crossover design. The Iron-Placebo group received intravenous iron at baseline and saline at 12 weeks. The Placebo-Iron group received saline at baseline and intravenous 
iron at 12 weeks. Column ‘N’ gives the total number of participants completing the assessment at every visit (baseline, 12 week, 24 week). Definition of abbreviations: TSAT 
= transferrin saturation; sTfR = soluble transferrin receptor; ECPET = endurance cardiopulmonary exercise test; 6MWD = six-minute walk distance; NTproBNP = N-terminal -
pro hormone BNP; PVR = pulmonary vascular resistance; mPAP = mean pulmonary arterial pressure; mRAP = mean right atrial pressure; mPCWP = mean pulmonary 
capillary wedge pressure; QoL = quality of life; ICPET = incremental cardiopulmonary exercise test; VO2 = oxygen consumption; WR = work rate; VE = minute ventilation; 
VCO2 = carbon dioxide output. 
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Supplementary Table 8.3.3 Results of the treatment-only analyses (whole cohort). 
Results of all coefficients (independent variables) in sixteen regression models for predicting change in outcome from iron infusion (baseline) to week 12. Per-coefficient 
statistics are given as follows: beta (lower 95% CI – upper 95% CI) P-value. Definition of abbreviations: sTfR = soluble transferrin receptor; 6MWD = six-minute walk distance; 
NTproBNP = N-terminal -pro hormone BNP; QoL = quality of life; VO2 = oxygen consumption; WR = work rate; VE = minute ventilation; VCO2 = carbon dioxide output. 

Dependent variable (outcome) 

 

Independent variables 

sTfR/ferritin ratio change Baseline sTfR/ferritin ratio Baseline outcome Age Sex (base=female) 

Endurance time change, secs -66.33 (-134.22-1.57) 0.055 10.89 (-46.69-68.47) 0.699 -0.43 (-0.7--0.17) 0.003 3.47 (-0.92-7.86) 0.116 -49.19 (-168.13-69.76) 

0.401 ICPET 

Peak VO2 change, L/min -0.07 (-0.15-0) 0.063 0.004 (-0.07-0.08) 0.904 -0.15 (-0.38-0.08) 0.194 -0.005 (-0.01-0.0004) 0.071 -0.11 (-0.29-0.07) 0.208 

Peak VO2 change, mL/min/kg -0.43 (-1.52-0.67) 0.434 -0.14 (-1-0.72) 0.738 -0.23 (-0.45-0) 0.045 -0.06 (-0.12-0) 0.061 -1.08 (-3.19-1.03) 0.304 

VO2 at metabolic threshold change, L/min -0.02 (-0.08-0.04) 0.595 -0.04 (-0.09-0.01) 0.138 -0.41 (-0.65--0.16) 0.002 -0.002 (-0.01-0.002) 0.273 0.05 (-0.07-0.17) 0.37 

VO2 at metabolic threshold change, 

mL/min/kg 

0.45 (-0.28-1.19) 0.218 -0.59 (-1.19-0) 0.051 -0.61 (-0.86--0.35) <0.001 -0.03 (-0.07-0.02) 0.21 0.87 (-0.49-2.23) 0.201 

VE/VCO2 slope change 1.4 (-1.07-3.87) 0.257 1.56 (-0.52-3.64) 0.137 -0.25 (-0.41--0.08) 0.005 -0.002 (-0.16-0.15) 0.975 0.44 (-3.9-4.78) 0.839 

VO2/WR slope change -0.03 (-1.12-1.06) 0.952 0.13 (-0.71-0.96) 0.76 -0.71 (-1.04--0.38) <0.001 0.01 (-0.05-0.07) 0.711 0.01 (-1.87-1.89) 0.99 

Peak O2 pulse -0.58 (-1.01--0.14) 0.011 0.32 (-0.07-0.7) 0.1 -0.02 (-0.05-0) 0.083 -0.02 (-0.05-0) 0.083 -0.66 (-1.58-0.25) 0.148 

ECPET 

VO2 at 80% peak work rate change, L/min -0.06 (-0.12-0.01) 0.089 -0.02 (-0.07-0.04) 0.551 -0.17 (-0.39-0.04) 0.107 0.001 (-0.004-0.01) 0.732 -0.03 (-0.18-0.12) 0.673 

VO2 at 80% peak work rate change, 

mL/min/kg 

0.08 (-0.87-1.04) 0.862 -0.43 (-1.18-0.31) 0.239 -0.34 (-0.55--0.14) 0.002 0.002 (-0.05-0.06) 0.938 0.34 (-1.41-2.09) 0.692 

VO2 at 3mins at 80% peak work rate change, 

L/min 

0.6 (-0.37-1.57) 0.211 -0.49 (-1.42-0.44) 0.28 -1.65 (-4.2-0.9) 0.191 -0.02 (-0.08-0.04) 0.493 1.65 (-0.04-3.33) 0.055 

VO2 at 3mins at 80% peak work rate change, 

mL/min/kg 

0.51 (-0.89-1.91) 0.456 -0.52 (-1.88-0.83) 0.426 -0.01 (-0.32-0.3) 0.931 -0.01 (-0.09-0.07) 0.775 -0.05 (-2.59-2.5) 0.97 

 

6MWD change, m 5.17 (-11.86-22.21) 0.54 11.78 (-2.99-26.55) 0.114 -0.25 (-0.4--0.1) 0.002 0.54 (-0.52-1.6) 0.307 -6.75 (-38.69-25.19) 0.669 

Dyspnea score (Borg index) change 0.12 (-0.61-0.86) 0.735 0.11 (-0.49-0.71) 0.708 -0.23 (-0.53-0.07) 0.135 0.03 (-0.01-0.08) 0.102 -0.43 (-1.72-0.86) 0.503 

NTproBNP change, ng/L -14.87 (-121.6-91.82) 0.778 -36.9 (-129.7-55.9) 0.424 -0.31 (-0.47--0.15) <0.001 1.16 (-5.15-7.48) 0.709 37.08 (-147.04-221.19) 

0.684 QoL score change 0.1 (-1.42-1.62) 0.893 0.24 (-1.01-1.49) 0.695 -0.02 (-0.19-0.14) 0.775 0.06 (-0.03-0.15) 0.194 1.37 (-1.27-4.02) 0.294 
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Supplementary Table 8.3.4 Results of the treatment-only analyses (severely iron deficient). 
Results of all coefficients (independent variables) in sixteen regression models for predicting change in outcome from iron infusion (baseline) to week 12. Per-coefficient 
statistics are given as follows: beta (lower 95% CI – upper 95% CI) P-value. Definition of abbreviations: sTfR = soluble transferrin receptor; 6MWD = six-minute walk distance; 
NTproBNP = N-terminal -pro hormone BNP; QoL = quality of life; VO2 = oxygen consumption; WR = work rate; VE = minute ventilation; VCO2 = carbon dioxide output. 

Dependent variable (outcome) 

 

Independent variables 

sTfR/ferritin ratio change Baseline sTfR/ferritin ratio Baseline outcome Age Sex (base=female) 

Endurance time change, secs -36.2 (-86.95-14.55) 0.146 -3.48 (-68.71-61.75) 0.909 -0.48 (-0.89--0.06) 0.029 1.34 (-2.94-5.62) 0.509 -54.29 (-148.51-39.93) 

0.233 ICPET 

Peak VO2 change, L/min -0.11 (-0.19--0.02) 0.015 -0.07 (-0.17-0.03) 0.133 0.11 (-0.18-0.4) 0.42 -0.002 (-0.01-0.003) 0.325 -0.29 (-0.5--0.08) 0.008 

Peak VO2 change, mL/min/kg -0.36 (-1.57-0.85) 0.54 -1.53 (-2.91--0.16) 0.031 -0.27 (-0.55-0.02) 0.063 -0.02 (-0.09-0.05) 0.525 -1.19 (-3.54-1.17) 0.305 

VO2 at metabolic threshold change, L/min 0 (-0.07-0.07) 0.978 -0.09 (-0.18-0.01) 0.069 -0.36 (-0.64--0.08) 0.016 -0.002 (-0.01-0.008) 0.42 0.03 (-0.12-0.17) 0.707 

VO2 at metabolic threshold change, 

mL/min/kg 

0.45 (-0.35-1.25) 0.252 -1.43 (-2.46--0.4) 0.009 -0.63 (-0.91--0.34) <0.001 -0.003 (-0.06-0.05) 0.909 0.63 (-0.93-2.2) 0.406 

VE/VCO2 slope change 1.18 (-2.36-4.71) 0.494 1.19 (-3.43-5.81) 0.595 -0.18 (-0.51-0.15) 0.26 0.01 (-0.23-0.25) 0.961 0.79 (-5.83-7.4) 0.805 

VO2/WR slope change -0.34 (-1.76-1.09) 0.617 0.27 (-1.42-1.96) 0.735 -0.39 (-0.87-0.09) 0.1 -0.01 (-0.09-0.07) 0.809 -1.75 (-4.42-0.91) 0.177 

Peak O2 pulse -0.88 (-1.4--0.36) 0.002 -0.14 (-0.81-0.53) 0.66 -0.02 (-0.27-0.24) 0.894 -0.01 (-0.04-0.03) 0.73 -1.55 (-2.85--0.24) 0.023 

ECPET 

VO2 at 80% peak work rate change, L/min -0.04 (-0.13-0.06) 0.394 -0.09 (-0.21-0.02) 0.11 -0.3 (-0.62-0.03) 0.071 0.002 (-0.004-0.01) 0.462 0.02 (-0.18-0.22) 0.825 

VO2 at 80% peak work rate change, 

mL/min/kg 

0.81 (-0.12-1.74) 0.081 -1.57 (-2.61--0.53) 0.007 -0.66 (-0.9--0.41) <0.001 0.03 (-0.02-0.08) 0.256 1.37 (-0.21-2.95) 0.083 

VO2 at 3mins at 80% peak work rate change, 

L/min 

1.12 (-0.53-2.77) 0.16 -0.92 (-3.33-1.49) 0.413 -1.39 (-5.58-2.81) 0.478 -0.02 (-0.13-0.09) 0.67 2.36 (-0.37-5.1) 0.083 

VO2 at 3mins at 80% peak work rate change, 

mL/min/kg 

14.75 (-2.49-32) 0.086 -10.56 (-35.62-14.5) 0.37 -2.85 (-7.35-1.65) 0.189 -0.39 (-1.57-0.79) 0.476 21.62 (-9.14-52.38) 0.148 

 

6MWD change, m 9.35 (-9.55-28.24) 0.312 12.87 (-13.75-39.49) 0.323 -0.19 (-0.4-0.02) 0.068 0.04 (-1.24-1.31) 0.954 -3.33 (-39.47-32.8) 0.848 

Dyspnea score (Borg index) change 0.28 (-0.75-1.32) 0.573 0.46 (-0.75-1.66) 0.437 -0.12 (-0.62-0.39) 0.625 0.01 (-0.04-0.07) 0.638 -0.34 (-2.02-1.34) 0.678 

NTproBNP change, ng/L -15.1 (-182.5-152.24) 0.851 -28.9 (-244.9-187.01) 0.781 -0.32 (-0.54--0.1) 0.007 0.99 (-9.31-11.3) 0.842 104.9 (-192.6-402.33) 0.468 

