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Abstract 
 

The use of computed tomography (CT) and magnetic resonance imaging (MRI) in pulmonary 

hypertension (PH) is expanding and already plays an important role in its diagnosis, 

classification, and prognostication. With recent advances in CT and MRI, there is growing 

interest in quantitative, imaging-based biomarkers that can be used in the evaluation of 

pulmonary hypertension (PH).  

This thesis seeks to examine the role of existing and novel CT and MRI derived imaging 

biomarkers in the assessment of disease severity, treatment response and prognosis in 

patients with PH.     

CT is readily available in clinical practice and allows assessment of the pulmonary 

vasculature alongside the parenchyma, cardiac and mediastinal structures. The role of CT in 

two groups of PH patients was retrospectively analysed. In Chapter 3, CT derived 

measurements in a cohort of patients with severe group 3 PH (due to lung diseases and/or 

hypoxia) treated with sildenafil did not relate to disease severity or treatment response. In 

Chapter 4, CT based measurements of pulmonary artery morphology and calcification in a 

cohort of patients with Eisenmenger Syndrome appeared to reflect the chronicity of PH in 

these patients as opposed to its severity. 

The pathophysiology of PH primarily involves vascular remodelling of the smaller pulmonary 

arterioles with progressive resistance to blood flow and subsequent increase in pulmonary 

vascular resistance, mean pulmonary arterial pressure and right ventricular afterload(1). 

Imaging of these more distal pulmonary arterioles may therefore provide a more sensitive 

measure of PH severity and treatment response as they are also the site of action of available 

treatment options.      

In Chapter 5, a pilot study of a novel MRI technique (Oxygen-Enhanced MRI) in a cohort of 

patients with pulmonary arterial hypertension and chronic thromboembolic pulmonary 

hypertension showed it is feasible, can demonstrate abnormalities related to gas exchange in 

PH and detect changes following treatment.  
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Chapter 1: Introduction 
 

1.1 Pulmonary Circulation and Gas Exchange  

1.1.1 Normal Pulmonary Circulation 

The primary role of the pulmonary circulation is gas exchange. It achieves this through 

delivery of deoxygenated blood from the right ventricle to the alveolar gas exchange surfaces. 

The structure of the normal pulmonary vasculature is designed to ensure a high compliance, 

low resistance network that provides a large surface area for gas exchange (2). The pulmonary 

circulation can accommodate the entire cardiac output (CO) of 4-6L per minute, maintaining 

high blood flow at low intravascular arterial pressure to prevent alveolar damage and 

pulmonary oedema (1,3–6).  

Pulmonary vascular resistance (PVR) is approximately one tenth that of the systemic 

circulation (≤3 wood units in healthy subjects) and the pulmonary arteries are the site of the 

greatest contribution to resistance despite having thinner walls with less vascular smooth 

muscle and reduced basal tone (secondary to a high level of endogenous vasodilators and low 

production of vasoconstrictors) compared to systemic arteries (4,6).   

Intravascular pressure in the pulmonary circulation is also much lower with a mean 

pulmonary arterial pressure (mPAP) of approximately 15-20mmHg (6,7).  

The relationship between these haemodynamic parameters is expressed by the following 

equation (where PAWP [pulmonary arterial wedge pressure] is an indirect measure of left 

atrial pressure at right heart catheterisation): 

PVR = (mPAP-PAWP)/CO 
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Figure 1.1: A schematic of the pulmonary circulation and systolic pressures within it. [RA: right atrium, 

LA: left atrium, RV: right ventricle, LV: left ventricle].  

 

1.1.2 Gas Exchange 

The main processes involved in gas exchange are:  

1. Ventilation 

2. Diffusion 

3. Perfusion 

Gas exchange was conventionally thought to occur in the pulmonary capillaries. However, 

pre