QoL score change -1.1 (-3.8-1.61) 0.397 0.27 (-3.1-3.63) 0.867 -0.16 (-0.47-0.14) 0.272 0.1 (-0.06-0.25) 0.195 -0.82 (-5.14-3.49) 0.687 
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8.4 Expression quantitative trait locus mapping in pulmonary arterial hypertension 

Supplementary Table 8.4.1 Lead variants for novel expression quantitative trait loci in the PAH Cohort 
ordered by variance explained in gene expression. 
Column names: rs ID = dbSNP (150) variant identifier; chr:pos = chromosome and genomic position (Ensembl 
GRCh37 coordinates); ref = reference allele in the human genome reference GRCh37; alt = alternative allele in 
the human genome reference GRCh37; Ensembl gene ID = Ensembl stable gene identifiers; variant type = dbSNP 
version 150 variant annotation; R2 (%) = percent variance explained in gene expression by the genetic variant. 

rs ID chr:pos ref alt Gene symbol Ensembl gene ID cis/trans P-value R2 (%) 

rs2295768 6:2954602 C T HTATSF1P2 ENSG00000271361 cis 7.1x10-83 57.4 

rs2240101 15:31115709 G C RP5.1086D14.5 ENSG00000259845 cis 4.5x10-79 56.2 

rs2302559 7:105903904 T C NAMPTL ENSG00000229644 trans 6.35x10-78 55.9 

rs745666 17:72744798 G C RP11.452I5.2 ENSG00000266036 cis 1.9x10-70 53.3 

rs7635 11:721570 C T RPLP2 ENSG00000177600 cis 2.05x10-70 53.3 

rs471521 12:10115647 A T CLEC12B ENSG00000256660 cis 1.94x10-68 52.5 

rs67933574 12:11226237 A G TAS2R43 ENSG00000255374 cis 8.58x10-65 51.1 

rs11079015 17:39975164 C T NT5C3B ENSG00000141698 cis 2.28x10-64 51 

rs2280370 16:89627460 T G RPL13P12 ENSG00000215030 trans 1.72x10-62 50.2 

rs9892882 17:18501596 A G USP32P1 ENSG00000188933 trans 2.03x10-62 50.2 

rs9892882 17:18501596 A G CCDC144A ENSG00000170160 trans 3.71x10-62 50.1 

rs72785089 16:70005967 A G CLEC18A ENSG00000157322 cis 1.14x10-61 49.9 

rs10947675 6:37479972 G A RP1.153P14.8 ENSG00000204110 cis 4.66x10-60 49.2 

rs1455979 21:44524006 G A U2AF1 ENSG00000160201 cis 2.5x10-59 48.9 

rs12975591 19:10627814 A G CTC.539A10.4 ENSG00000267100 cis 1.6x10-58 48.5 

rs10790962 11:128385169 G A Sep-03 ENSG00000100167 trans 4.37x10-57 47.9 

rs12225372 11:74604594 A G XRRA1 ENSG00000166435 cis 4.79x10-56 47.4 

rs2732603 17:44367288 G C RP11.197O15.1 ENSG00000214401 cis 5.07x10-55 46.9 

rs79240608 1:149585945 T C NBPF26 ENSG00000273136 trans 6.4x10-55 46.9 

rs2336136 14:74030518 T A ACOT1 ENSG00000184227 cis 1.12x10-54 46.8 

rs2286466 16:2014283 A G RPS2P5 ENSG00000240342 trans 4.46x10-54 46.5 

rs2656417 17:18475630 T C USP32P2 ENSG00000233327 cis 7.58x10-54 46.4 

rs55969088 18:9024224 G T NDUFV2P1 ENSG00000267809 trans 7.55x10-54 46.4 

rs9264607 6:31237605 G A HLA.L ENSG00000243753 trans 2.13x10-53 46.2 

rs61744075 8:23288346 C A NKX3.1 ENSG00000167034 cis 1.92x10-52 45.7 

rs17847967 12:8082367 T C SLC2A14 ENSG00000173262 cis 2.4x10-52 45.6 

rs11677238 2:114424974 T G AC002055.4 ENSG00000184319 trans 4.55x10-52 45.5 

rs73287153 7:12139272 A G VWDE ENSG00000146530 cis 7.37x10-52 45.4 

rs216257 6:24934664 A T LSAMP ENSG00000185565 trans 1x10-50 44.8 

rs10489762 1:183570545 G T CTD.2058B24.2 ENSG00000259048 trans 1.84x10-50 44.7 

rs2732603 17:44367288 G C RP11.583F2.1 ENSG00000264057 trans 2.02x10-50 44.7 

rs111839387 7:65285169 C T PSPH ENSG00000146733 trans 5.95x10-50 44.4 

rs12447763 16:23753594 G T RP11.151E14.1 ENSG00000261035 trans 8.42x10-50 44.4 

rs9934565 16:87764267 A T RP11.278A23.2 ENSG00000260671 cis 1.73x10-49 44.2 

rs2732617 17:44363632 A C RP11.359G22.2 ENSG00000230400 trans 4.78x10-49 44 

rs9273495 6:32628273 G A HLA.DQB2 ENSG00000232629 cis 1.07x10-48 43.8 
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rs ID chr:pos ref alt Gene symbol Ensembl gene ID cis/trans P-value R2 (%) 

rs4976210 5:70307464 T C SERF1A ENSG00000172058 cis 1.65x10-48 43.7 

rs2732603 17:44367288 G C DND1P1 ENSG00000264070 cis 2.68x10-48 43.6 

rs145140188 11:77627431 G C INTS4P1 ENSG00000164669 trans 4.36x10-48 43.5 

rs2294641 1:11721854 C T FBXO44 ENSG00000132879 cis 1.12x10-46 42.7 

rs111164082 17:44047037 T A RP11.798G7.3 ENSG00000214425 cis 1.8x10-46 42.6 

rs6085421 20:6142259 T A RP11.199O14.1 ENSG00000229876 cis 2.95x10-46 42.5 

rs471521 12:10115647 A T AC091814.2 ENSG00000225231 cis 8.12x10-46 42.2 

rs10409076 19:45057224 G T CEACAM22P ENSG00000230666 cis 1.68x10-45 42.1 

rs12912107 15:48520590 G A C10orf111 ENSG00000176236 trans 2.46x10-45 42 

rs150996856 7:76596954 G A CCDC146 ENSG00000135205 cis 2.44x10-45 42 

rs2272550 14:22591988 C A TRAV26.1 ENSG00000211807 cis 2.02x10-45 42 

rs739239 22:50050468 G A RP1.29C18.10 ENSG00000212939 cis 2.29x10-45 42 

rs4774967 15:57855760 G T GCOM1 ENSG00000137878 cis 1.88x10-44 41.5 

rs7207087 17:46917953 C G CALCOCO2 ENSG00000136436 cis 3.11x10-44 41.4 

rs7952689 11:7492630 T G CTD.2516F10.2 ENSG00000251364 cis 7.99x10-44 41.1 

rs62557076 9:69449629 T C ANKRD20A4 ENSG00000172014 cis 2.74x10-42 40.2 

rs67851010 6:32501347 G A HLA.DRB5 ENSG00000198502 cis 4.55x10-42 40.1 

rs3179969 14:88862529 G A SPATA7 ENSG00000042317 cis 1.43x10-41 39.8 

rs236628 7:75023850 G T AC006014.6 ENSG00000205583 cis 2.03x10-41 39.7 

rs330924 8:8999187 G C RP11.10A14.3 ENSG00000254340 cis 4.11x10-41 39.5 

rs9408297 9:48559 G T WASHC1 ENSG00000181404 cis 2.19x10-40 39.1 

rs12047480 1:198635256 A G WISP2 ENSG00000064205 trans 5.28x10-40 38.8 

rs1141684 16:2014591 C T RP11.364L4.1 ENSG00000228981 trans 3.44x10-39 38.3 

rs9264669 6:31239681 A T HLA.C ENSG00000204525 cis 4.11x10-39 38.3 

rs10931780 2:198175297 G C AC013264.2 ENSG00000231621 cis 9.22x10-39 38.1 

rs76909629 2:68258988 T C C1D ENSG00000197223 cis 1.81x10-38 37.9 

rs10130430 14:37448518 T C SLC25A21 ENSG00000183032 cis 2.1x10-38 37.8 

rs62072802 17:18490410 A G RP11.219A15.1 ENSG00000266302 trans 2.19x10-38 37.8 

rs61809765 1:149660625 A G NBPF8P ENSG00000270231 trans 1.54x10-37 37.3 

rs17816376 15:90233553 T C PEX11A ENSG00000166821 cis 1.88x10-37 37.2 

rs11765305 7:143111112 C G AC092214.10 ENSG00000229153 cis 2.68x10-37 37.1 

rs2714313 6:7331682 G C DSP ENSG00000096696 cis 2.58x10-37 37.1 

rs11772895 7:143081942 G C TAS2R41 ENSG00000221855 cis 3.57x10-37 37 

rs5761004 22:23978677 G A DRICH1 ENSG00000189269 cis 5.78x10-37 36.9 

rs1451659 11:4439535 T C OR51R1P ENSG00000237272 cis 9.34x10-37 36.8 

rs7093 17:3566232 C T TAX1BP3 ENSG00000213977 cis 7.11x10-37 36.8 

rs62192251 2:231277825 G T RP11.634B22.4 ENSG00000254467 trans 1.36x10-36 36.6 

rs7225024 17:57780223 C A TMEM148 ENSG00000179219 trans 2.14x10-36 36.5 

rs7575806 2:201632512 G C ORC2 ENSG00000115942 cis 2.52x10-36 36.5 

rs16995310 20:1550334 C A RP4.576H24.4 ENSG00000260861 cis 2.69x10-36 36.4 

rs12415 2:232573292 T C PTMA ENSG00000187514 cis 5.05x10-36 36.3 

rs13099099 3:132441268 T C NPHP3 ENSG00000113971 cis 5.1x10-36 36.3 

rs2732603 17:44367288 G C MAPK8IP1 ENSG00000121653 trans 4.15x10-36 36.3 

rs376215580 1:146385910 A G NBPF12 ENSG00000268043 trans 1.2x10-35 36 

rs1510881 4:144439082 T C FREM3 ENSG00000183090 cis 2.13x10-35 35.8 
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rs28408686 17:30846624 C G CDK5R1 ENSG00000176749 cis 3x10-35 35.7 

rs12962555 18:46901634 T A RPL17.C18orf32 ENSG00000215472 cis 4.32x10-35 35.6 

rs72843816 10:131846688 T C RP11.500G10.1 ENSG00000237489 cis 7.05x10-35 35.5 

rs9273841 6:32629582 C T RP11.544M22.1 ENSG00000198358 trans 1.66x10-34 35.2 

rs375407631 9:66470329 A G RP11.262H14.3 ENSG00000234665 cis 3.48x10-34 35 

rs67651814 20:43598154 G C RP11.369C8.1 ENSG00000258616 trans 3.62x10-34 35 

rs11709127 3:20228009 T C AC099057.8 ENSG00000231304 cis 4.87x10-34 34.9 

rs62557076 9:69449629 T C RP11.146D12.2 ENSG00000240240 trans 5.42x10-34 34.9 

rs56402156 7:143103481 G A OR2R1P ENSG00000236853 cis 7.86x10-34 34.8 

rs7142957 14:21724070 G A AP002387.1 ENSG00000172900 trans 6.94x10-34 34.8 

rs1637340 7:74337634 G A GTF2IRD2 ENSG00000196275 cis 1.45x10-33 34.6 

rs7146961 14:106993798 C T IGHV3.48 ENSG00000211964 cis 1.89x10-33 34.5 

rs7952890 12:9478318 C G RP13.735L24.1 ENSG00000260423 cis 1.89x10-33 34.5 

rs2505811 10:42872833 G C RP11.313J2.1 ENSG00000215146 cis 4.63x10-33 34.2 

rs982085 5:137775581 C G KDM3B ENSG00000120733 cis 8.47x10-33 34 

rs522042 1:74666274 C T RP1.20N18.6 ENSG00000224308 trans 2.52x10-32 33.7 

rs72642336 4:68466995 C A TMPRSS11D ENSG00000153802 cis 2.79x10-32 33.6 

rs2975065 7:38401522 A G TRGV4 ENSG00000211698 cis 3.91x10-32 33.5 

rs56350361 11:64156776 A T AP003774.6 ENSG00000231680 cis 9.39x10-32 33.3 

rs6725743 2:68622990 T C PLEK ENSG00000115956 cis 9.19x10-32 33.3 

rs2945641 11:93807605 A C HEPHL1 ENSG00000181333 cis 9.58x10-32 33.2 

rs1803262 2:87068827 G A AC108868.4 ENSG00000254126 trans 1.92x10-31 33 

rs3803798 17:7460517 G C TNFSF12.TNFSF13 ENSG00000248871 cis 1.94x10-31 33 

rs10902267 11:1007831 T C AP2A2 ENSG00000183020 cis 3.43x10-31 32.8 

rs7960229 12:93717719 T C RP11.511B23.2 ENSG00000257322 cis 3.42x10-31 32.8 

rs684552 1:120917635 G A NBPF8P ENSG00000270231 cis 5.66x10-31 32.7 

rs1777459 1:108584999 G C RP11.356N1.2 ENSG00000226822 cis 6.36x10-31 32.6 

rs2523590 6:31327064 T C HCG4P3 ENSG00000237669 trans 7.37x10-31 32.6 

rs669340 17:18263957 G C SHMT1 ENSG00000176974 cis 6.08x10-31 32.6 

rs2732617 17:44363632 A C KANSL1 ENSG00000120071 cis 1.04x10-30 32.5 

rs17817950 17:53045325 G A STXBP4 ENSG00000166263 cis 2.71x10-30 32.2 

rs9611170 22:39784845 G C SYNGR1 ENSG00000100321 cis 3.08x10-30 32.1 

rs10448 19:59093239 T C RPL23AP79 ENSG00000213753 cis 5.39x10-30 31.9 

rs12184651 13:21329029 G A EEF1AKMT1 ENSG00000150456 cis 6.06x10-30 31.9 

rs17552066 12:27863531 T C RP11.1060J15.4 ENSG00000256377 cis 5.84x10-30 31.9 

rs6806332 3:125763566 A G ROPN1B ENSG00000114547 cis 5.27x10-30 31.9 

rs3757093 6:2766779 G A MYLK4 ENSG00000145949 cis 7.14x10-30 31.8 

rs12798684 11:5215042 C T AC104389.16 ENSG00000224091 cis 1.42x10-29 31.6 

rs3918010 1:36944462 A G CBLN2 ENSG00000141668 trans 2.79x10-29 31.4 

rs1808209 17:46140291 C T HOXB2 ENSG00000173917 cis 5.32x10-29 31.2 

rs143043168 19:22857004 A G ZNF492 ENSG00000229676 cis 7.19x10-29 31.1 

rs75045569 7:143109208 T G OR10AC1P ENSG00000176510 cis 5.69x10-29 31.1 

rs17180100 6:29936065 C T HLA.G ENSG00000204632 cis 1.59x10-28 30.8 

rs10081693 9:94966486 T G OGN ENSG00000106809 cis 2.31x10-28 30.7 

rs12124948 1:150527294 C T HORMAD1 ENSG00000143452 cis 1.76x10-28 30.7 
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rs10772397 12:11138683 C T TAS2R50 ENSG00000212126 cis 2.98x10-28 30.6 

rs763271 22:27043233 C G CTA.211A9.5 ENSG00000244625 cis 3.05x10-28 30.6 

rs4785093 16:60083019 A G RP11.430C1.1 ENSG00000261807 cis 3.98x10-28 30.5 

rs3792988 6:24876260 T C RP5.1112D6.5 ENSG00000229276 trans 5.41x10-28 30.4 

rs73046589 12:10944122 T C RP11.711K1.7 ENSG00000255790 cis 4.79x10-28 30.4 

rs112534607 17:44344376 G A AC126544.4 ENSG00000204650 cis 6.6x10-28 30.3 

rs62282782 3:195687736 G C AC069513.3 ENSG00000242086 cis 6.97x10-28 30.3 

rs2844827 6:29811237 T C HCG4P5 ENSG00000227766 cis 9.03x10-28 30.2 

rs67933574 12:11226237 A G TAS2R64P ENSG00000256274 cis 7.7x10-28 30.2 

rs10794309 11:325948 C T RP11.326C3.15 ENSG00000270972 cis 1.06x10-27 30.1 

rs4658519 1:243110266 C T CEP170P1 ENSG00000154608 trans 1.69x10-27 30 

rs1133222 10:52516665 C T ASAH2 ENSG00000188611 cis 9.34x10-27 29.4 

rs9894225 17:4546559 A G ALOX15 ENSG00000161905 cis 9.14x10-27 29.4 

rs1043314 11:118915944 A G HYOU1 ENSG00000149428 cis 1.75x10-26 29.1 

rs11914110 22:23660328 G A AP000550.1 ENSG00000169668 trans 1.74x10-26 29.1 

rs2316770 17:43934256 G A LRRC37A3 ENSG00000176809 trans 2.1x10-26 29.1 

rs9657894 7:150437927 C T RP5.1051J4.6 ENSG00000177590 cis 2.82x10-26 29 

rs146432789 5:178453100 A G ZNF879 ENSG00000234284 cis 4.33x10-26 28.8 

rs6465906 7:102787381 A C DPY19L2P2 ENSG00000170629 cis 4.21x10-26 28.8 

rs1637340 7:74337634 G A AC004166.5 ENSG00000123965 cis 5.47x10-26 28.7 

rs57890152 5:149821472 T C RP11.343H5.4 ENSG00000224114 trans 6.4x10-26 28.7 

rs72642336 4:68466995 C A GNRHR ENSG00000109163 cis 6.24x10-26 28.7 

rs13081249 3:152092101 T C RP11.513O17.2 ENSG00000253301 trans 9.68x10-26 28.5 

rs373427274 5:177218466 C T FAM153C ENSG00000204677 cis 1.23x10-25 28.4 

rs10907940 9:42191070 C A RP11.204M4.2 ENSG00000204837 cis 1.5x10-25 28.3 

rs10907940 9:42191070 C A RP11.111F5.5 ENSG00000227449 trans 1.86x10-25 28.3 

rs143820282 1:1676091 C T RP1.283E3.8 ENSG00000268575 cis 1.57x10-25 28.3 

rs2008345 14:23401442 T A RP11.298I3.1 ENSG00000257285 cis 1.86x10-25 28.3 

rs62027001 15:102317025 T C CTD.2611K5.6 ENSG00000259660 cis 1.47x10-25 28.3 

rs905707 17:72563644 A G CTD.2006K23.1 ENSG00000261222 cis 1.57x10-25 28.3 

rs2685190 3:130564579 G A NEK11 ENSG00000114670 cis 3.05x10-25 28.1 

rs72929707 2:196439583 C T AC064834.2 ENSG00000223466 cis 4.24x10-25 28 

rs78821460 5:127874149 G C FBN2 ENSG00000138829 cis 3.77x10-25 28 

rs13255886 8:71565954 G T XKR9 ENSG00000221947 cis 4.93x10-25 27.9 

rs2836200 21:39593581 G A AP001434.2 ENSG00000226012 cis 5.35x10-25 27.9 

rs6933976 6:28969522 G A ZNF311 ENSG00000197935 cis 5.62x10-25 27.9 

rs10794309 11:325948 C T RP11.326C3.12 ENSG00000255328 cis 6.15x10-25 27.8 

rs988067 8:133791175 C G TG ENSG00000042832 cis 5.79x10-25 27.8 

rs79379134 16:30292500 A T RP11.345J4.5 ENSG00000261740 cis 9.43x10-25 27.7 

rs11040487 11:6086071 C T CTD.2008A1.2 ENSG00000259479 trans 2.27x10-24 27.3 

rs114586219 15:82537939 C A FAM154B ENSG00000188659 cis 2.14x10-24 27.3 

rs2982122 1:148002289 C T NBPF26 ENSG00000273136 trans 2.72x10-24 27.3 

rs324122 19:52893957 C T ZNF880 ENSG00000221923 cis 2.43x10-24 27.3 

rs3366 21:44834825 G A SIK1 ENSG00000142178 cis 2.2x10-24 27.3 

rs1985275 11:9000993 A G TMEM9B.AS1 ENSG00000254860 cis 3.41x10-24 27.2 
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rs75364523 17:4723121 G A CHRNE ENSG00000108556 cis 3.22x10-24 27.2 

rs1056739 10:104236542 T C MFSD13A ENSG00000138111 cis 3.87x10-24 27.1 

rs4267298 16:70004028 C T CLEC18B ENSG00000140839 trans 4.39x10-24 27.1 

rs7791024 7:66766024 T C PMS2L4 ENSG00000067601 cis 3.75x10-24 27.1 

rs11099650 4:85483950 A C AC005022.1 ENSG00000224017 trans 5.76x10-24 27 

rs12269882 11:79092486 A G ODZ4 ENSG00000149256 cis 4.87x10-24 27 

rs7952790 12:68406452 C T GS1.410F4.3 ENSG00000236946 cis 5.03x10-24 27 

rs1892568 21:39563599 T C AP001434.1 ENSG00000231123 cis 6.26x10-24 26.9 

rs4050880 22:22624189 C A IGLV5.52 ENSG00000211643 cis 6.56x10-24 26.9 

rs56006248 17:43815141 A G LRRC37A ENSG00000176681 cis 7.47x10-24 26.9 

rs639455 1:20978221 C T RP11.401M16.7 ENSG00000117242 cis 7.37x10-24 26.9 

rs7872739 9:95217930 C T ECM2 ENSG00000106823 cis 6.58x10-24 26.9 

rs3894776 19:1457370 C T CTB.25B13.12 ENSG00000267317 cis 1.1x10-23 26.7 

rs10221200 17:15589734 G A TRIM16 ENSG00000221926 cis 1.67x10-23 26.6 

rs1501371 15:82460440 A C UBE2Q2P2 ENSG00000259429 cis 1.49x10-23 26.6 

rs375407631 9:66470329 A G RP11.262H14.7 ENSG00000227582 cis 1.5x10-23 26.6 

rs4006668 2:219595001 C T RP11.459I19.1 ENSG00000272555 cis 1.87x10-23 26.5 

rs77727254 17:30986984 C T TMEM98 ENSG00000006042 cis 2.08x10-23 26.5 

rs9926 4:10076860 G A WDR1 ENSG00000071127 cis 2.02x10-23 26.5 

rs10470179 21:39570684 C T AC079753.4 ENSG00000180152 trans 2.27x10-23 26.4 

rs13340529 7:66466119 A C TYW1 ENSG00000198874 cis 2.31x10-23 26.4 

rs2641419 11:4555193 A C OR52I2 ENSG00000226288 cis 2.25x10-23 26.4 

rs7898547 10:6659210 A C RP11.554I8.1 ENSG00000225948 cis 2.58x10-23 26.4 

rs3917945 1:36942233 T G CA5A ENSG00000174990 trans 3.21x10-23 26.3 

rs9264682 6:31240872 T G HLA.K ENSG00000230795 trans 3.48x10-23 26.3 

rs140950438 5:59983635 G C DEPDC1B ENSG00000035499 cis 4.59x10-23 26.2 

rs35117338 7:66072781 A T GS1.124K5.12 ENSG00000229180 cis 4.15x10-23 26.2 

rs3930740 17:8294959 C T KRBA2 ENSG00000184619 cis 4.42x10-23 26.2 

rs4685744 3:4403537 C T AC023480.1 ENSG00000229241 cis 4.24x10-23 26.2 

rs10179864 2:238675892 A G RP11.255C15.1 ENSG00000240429 trans 5.65x10-23 26.1 

rs112161250 15:58440089 G GCACA RP1 ENSG00000104237 trans 5.3x10-23 26.1 

rs2596496 6:31322782 C G HLA.B ENSG00000234745 cis 6.12x10-23 26.1 

rs113590651 8:82707315 A G SNX16 ENSG00000104497 cis 6.42x10-23 26 

rs1749596 1:236380913 T C ERO1B ENSG00000086619 cis 7.55x10-23 26 

rs2596503 6:31320810 A G DDX39B ENSG00000198563 cis 6.22x10-23 26 

rs12366 2:75185856 G T AC104135.2 ENSG00000236209 cis 1.02x10-22 25.9 

rs3026243 12:9183400 T C RP11.118B22.1 ENSG00000256817 cis 8.09x10-23 25.9 

rs2285170 1:172425529 C G SUCO ENSG00000094975 cis 1.26x10-22 25.8 

rs7400769 14:94613418 A T PPP4R4 ENSG00000119698 cis 1.09x10-22 25.8 

rs77972028 1:149674716 G A CH17.118O6.2 ENSG00000226067 cis 1.15x10-22 25.8 

rs7295439 12:89825122 G T RP11.734K2.4 ENSG00000270344 cis 1.4x10-22 25.7 

rs2435201 17:44078982 T A RP11.995C19.3 ENSG00000232300 cis 1.89x10-22 25.6 

rs6502892 17:1617608 T C TLCD2 ENSG00000185561 cis 2.17x10-22 25.6 

rs7096229 10:91394900 T G RP11.248C1.2 ENSG00000232229 cis 1.75x10-22 25.6 

rs72697606 8:145611531 A T CPSF1 ENSG00000071894 cis 1.75x10-22 25.6 
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rs11657128 17:56048840 G A RP11.415I12.3 ENSG00000249753 trans 2.59x10-22 25.5 

rs4013507 10:48303741 G A RP11.144G6.12 ENSG00000254929 trans 3.35x10-22 25.4 

rs76549974 9:43793814 C T RP11.146D12.2 ENSG00000240240 trans 3.21x10-22 25.4 

rs17442763 12:40538796 T A RP11.476D10.1 ENSG00000260943 cis 4.33x10-22 25.3 

rs3117640 19:55338833 G A KIR3DL1 ENSG00000167633 cis 4.03x10-22 25.3 

rs368785114 9:45729667 C A RP11.146D12.2 ENSG00000240240 trans 3.94x10-22 25.3 

rs7838905 8:2954809 C G CSMD1 ENSG00000183117 cis 4.47x10-22 25.3 

rs2523815 6:29840243 A G HLA.K ENSG00000230795 cis 5.44x10-22 25.2 

rs3087563 11:117707937 T C FXYD6 ENSG00000137726 cis 5.38x10-22 25.2 

rs6488334 12:11140444 T C TAS2R46 ENSG00000226761 cis 5.15x10-22 25.2 

rs8073963 17:46609918 G A HOXB.AS1 ENSG00000230148 cis 5.01x10-22 25.2 

rs9368476 6:26906789 A G RP11.457M11.5 ENSG00000261584 cis 5.45x10-22 25.2 

rs995059 9:114439510 C T RP11.18M11.2 ENSG00000224812 trans 5.88x10-22 25.2 

rs1852270 17:43655280 G T LRRC37A ENSG00000176681 cis 7.65x10-22 25.1 

rs2523815 6:29840243 A G HCG4B ENSG00000227262 cis 6.32x10-22 25.1 

rs62050500 17:21446432 G A C17orf51 ENSG00000212719 cis 6.93x10-22 25.1 

rs6720375 2:132440073 G C AP000525.9 ENSG00000206195 trans 7.08x10-22 25.1 

rs7480474 11:307912 T C IFITM3 ENSG00000142089 cis 6.29x10-22 25.1 

rs12489198 3:193294307 G T RP11.175P19.2 ENSG00000236297 cis 9.45x10-22 25 

rs8068200 17:45390562 A G RP11.66B24.7 ENSG00000272808 trans 9.41x10-22 25 

rs8077275 17:18705412 G A TVP23B ENSG00000171928 cis 8.76x10-22 25 

rs12763558 10:70872970 G A VPS26A ENSG00000122958 cis 1.36x10-21 24.8 

rs879985390 7:101977597 G A LRWD1 ENSG00000161036 cis 1.36x10-21 24.8 

rs13401870 2:68340446 A G CNRIP1 ENSG00000119865 cis 1.82x10-21 24.7 

rs1678185 2:231409854 C T UNC13C ENSG00000137766 trans 2.25x10-21 24.6 

rs1834274 2:131951961 G A NF1L2 ENSG00000236956 cis 2.38x10-21 24.6 

rs2388419 15:94400712 G A RP11.76E17.4 ENSG00000258831 cis 2.38x10-21 24.6 

rs10995796 10:51592744 T G PARGP1 ENSG00000239883 trans 3.23x10-21 24.5 

rs58304714 1:150831561 T A RP11.732A21.2 ENSG00000260008 trans 3.31x10-21 24.5 

rs72836318 17:44121579 T C RP11.798G7.8 ENSG00000266918 cis 2.91x10-21 24.5 

rs7897787 10:18921314 C A RP11.499P20.2 ENSG00000240291 cis 2.97x10-21 24.5 

rs11648223 16:29585333 C A RP11.231C14.3 ENSG00000254634 cis 3.56x10-21 24.4 

rs12475433 2:173293419 G T AC078883.4 ENSG00000226963 cis 5.69x10-21 24.2 

rs2490849 9:15388507 C T CCDC171 ENSG00000164989 cis 5.6x10-21 24.2 

rs2753747 10:81512832 A G NUTM2B ENSG00000188199 cis 5.76x10-21 24.2 

rs2908776 16:53407506 C G RP11.44F14.2 ENSG00000261804 cis 5.58x10-21 24.2 

rs72744331 9:76788027 T C RORB ENSG00000198963 cis 6.04x10-21 24.2 

rs7947900 11:316299 T G IFITM2 ENSG00000185201 cis 6.28x10-21 24.2 

rs430748 22:18896529 C T DGCR6 ENSG00000183628 cis 8.04x10-21 24.1 

rs9761856 4:119579892 G A SYNPO2 ENSG00000172403 cis 7.48x10-21 24.1 

rs12653907 5:175485237 C A RP11.844P9.5 ENSG00000248596 cis 1.07x10-20 24 

rs190206 17:15464679 G A TVP23C.CDRT4 ENSG00000259024 cis 1.03x10-20 24 

rs6925979 6:142651052 G A ADGRG6 ENSG00000112414 cis 9.91x10-21 24 

rs876554 12:89885473 T C POC1B ENSG00000139323 cis 9.87x10-21 24 

rs2377220 1:1660635 T G CDK11A ENSG00000008128 cis 1.3x10-20 23.9 
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rs3118000 1:16909820 C G MST1L ENSG00000186715 cis 1.28x10-20 23.9 

rs7273242 20:62594160 T C SAMD10 ENSG00000130590 cis 1.41x10-20 23.9 

rs72836318 17:44121579 T C ARL17B ENSG00000228696 cis 1.18x10-20 23.9 

rs11619622 13:42570201 A G VWA8 ENSG00000102763 cis 1.81x10-20 23.8 

rs3095174 17:16254494 C G CENPV ENSG00000166582 cis 1.62x10-20 23.8 

rs3098394 19:12397460 G A CTD.2666L21.2 ENSG00000234750 cis 1.45x10-20 23.8 

rs4236478 7:142411527 T C U66061.35 ENSG00000244273 cis 1.56x10-20 23.8 

rs4484184 3:53981048 T C ACTR8 ENSG00000113812 cis 1.62x10-20 23.8 

rs12975429 19:33199227 G A NUDT19 ENSG00000213965 cis 1.97x10-20 23.7 

rs3102342 16:89451575 T C RP1.168P16.1 ENSG00000261692 cis 1.96x10-20 23.7 

rs6960171 7:64910100 G A RP11.792A8.4 ENSG00000272831 cis 1.95x10-20 23.7 

rs1042229 19:52249672 A C FPR1 ENSG00000171051 cis 2.34x10-20 23.6 

rs7829886 8:95497388 T A KIAA1429 ENSG00000164944 cis 2.53x10-20 23.6 

rs2373340 7:148001246 A G CNTNAP2 ENSG00000174469 trans 3.68x10-20 23.5 

rs1375862 9:125617037 G A ZBTB26 ENSG00000171448 cis 4.57x10-20 23.4 

rs72689277 4:185593699 G A PRIMPOL ENSG00000164306 cis 4.62x10-20 23.4 

rs1051664 1:45116985 C T RNF220 ENSG00000187147 cis 5.82x10-20 23.3 

rs2003490 14:75377555 C A DLST ENSG00000119689 cis 5.97x10-20 23.3 

rs7350611 12:11331094 T C TAS2R13 ENSG00000212128 cis 5.99x10-20 23.3 

rs112413396 4:70278401 T C UGT2B28 ENSG00000135226 cis 7.37x10-20 23.2 

rs28652789 16:83807 G C DDX11L10 ENSG00000233614 cis 6.36x10-20 23.2 

rs56104184 19:49370310 C T PPP1R15A ENSG00000087074 cis 6.84x10-20 23.2 

rs12704823 7:76822127 C T AC073635.5 ENSG00000250990 cis 8.66x10-20 23.1 

rs867663893 3:122443492 A T DIRC2 ENSG00000138463 cis 8.2x10-20 23.1 

rs13333072 16:8823848 A G ABAT ENSG00000183044 cis 1.12x10-19 23 

rs142929928 17:4783340 C G C17orf107 ENSG00000205710 cis 1.08x10-19 23 

rs2286466 16:2014283 A G RPS2P46 ENSG00000189343 trans 1.21x10-19 23 

rs6085271 20:5748056 T C C20orf196 ENSG00000171984 cis 1.29x10-19 22.9 

rs987534 8:120713652 G A DSCC1 ENSG00000136982 cis 1.48x10-19 22.9 

rs9796412 14:77211737 C T RP11.488C13.5 ENSG00000258301 cis 1.64x10-19 22.8 

rs11076704 16:88777995 C T CTU2 ENSG00000174177 cis 2.33x10-19 22.7 

rs1355775 6:52529358 G A RP1.152L7.5 ENSG00000216775 cis 2.05x10-19 22.7 

rs76312359 15:55829689 A T PYGO1 ENSG00000171016 cis 2.14x10-19 22.7 

rs9514837 13:108995148 G C MYO16 ENSG00000041515 cis 1.99x10-19 22.7 

rs12167058 22:29907401 C T RP11.638L3.3 ENSG00000265555 trans 2.65x10-19 22.6 

rs2769345 6:167366394 T C RP11.514O12.4 ENSG00000249141 cis 2.7x10-19 22.6 

rs35940311 1:93663604 G A DR1 ENSG00000117505 cis 2.7x10-19 22.6 

rs9272779 6:32610314 T C HLA.DQA1 ENSG00000196735 cis 2.64x10-19 22.6 

rs162298 6:167455629 G A NPTXR ENSG00000221890 trans 3.28x10-19 22.5 

rs58581511 17:57950621 T G RNFT1 ENSG00000189050 cis 3.39x10-19 22.5 

rs2588347 12:10944783 A G TAS2R31 ENSG00000256436 cis 4.88x10-19 22.4 

rs7718927 5:109907035 A T TMEM232 ENSG00000186952 cis 3.99x10-19 22.4 

rs12216750 8:82066711 T A RP11.1149M10.2 ENSG00000253214 cis 7.12x10-19 22.2 

rs12464694 2:196908927 A G DNAH7 ENSG00000118997 cis 6.41x10-19 22.2 

rs2924251 17:46338677 A G HOXB3 ENSG00000120093 cis 6.45x10-19 22.2 
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rs4674336 2:219632820 A G PRKAG3 ENSG00000115592 cis 6.31x10-19 22.2 

rs586746 19:53080928 A G ZNF701 ENSG00000167562 cis 9.73x10-19 22.1 

rs1873379 15:75498744 G C RP11.817O13.8 ENSG00000260274 cis 1.22x10-18 22 

rs2302058 19:57703077 T G ZNF264 ENSG00000083844 cis 1.15x10-18 22 

rs2832328 21:30821767 C G RP11.313P22.1 ENSG00000273464 cis 9.97x10-19 22 

rs6589587 11:116875338 T G AP000936.1 ENSG00000234268 cis 1.16x10-18 22 

rs10400906 15:83297138 C T CPEB1 ENSG00000214575 cis 1.43x10-18 21.9 

rs2780681 10:27512767 A G RP11.85G18.4 ENSG00000230445 cis 1.29x10-18 21.9 

rs61148413 15:84828326 T A GOLGA6L4 ENSG00000184206 cis 1.48x10-18 21.9 

rs7223043 17:33826654 A G RP11.1094M14.8 ENSG00000267369 cis 1.37x10-18 21.9 

rs8058597 16:70082214 G C NPIPB15 ENSG00000196436 trans 1.44x10-18 21.9 

rs145475856 1:146367867 G T PFN1P8 ENSG00000244371 cis 1.66x10-18 21.8 

rs62371990 5:42604782 G A CCDC152 ENSG00000198865 cis 1.76x10-18 21.8 

rs2588347 12:10944783 A G TAS2R12 ENSG00000256682 cis 2.05x10-18 21.7 

rs964611 15:48597514 C A RP5.898J17.1 ENSG00000231987 trans 2.43x10-18 21.7 

rs7223732 17:45881197 G C SCRN2 ENSG00000141295 cis 3.08x10-18 21.6 

rs9893390 17:33751315 T A RP11.686D22.3 ENSG00000267648 cis 3.09x10-18 21.6 

rs10079553 5:178959047 C T RUFY1 ENSG00000176783 cis 3.54x10-18 21.5 

rs12728538 1:63959125 A C ITGB3BP ENSG00000142856 cis 3.25x10-18 21.5 

rs12939821 17:62079286 G A PRR29 ENSG00000224383 cis 3.75x10-18 21.5 

rs200276266 5:175530214 C T FAM153A ENSG00000170074 trans 3.13x10-18 21.5 

rs4744150 9:95630363 C T RP11.526D8.3 ENSG00000226721 cis 3.44x10-18 21.5 

rs78042407 10:49333147 G C AGAP9 ENSG00000204172 trans 3.35x10-18 21.5 

rs10125553 9:37841380 A G DCAF10 ENSG00000122741 cis 4.48x10-18 21.4 

rs144921768 16:32973407 G A DUSP22 ENSG00000112679 trans 5.91x10-18 21.3 

rs2450556 8:95330332 A C FSBP ENSG00000265817 cis 7.31x10-18 21.2 

rs4083651 9:19211852 A G RP11.513M16.8 ENSG00000273226 cis 7.64x10-18 21.2 

rs11659948 18:9197372 A G RP11.63E9.1 ENSG00000259828 trans 9.25x10-18 21.1 

rs12718958 7:55431162 A G LANCL2 ENSG00000132434 cis 8.91x10-18 21.1 

rs2873872 17:49508445 A T RP11.1018N14.5 ENSG00000267452 cis 8.46x10-18 21.1 

rs6558530 8:1706207 A G AC093375.1 ENSG00000226383 trans 8.42x10-18 21.1 

rs116918202 16:89587080 C T CDK10 ENSG00000185324 cis 1.17x10-17 21 

rs1817303 10:51450060 A C RP11.546J1.1 ENSG00000270557 trans 1.05x10-17 21 

rs9412607 9:42901002 T G RP11.745L13.2 ENSG00000251555 trans 1.16x10-17 21 

rs10405910 19:57961191 A T AC004076.9 ENSG00000268163 cis 1.43x10-17 20.9 

rs179468 22:24109774 T G CHCHD10 ENSG00000250479 cis 1.49x10-17 20.9 

rs2671827 17:33732330 C T RP11.686D22.8 ENSG00000267745 cis 1.35x10-17 20.9 

rs73153794 7:134853085 A C RP11.90K6.1 ENSG00000239482 trans 1.47x10-17 20.9 

rs9353446 6:87780724 T C C6orf163 ENSG00000203872 cis 1.36x10-17 20.9 

rs111277130 5:1634070 C T CTD.2083E4.4 ENSG00000260774 trans 1.62x10-17 20.8 

rs1128894 1:153604422 T C S100A1 ENSG00000160678 cis 1.66x10-17 20.8 

rs1367224 2:175391901 T C AC018890.6 ENSG00000236449 cis 1.54x10-17 20.8 

rs67425176 8:66543064 T C CTD.3025N20.3 ENSG00000272010 cis 1.76x10-17 20.8 

rs6816018 4:88735959 G C SPP1 ENSG00000118785 cis 1.76x10-17 20.8 

rs73213579 4:198953 C A SOHLH2 ENSG00000120669 trans 1.55x10-17 20.8 
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rs1007591 11:35731800 T G TRIM44 ENSG00000166326 cis 2.05x10-17 20.7 

rs11009104 10:33116039 A G CCDC7 ENSG00000216937 cis 1.89x10-17 20.7 

rs13081249 3:152092101 T C ANO7 ENSG00000146205 trans 2.22x10-17 20.7 

rs529150802 16:89268323 G T FANCA ENSG00000187741 cis 2.14x10-17 20.7 

rs11150958 18:74248237 A G RP11.17M16.2 ENSG00000265778 cis 2.56x10-17 20.6 

rs2075458 7:130528147 A G AC058791.1 ENSG00000226380 cis 2.68x10-17 20.6 

rs2732617 17:44363632 A C MKRN9P ENSG00000258128 trans 2.57x10-17 20.6 

rs591411 9:79313529 C T PCA3 ENSG00000225937 cis 2.84x10-17 20.6 

rs62469316 7:64674302 T G RP11.792A8.4 ENSG00000272831 trans 2.47x10-17 20.6 

rs2416548 12:11324176 C A SMIM10L1 ENSG00000256537 cis 3.19x10-17 20.5 

rs4472162 4:79626160 A T RP11.109G23.3 ENSG00000260278 cis 3.41x10-17 20.5 

rs1541533 11:17096211 A G SNORD14A ENSG00000272034 cis 4.41x10-17 20.4 

rs1967415 17:57113124 C A TRIM37 ENSG00000108395 cis 4.04x10-17 20.4 

rs1982074 19:10668673 A G KRI1 ENSG00000129347 cis 4.16x10-17 20.4 

rs373769561 9:41922713 G C RP11.262H14.3 ENSG00000234665 trans 3.89x10-17 20.4 

rs7105835 11:78075725 T C RP11.452H21.1 ENSG00000254420 cis 3.74x10-17 20.4 

rs7837964 8:22264417 G C SLC39A14 ENSG00000104635 cis 3.8x10-17 20.4 

rs11078300 17:2571489 G A PAFAH1B1 ENSG00000007168 cis 5.31x10-17 20.3 

rs11249686 5:177181014 A G FAM153B ENSG00000182230 trans 5.13x10-17 20.3 

rs2730272 7:158798622 G C LINC00689 ENSG00000231419 cis 4.96x10-17 20.3 

rs492095 17:72869078 A G FDXR ENSG00000161513 cis 4.85x10-17 20.3 

rs11186721 10:93641908 C A AC005307.1 ENSG00000260725 trans 6.82x10-17 20.2 

rs376869011 9:66530411 A G FGF7 ENSG00000140285 trans 5.72x10-17 20.2 

rs9893390 17:33751315 T A RP11.686D22.4 ENSG00000267547 cis 6.18x10-17 20.2 

rs12514888 5:34221989 G A RP11.1023L17.2 ENSG00000215156 cis 7.93x10-17 20.1 

rs3127726 10:46932364 T C RP11.144G6.12 ENSG00000254929 cis 7.76x10-17 20.1 

rs35858034 19:41299864 A C CYP2T2P ENSG00000233622 cis 7.39x10-17 20.1 

rs11209243 1:68738861 G C RP11.518D3.3 ENSG00000234383 cis 9.9x10-17 20 

rs11799352 1:118576627 A T SPAG17 ENSG00000155761 cis 1.06x10-16 20 

rs150134394 10:81455053 T C RP11.119F19.4 ENSG00000224886 cis 1.09x10-16 20 

rs4968290 17:45047384 C T RP11.156P1.3 ENSG00000262879 cis 1.02x10-16 20 

rs61920361 12:27165921 A T RP11.582E3.4 ENSG00000256625 cis 9x10-17 20 

rs10752555 9:70484945 A G RP11.262H14.3 ENSG00000234665 trans 1.23x10-16 19.9 

rs4624506 3:39444901 T C SLC25A38 ENSG00000144659 cis 1.29x10-16 19.9 

rs55962832 3:40244451 T C ENTPD3 ENSG00000168032 cis 1.34x10-16 19.9 

rs10772397 12:11138683 C T TAS2R19 ENSG00000212124 cis 1.43x10-16 19.8 

rs34511016 5:79881909 A G FAM151B ENSG00000152380 cis 1.59x10-16 19.8 

rs677078 11:121432287 C A RP11.86H7.1 ENSG00000224081 trans 1.58x10-16 19.8 

rs72642346 4:68479934 C T AC079880.1 ENSG00000232398 cis 1.6x10-16 19.8 

rs7839535 8:134586637 A G RP11.629O1.2 ENSG00000261220 cis 1.54x10-16 19.8 

rs9353446 6:87780724 T C SMIM8 ENSG00000111850 cis 1.61x10-16 19.8 

NA 17:80735913 C CCTCA ARL16 ENSG00000214087 trans 1.69x10-16 19.8 

rs132650 22:36554588 C T CADPS ENSG00000163618 trans 1.72x10-16 19.7 

rs2388419 15:94400712 G A RP11.76E17.3 ENSG00000258476 cis 2.05x10-16 19.7 

rs4585080 2:99557327 T C AC019097.7 ENSG00000231822 cis 1.74x10-16 19.7 
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rs71409258 15:80159117 A G ST20.MTHFS ENSG00000259332 cis 1.85x10-16 19.7 

rs10771996 12:9811352 A G AC003005.2 ENSG00000268266 trans 2.16x10-16 19.6 

rs2008758 17:19893590 C T AKAP10 ENSG00000108599 cis 2.15x10-16 19.6 

rs2531805 6:28412326 C T ZSCAN23 ENSG00000187987 cis 2.16x10-16 19.6 

rs28549275 7:138886066 C T LUC7L2 ENSG00000146963 cis 2.25x10-16 19.6 

rs3785884 17:44057595 G A LRRC37A2 ENSG00000238083 cis 2.33x10-16 19.6 

rs7962354 12:62823325 T C RP11.769N19.2 ENSG00000257880 cis 2.17x10-16 19.6 

rs2309426 9:71830308 T G TJP2 ENSG00000119139 cis 3.17x10-16 19.5 

rs2945247 8:8096004 G A ABC11.48400900C8.1 ENSG00000254527 trans 2.78x10-16 19.5 

rs374559823 2:87366345 C T RGPD1 ENSG00000187627 cis 3.17x10-16 19.5 

rs61811182 1:183585327 A G SCGB3A2 ENSG00000164265 trans 2.9x10-16 19.5 

rs74651789 4:165898682 C T TRIM61 ENSG00000183439 cis 2.78x10-16 19.5 

rs116044941 17:73874684 G C RP11.552F3.9 ENSG00000267801 cis 3.44x10-16 19.4 

rs3106150 17:62919344 G A DND1P1 ENSG00000264070 trans 3.86x10-16 19.4 

rs743810 22:35742925 T G TOM1 ENSG00000100284 cis 3.68x10-16 19.4 

rs9895898 17:18644142 T C TRIM16L ENSG00000108448 cis 3.64x10-16 19.4 

rs11052771 12:9891371 C T RP11.75L1.2 ENSG00000213443 cis 4.3x10-16 19.3 

rs2169764 19:14193735 G A CTB.55O6.8 ENSG00000141854 cis 4.49x10-16 19.3 

rs2540431 2:202367621 G T AC007256.5 ENSG00000213090 cis 4.58x10-16 19.3 

rs2949585 1:148002266 A C NBPF8P ENSG00000270231 trans 4.35x10-16 19.3 

rs9289971 3:156389947 T C RP11.791I24.4 ENSG00000243926 cis 4.07x10-16 19.3 

rs7978962 12:10524824 T C RP11.277P12.6 ENSG00000255641 cis 5.07x10-16 19.2 

rs111527470 2:239149377 G C AC016757.3 ENSG00000186235 cis 6.53x10-16 19.1 

rs11912319 22:50937900 A G CTA.384D8.34 ENSG00000273272 cis 6.52x10-16 19.1 

rs148853830 7:99912929 A T PMS2L1 ENSG00000078319 cis 6.27x10-16 19.1 

rs2569102 5:149800881 G C RPS14 ENSG00000164587 cis 6.29x10-16 19.1 

rs2611491 10:51489393 T G CTGLF10P ENSG00000230869 trans 7.32x10-16 19.1 

rs28625723 7:135715783 T C AC024084.1 ENSG00000230649 cis 6.27x10-16 19.1 

rs7216865 17:6891851 A T AC027763.2 ENSG00000215067 cis 7.26x10-16 19.1 

rs9834 5:176733616 T C RP11.753G20.1 ENSG00000217325 trans 7.16x10-16 19.1 

rs509421 1:24035696 G A CNR2 ENSG00000188822 cis 8.01x10-16 19 

rs11048496 12:9172421 G A AP000688.11 ENSG00000236677 trans 1.15x10-15 18.9 

rs11640445 16:60195615 T A RP11.430C1.1 ENSG00000261807 cis 1.07x10-15 18.9 

rs218663 17:6567190 A G CTC.281F24.1 ENSG00000261996 cis 9.55x10-16 18.9 

rs2530839 17:28964727 C T RP11.271K11.2 ENSG00000264943 cis 1.12x10-15 18.9 

rs4657614 1:166899261 A G ILDR2 ENSG00000143195 cis 9.94x10-16 18.9 

rs12441089 15:93277514 T C RP11.386M24.4 ENSG00000258741 cis 1.32x10-15 18.8 

rs12482295 21:15263797 C T RP11.757O6.2 ENSG00000265787 trans 1.42x10-15 18.8 

rs12917526 15:81025457 G C FAM108C1 ENSG00000136379 cis 1.45x10-15 18.8 

rs115654156 6:31395040 G C MICA ENSG00000204520 cis 1.55x10-15 18.7 

rs4649586 1:144611851 G A CH17.118O6.2 ENSG00000226067 trans 1.47x10-15 18.7 

rs60545295 15:48521101 G A CTB.43E15.3 ENSG00000253686 trans 1.59x10-15 18.7 

rs10136164 14:37483309 T C PAX9 ENSG00000198807 cis 1.89x10-15 18.6 

rs10752555 9:70484945 A G FGF7 ENSG00000140285 trans 1.9x10-15 18.6 

rs11655481 17:30622552 C T CYP4F11 ENSG00000171903 trans 1.85x10-15 18.6 
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rs1808199 6:29924542 G T SPINK1 ENSG00000164266 trans 1.9x10-15 18.6 

rs2005594 22:19021819 A G AC000095.8 ENSG00000241527 cis 2.12x10-15 18.6 

rs489552 9:27196617 C T RP11.56F10.3 ENSG00000254396 cis 2.13x10-15 18.6 

rs79710144 10:17723145 T A FAT3 ENSG00000165323 trans 1.94x10-15 18.6 

rs2353408 3:142791030 A C U2SURP ENSG00000163714 cis 2.48x10-15 18.5 

rs34499924 11:60970328 A G PGA3 ENSG00000229859 cis 2.58x10-15 18.5 

rs375809946 5:175499074 G A FAM153C ENSG00000204677 trans 2.57x10-15 18.5 

rs7531159 1:74653039 C T FPGT.TNNI3K ENSG00000259030 cis 2.33x10-15 18.5 

rs7835354 8:19564149 A G RP11.1105O14.1 ENSG00000253270 cis 2.35x10-15 18.5 

rs3904094 13:37683479 T C VMAC ENSG00000187650 trans 2.86x10-15 18.4 

rs9949547 18:37381312 T C RP11.244M2.1 ENSG00000267374 cis 3.34x10-15 18.4 

rs201958810 10:47097863 G GTCTC AGAP9 ENSG00000204172 cis 3.92x10-15 18.3 

rs3865258 17:18709492 T C TVP23C ENSG00000175106 trans 4x10-15 18.3 

rs3915878 4:144915780 C T RP11.248J18.2 ENSG00000269906 trans 3.92x10-15 18.3 

rs4579515 8:59476807 A G AC068522.4 ENSG00000242970 cis 3.73x10-15 18.3 

rs72805116 16:85792967 A G C16orf74 ENSG00000154102 cis 3.57x10-15 18.3 

rs112697442 14:35580186 C T SEPT7P1 ENSG00000259090 cis 4.51x10-15 18.2 

rs1411476 1:104569468 C T RP11.364B6.2 ENSG00000215869 cis 5.64x10-15 18.1 

rs142863425 6:27885980 C T ZNF389 ENSG00000226314 cis 6.07x10-15 18.1 

rs17216887 4:100010273 C G RP11.696N14.1 ENSG00000246090 cis 5.73x10-15 18.1 

rs2269984 7:141362693 A T RP5.894A10.6 ENSG00000270157 cis 5.46x10-15 18.1 

rs2314645 4:15538922 G T ADRB3 ENSG00000188778 trans 5.99x10-15 18.1 

rs2315601 17:39086932 C T KRT23 ENSG00000108244 cis 6.04x10-15 18.1 

rs2739337 22:24296483 C T DDT ENSG00000099977 cis 6.23x10-15 18.1 

rs2831947 21:30022213 A G CCT8 ENSG00000156261 cis 5.57x10-15 18.1 

rs28565512 4:57397196 C G THEGL ENSG00000249693 cis 6.34x10-15 18.1 

rs797515 13:51227415 G A DLEU7 ENSG00000186047 cis 5.67x10-15 18.1 

rs113734006 8:59345027 C T UBXN2B ENSG00000215114 cis 7.6x10-15 18 

rs1991401 17:62502435 A G DDX5 ENSG00000108654 cis 6.94x10-15 18 

rs4273875 8:2585105 T C GS1.57L11.1 ENSG00000253853 cis 6.5x10-15 18 

rs77245739 16:4801939 G T ZNF500 ENSG00000103199 cis 7.53x10-15 18 

rs78095701 17:66443609 A C WIPI1 ENSG00000070540 cis 6.42x10-15 18 

rs112521249 14:35244362 C T RP11.73E17.2 ENSG00000258738 cis 8.3x10-15 17.9 

rs11631833 15:75588262 G A CTD.2323K18.1 ENSG00000260269 cis 9.14x10-15 17.9 

rs11668526 19:54749060 C T LILRA6 ENSG00000244482 cis 8.6x10-15 17.9 

rs4141794 7:130667258 G A AMER2 ENSG00000165566 trans 7.86x10-15 17.9 

rs4687658 3:52860366 C G RP5.966M1.6 ENSG00000243696 cis 8.27x10-15 17.9 

rs4804785 19:7780643 A C CLEC4G ENSG00000182566 cis 7.95x10-15 17.9 

rs56053835 15:85093046 G A UBE2Q2P1 ENSG00000189136 cis 8.47x10-15 17.9 

rs708277 16:54147935 G A FTO ENSG00000140718 cis 9.17x10-15 17.9 

rs78622635 1:16538094 A G ARHGEF19 ENSG00000142632 cis 8.34x10-15 17.9 

rs9842198 3:156539204 G C PA2G4P4 ENSG00000230457 cis 8.35x10-15 17.9 

rs10151105 14:62549004 G A RP11.355I22.3 ENSG00000186369 cis 1.14x10-14 17.8 

rs11653833 17:15592143 C G ZNF286B ENSG00000249459 trans 1.07x10-14 17.8 

rs12927623 16:34021783 A G DUSP22 ENSG00000112679 trans 1.05x10-14 17.8 
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rs2712204 7:107148544 A T GPR22 ENSG00000172209 cis 1.14x10-14 17.8 

rs2985424 1:145386391 A G RP11.458D21.5 ENSG00000213240 cis 1.04x10-14 17.8 

rs34352889 10:88974706 G A RP11.506M13.3 ENSG00000244733 trans 1.11x10-14 17.8 

rs11118912 1:222149130 C T RP11.815M8.1 ENSG00000238042 cis 1.42x10-14 17.7 

rs11743541 5:75738858 G A CTD.2236F14.1 ENSG00000249713 cis 1.39x10-14 17.7 

rs2454705 12:123192848 G A RP11.324E6.6 ENSG00000256249 cis 1.28x10-14 17.7 

rs2961559 10:4864809 T C AKR1E2 ENSG00000165568 cis 1.39x10-14 17.7 

rs35775224 7:7015632 A C RP11.266K4.12 ENSG00000256589 trans 1.27x10-14 17.7 

rs56288025 19:58963717 G T ZNF324B ENSG00000249471 cis 1.19x10-14 17.7 

rs60163605 17:43334649 C A SPATA32 ENSG00000184361 cis 1.3x10-14 17.7 

rs1227809 19:37269981 G C ZNF790 ENSG00000197863 cis 1.51x10-14 17.6 

rs12814509 12:21613367 A T PYROXD1 ENSG00000121350 cis 1.47x10-14 17.6 

rs200210467 14:59983185 T G CCDC175 ENSG00000151838 cis 1.79x10-14 17.6 

rs2904758 6:29923351 G A HLA.W ENSG00000235290 cis 1.46x10-14 17.6 

rs62147427 2:87126664 C T RP1.81D8.3 ENSG00000224477 trans 1.46x10-14 17.6 

rs1803005 6:24804860 G T C6orf229 ENSG00000260286 cis 1.82x10-14 17.5 

rs2271089 17:79210707 G A C17orf89 ENSG00000224877 cis 2.47x10-14 17.4 

rs2942202 8:23418444 A C PRDM6 ENSG00000061455 trans 2.31x10-14 17.4 

rs76021834 7:75607155 A G MDH2 ENSG00000146701 cis 2.26x10-14 17.4 

rs10081693 9:94966486 T G ASPN ENSG00000106819 cis 2.89x10-14 17.3 

rs10255707 7:45954692 T C AC073115.7 ENSG00000229628 cis 2.8x10-14 17.3 

rs12168582 22:28316227 A G TTC28 ENSG00000100154 cis 2.71x10-14 17.3 

rs1883595 6:40935728 G A APOBEC2 ENSG00000124701 cis 2.86x10-14 17.3 

rs251732 16:4310468 C G TFAP4 ENSG00000090447 cis 2.81x10-14 17.3 

rs3807891 7:95226709 G C AC002451.3 ENSG00000231170 cis 3.19x10-14 17.3 

rs62065454 17:43573592 A G RP11.156P1.1 ENSG00000263142 trans 2.86x10-14 17.3 

rs12453507 17:38053207 C G GSDMB ENSG00000073605 cis 3.96x10-14 17.2 

rs147751661 17:62927969 G A RP11.197O15.1 ENSG00000214401 trans 3.73x10-14 17.2 

rs4754708 11:100759034 A G ARHGAP42 ENSG00000165895 cis 3.34x10-14 17.2 

rs12539729 7:128142023 A T METTL2B ENSG00000165055 cis 4.3x10-14 17.1 

rs4647870 17:74516655 A C SNHG16 ENSG00000163597 cis 4.25x10-14 17.1 

rs4736693 8:134553603 G C ERICH3 ENSG00000178965 trans 4.79x10-14 17.1 

rs58173607 18:74277779 G T RP11.111H3.2 ENSG00000266256 cis 4.99x10-14 17.1 

rs60659886 1:26994245 A T PIGV ENSG00000060642 cis 4.33x10-14 17.1 

rs7082545 10:52478100 T G ASAH2B ENSG00000204147 cis 4.11x10-14 17.1 

rs73359005 8:135795757 G A AC083843.1 ENSG00000259820 cis 4.85x10-14 17.1 

rs11042607 11:2121817 A G IGF2 ENSG00000167244 cis 5.15x10-14 17 

rs117491574 17:58325048 T G RP11.3K24.1 ENSG00000241157 cis 5.02x10-14 17 

rs11951414 5:68431872 C T RP11.309M7.1 ENSG00000261298 trans 5.85x10-14 17 

rs17259058 7:87921277 C G AC003991.3 ENSG00000228113 cis 5.72x10-14 17 

rs2230707 1:19202896 G A ALDH4A1 ENSG00000159423 cis 5.13x10-14 17 

rs34630775 8:79417693 G T RP11.578O24.2 ENSG00000254352 cis 5.17x10-14 17 

rs71473137 15:30948494 C T RP11.932O9.9 ENSG00000269930 cis 5.45x10-14 17 

rs72751993 1:233468388 T C RP5.862P8.2 ENSG00000143674 cis 5.21x10-14 17 

rs867845230 17:62920612 A G RP11.583F2.1 ENSG00000264057 cis 6.09x10-14 17 
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rs9303577 17:49249186 C A NME1.NME2 ENSG00000011052 cis 6.08x10-14 17 

rs1665294 2:114369935 T G AC016629.3 ENSG00000269600 trans 6.24x10-14 16.9 

rs61978213 14:70653758 G A SLC8A3 ENSG00000100678 cis 6.89x10-14 16.9 

rs12149595 16:35259917 G A DUSP22 ENSG00000112679 trans 9.01x10-14 16.8 

rs3115858 1:755890 A T FAM87B ENSG00000177757 cis 7.68x10-14 16.8 

rs6503453 17:44062603 A G AC007679.3 ENSG00000225610 trans 9.16x10-14 16.8 

rs6866645 5:137988944 A G LRRTM2 ENSG00000146006 cis 7.63x10-14 16.8 

rs1852270 17:43655280 G T LRRC37A3 ENSG00000176809 trans 1.02x10-13 16.7 

rs28709161 22:22646562 T C RP11.23E10.3 ENSG00000260626 trans 9.88x10-14 16.7 

rs7446704 5:70662060 C A RP11.1280N14.4 ENSG00000215630 cis 9.27x10-14 16.7 

rs10907576 9:46918872 A G RP11.262H14.3 ENSG00000234665 trans 1.14x10-13 16.6 

rs12603589 17:65825248 T C AC005332.1 ENSG00000237854 cis 1.15x10-13 16.6 

rs13122 14:31359024 A T RP11.829H16.3 ENSG00000258525 cis 1.17x10-13 16.6 

rs3016125 22:20475050 T C TMEM191C ENSG00000206140 trans 1.15x10-13 16.6 

rs3106149 17:62919455 G A RP11.798G7.3 ENSG00000214425 trans 1.3x10-13 16.6 

rs62307246 4:70295728 A C UGT2B11 ENSG00000213759 cis 1.19x10-13 16.6 

rs62542381 9:27488566 C T RP11.120I21.2 ENSG00000254202 trans 1.13x10-13 16.6 

rs75655792 7:99813285 C A PVRIG ENSG00000213413 cis 1.14x10-13 16.6 

rs184608345 9:66584918 C T RP11.745L13.2 ENSG00000251555 trans 1.42x10-13 16.5 

rs185073 5:179334857 A G TBC1D9B ENSG00000197226 cis 1.61x10-13 16.5 

rs2562240 16:83458 A G AP006222.1 ENSG00000228463 trans 1.63x10-13 16.5 

rs28551168 1:229456185 C T CCSAP ENSG00000154429 cis 1.5x10-13 16.5 

rs4356723 20:24899051 T C ACSS1 ENSG00000154930 cis 1.63x10-13 16.5 

rs56248825 21:39465015 C T SCAMP4 ENSG00000227500 trans 1.54x10-13 16.5 

rs59812768 1:198599981 T C RP11.55L3.1 ENSG00000250791 trans 1.59x10-13 16.5 

rs77913677 3:122038460 T C KPNA1 ENSG00000114030 cis 1.52x10-13 16.5 

rs113352051 2:89283617 T C IGKV1.9 ENSG00000241755 cis 1.69x10-13 16.4 

rs148240181 12:93080 C G ABC7.42389800N19.1 ENSG00000226210 cis 1.9x10-13 16.4 

rs1641716 12:12224718 G A BCL2L14 ENSG00000121380 cis 1.84x10-13 16.4 

rs4798075 18:3247256 A C RP13.270P17.3 ENSG00000272688 cis 2x10-13 16.4 

rs62253656 3:53023428 G C RP11.894J14.5 ENSG00000272305 cis 1.84x10-13 16.4 

rs1035559 16:72031860 A G DHX38 ENSG00000140829 cis 2.43x10-13 16.3 

rs1046381 1:153604112 G A RP1.178F15.5 ENSG00000271853 cis 2.34x10-13 16.3 

rs13063033 3:46082481 G A RP11.793E15.1 ENSG00000229515 cis 2.47x10-13 16.3 

rs2396690 6:46618289 C G TDRD6 ENSG00000180113 cis 2.26x10-13 16.3 

rs2644720 11:10859439 C T SNORD97 ENSG00000238622 cis 2.12x10-13 16.3 

rs372107064 5:21303103 G C RP11.457M11.5 ENSG00000261584 trans 2.15x10-13 16.3 

rs55699816 3:196059377 A T TCTEX1D2 ENSG00000213123 cis 2.36x10-13 16.3 

rs6718328 2:198038562 G A PPP2R2C ENSG00000074211 trans 2.28x10-13 16.3 

rs1784304 11:118962816 C A HMBS ENSG00000256269 cis 2.69x10-13 16.2 

rs4542712 17:7469327 T C AC113189.5 ENSG00000233223 cis 2.67x10-13 16.2 

rs67654984 8:135707982 G A CTD.2342N23.3 ENSG00000272456 cis 2.54x10-13 16.2 

rs7145650 14:35947295 G A RP11.287A8.2 ENSG00000229419 trans 2.69x10-13 16.2 

rs7537908 1:78518939 A G GIPC2 ENSG00000137960 cis 2.81x10-13 16.2 

rs80284522 3:139035188 T C RP11.319G6.1 ENSG00000248932 cis 2.74x10-13 16.2 
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rs869738 2:64493422 C G AC114752.2 ENSG00000236148 cis 2.8x10-13 16.2 

rs10025792 4:164504947 T G RP11.557L19.1 ENSG00000272002 trans 3.15x10-13 16.1 

rs11027831 11:3550720 C T CTC.342M10.2 ENSG00000255367 cis 3.15x10-13 16.1 

rs11186897 10:94048558 C G Mar-05 ENSG00000198060 cis 3.08x10-13 16.1 

rs1817104 12:11338589 G T TAS2R63P ENSG00000256019 cis 3.3x10-13 16.1 

rs200601667 2:107117022 A AATTT AC108868.4 ENSG00000254126 cis 3.5x10-13 16.1 

rs4782394 16:88726726 T G RP5.1142A6.3 ENSG00000260630 cis 3.46x10-13 16.1 

rs5744709 5:74891002 G A ANKDD1B ENSG00000189045 cis 3.64x10-13 16.1 

rs62461484 7:63911740 T C ERV3.1 ENSG00000213462 cis 3.14x10-13 16.1 

rs6737901 2:169936393 A G DHRS9 ENSG00000073737 cis 3.71x10-13 16.1 

rs76330394 7:102791112 A C RP11.401L13.4 ENSG00000224415 cis 3.21x10-13 16.1 

rs796704680 15:32838699 T C GOLGA8R ENSG00000186399 trans 3.19x10-13 16.1 

rs13238996 7:74069645 A G GTF2IRD2B ENSG00000174428 cis 4.44x10-13 16 

rs17692129 17:44793283 C T RP11.927P21.12 ENSG00000271974 trans 3.87x10-13 16 

rs530569 11:94169708 C T MIR548A1 ENSG00000207775 trans 3.88x10-13 16 

rs142893200 15:84897901 A G GOLGA6L9 ENSG00000197978 trans 5.41x10-13 15.9 

rs61842918 10:47746978 C A ANXA8 ENSG00000265190 cis 5.59x10-13 15.9 

rs62118921 19:23798289 C T ZNF681 ENSG00000196172 cis 5.24x10-13 15.9 

rs184608345 9:66584918 C T RP11.204M4.2 ENSG00000204837 trans 6.15x10-13 15.8 

rs188871467 16:8928935 T G RP11.77H9.2 ENSG00000260276 cis 5.68x10-13 15.8 

rs6770645 3:40227789 G A MYRIP ENSG00000170011 cis 6.02x10-13 15.8 

rs7399685 13:114516947 A G TMEM255B ENSG00000184497 cis 6.17x10-13 15.8 

rs11123747 2:99328763 T C GABRB2 ENSG00000145864 trans 7.04x10-13 15.7 

rs142893200 15:84897901 A G RP11.152F13.3 ENSG00000255769 trans 8.07x10-13 15.7 

rs146957881 5:177233117 C A RP11.1277A3.2 ENSG00000246596 cis 7.75x10-13 15.7 

rs200690889 9:44544142 G A RP11.111F5.5 ENSG00000227449 trans 8.27x10-13 15.7 

rs202086943 20:29602222 T G MLLT10P1 ENSG00000238151 cis 7.66x10-13 15.7 

rs4476463 3:36880858 A G AC011816.1 ENSG00000234073 cis 7.43x10-13 15.7 

rs57947330 17:16728955 T C CCDC144A ENSG00000170160 cis 7.87x10-13 15.7 

rs57947330 17:16728955 T C USP32P1 ENSG00000188933 cis 7.53x10-13 15.7 

rs61998439 15:31111123 G T RP11.540B6.6 ENSG00000270015 cis 7.72x10-13 15.7 

rs74651789 4:165898682 C T RP11.366M4.11 ENSG00000248632 cis 7.4x10-13 15.7 

rs11052241 12:9811948 A G RP3.337H4.8 ENSG00000203362 trans 8.33x10-13 15.6 

rs17216887 4:100010273 C G ADH6 ENSG00000172955 cis 8.98x10-13 15.6 

rs3783164 13:41380363 C T RP11.346L13.3 ENSG00000168852 cis 8.68x10-13 15.6 

rs4242389 8:22972321 G A POU5F1B ENSG00000212993 trans 9.81x10-13 15.6 

rs56065326 3:112008771 C T SLC9C1 ENSG00000172139 cis 8.44x10-13 15.6 

rs56185013 4:106160133 G A TET2 ENSG00000168769 cis 9.51x10-13 15.6 

rs61809245 1:148203960 G A NBPF20 ENSG00000162825 trans 8.88x10-13 15.6 

rs62364993 5:80514325 G C CKMT2 ENSG00000131730 cis 8.58x10-13 15.6 

rs6488334 12:11140444 T C TAS2R30 ENSG00000256188 cis 9.02x10-13 15.6 

rs72905231 2:191303525 A G NEMP2 ENSG00000189362 cis 9.05x10-13 15.6 

rs77391378 21:29947914 T A AF131217.1 ENSG00000232855 cis 9.87x10-13 15.6 

rs776296 7:63804337 T A ZNF736 ENSG00000234444 cis 8.84x10-13 15.6 

rs1233578 6:28712247 A G BTN3A2 ENSG00000186470 trans 1.14x10-12 15.5 
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rs2697291 2:198111312 A G RP11.794P6.1 ENSG00000255428 trans 1.12x10-12 15.5 

rs61979250 14:76668905 C G GPATCH2L ENSG00000089916 cis 1.09x10-12 15.5 

rs34019730 16:89812930 G A FANCA ENSG00000187741 cis 1.24x10-12 15.4 

rs35084227 2:87277202 T C PLG ENSG00000122194 trans 1.25x10-12 15.4 

rs35785032 4:175697250 G A ADAM29 ENSG00000168594 cis 1.49x10-12 15.4 

rs372161775 5:175398456 A G THOC3 ENSG00000051596 cis 1.29x10-12 15.4 

rs41265179 1:153601828 G T NUP210L ENSG00000143552 cis 1.4x10-12 15.4 

rs10584 15:90328551 G C ANPEP ENSG00000166825 cis 1.72x10-12 15.3 

rs11246329 11:843713 C T TSPAN4 ENSG00000214063 cis 1.72x10-12 15.3 

rs12812329 12:9167788 T C RP11.436I9.3 ENSG00000255776 cis 1.54x10-12 15.3 

rs2684556 17:44580533 A G RP11.156P1.1 ENSG00000263142 cis 1.56x10-12 15.3 

rs3807020 6:41747048 G C OR56A1 ENSG00000180934 trans 1.62x10-12 15.3 

rs56175172 11:77245728 A G AP000580.1 ENSG00000219529 cis 1.51x10-12 15.3 

rs61945858 12:120879461 A G DYNLL1 ENSG00000088986 cis 1.62x10-12 15.3 

rs62414240 6:76274825 C T RNU6.1016P ENSG00000252498 cis 1.72x10-12 15.3 

rs7448600 5:21365623 C A RP11.823P9.3 ENSG00000233974 cis 1.82x10-12 15.3 

rs10435105 7:3330994 C T SDK1 ENSG00000146555 cis 1.97x10-12 15.2 

rs112161250 15:58440089 G GCA RP1 ENSG00000104237 trans 1.94x10-12 15.2 

rs9567377 13:44720217 G T SMIM2.AS1 ENSG00000227258 cis 2x10-12 15.2 
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Supplementary Table 8.4.2 Significant KEGG pathways from the enrichment analysis of novel e-Genes in the PAH Cohort. 
Column names: eQTL chr:pos (REF/ALT) = eQTL chromosome: base pair position (reference/alternative) alleles in the Ensembl human genome reference GRCh37; eQTL rs ID 
= dbSNP (150) variant identifier; eQTL type = variant annotation from ANNOVAR. 

Gene symbol Gene name eQTL chr:pos 

(REF/ALT) 

eQTL rs ID cis/trans eQTL type eQTL P-value 
Taste transduction 
TAS2R13 taste 2 receptor member 13 12:11331094 (T/C) rs7350611 cis intergenic 5.99x10-20 
TAS2R19 taste 2 receptor member 19 12:11138683 (C/T) rs10772397 cis exonic 1.43x10-16 
TAS2R30 taste 2 receptor member 30 12:11140444 (T/C) rs6488334 cis ncRNA_intronic 9.02x10-13 
TAS2R31 taste 2 receptor member 31 12:10944783 (A/G) rs2588347 cis ncRNA_intronic 4.88x10-19 
TAS2R41 taste 2 receptor member 41 7:143081942 (G/C) rs11772895 cis ncRNA_intronic 3.57x10-37 
TAS2R43 taste 2 receptor member 43 12:11226237 (A/G) rs67933574 cis ncRNA_intronic 8.58x10-65 
TAS2R46 taste 2 receptor member 46 12:11140444 (T/C) rs6488334 cis ncRNA_intronic 5.15x10-22 
TAS2R50 taste 2 receptor member 50 12:11138683 (C/T) rs10772397 cis exonic 2.98x10-28 
Graft-versus-host disease 
HLA-B major histocompatibility complex, class I, B 6:31322782 (C/G) rs2596496 cis intronic 6.12x10-23 
HLA-C major histocompatibility complex, class I, C 6:31239681 (A/T) rs9264669 cis intronic 4.11x10-39 
HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1 6:32610314 (T/C) rs9272779 cis intronic 2.64x10-19 
HLA-DRB5 major histocompatibility complex, class II, DR beta 5 6:32501347 (G/A) rs67851010 cis intergenic 4.55x10-42 
HLA-G major histocompatibility complex, class I, G 6:31242089 (A/T) rs2524080 trans intergenic 8.51x10-16 
HLA-G major histocompatibility complex, class I, G 6:29936065 (C/T) rs17180100 cis intergenic 1.59x10-28 
KIR3DL1 killer cell immunoglobulin like receptor, three Ig domains and cytoplasmic tail 1 19:55338833 (G/A) rs3117640 cis intronic 4.03x10-22 
Autoimmune thyroid disease 
HLA-B major histocompatibility complex, class I, B 6:31322782 (C/G) rs2596496 cis intronic 6.12x10-23 
HLA-C major histocompatibility complex, class I, C 6:31239681 (A/T) rs9264669 cis intronic 4.11x10-39 
HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1 6:32610314 (T/C) rs9272779 cis intronic 2.64x10-19 
HLA-DRB5 major histocompatibility complex, class II, DR beta 5 6:32501347 (G/A) rs67851010 cis intergenic 4.55x10-42 
HLA-G major histocompatibility complex, class I, G 6:31242089 (A/T) rs2524080 trans intergenic 8.51x10-16 
HLA-G major histocompatibility complex, class I, G 6:29936065 (C/T) rs17180100 cis intergenic 1.59x10-28 
TG thyroglobulin 8:133791175 (C/G) rs988067 cis intronic 5.79x10-25 
Allograft rejection 
HLA-B major histocompatibility complex, class I, B 6:31322782 (C/G) rs2596496 cis intronic 6.12x10-23 
HLA-C major histocompatibility complex, class I, C 6:31239681 (A/T) rs9264669 cis intronic 4.11x10-39 
HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1 6:32610314 (T/C) rs9272779 cis intronic 2.64x10-19 
HLA-DRB5 major histocompatibility complex, class II, DR beta 5 6:32501347 (G/A) rs67851010 cis intergenic 4.55x10-42 
HLA-G major histocompatibility complex, class I, G 6:31242089 (A/T) rs2524080 trans intergenic 8.51x10-16 
HLA-G major histocompatibility complex, class I, G 6:29936065 (C/T) rs17180100 cis intergenic 1.59x10-28 
Type I diabetes 
HLA-B major histocompatibility complex, class I, B 6:31322782 (C/G) rs2596496 cis intronic 6.12x10-23 
HLA-C major histocompatibility complex, class I, C 6:31239681 (A/T) rs9264669 cis intronic 4.11x10-39 
HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1 6:32610314 (T/C) rs9272779 cis intronic 2.64x10-19 
HLA-DRB5 major histocompatibility complex, class II, DR beta 5 6:32501347 (G/A) rs67851010 cis intergenic 4.55x10-42 
HLA-G major histocompatibility complex, class I, G 6:31242089 (A/T) rs2524080 trans intergenic 8.51x10-16 
HLA-G major histocompatibility complex, class I, G 6:29936065 (C/T) rs17180100 cis intergenic 1.59x10-28 
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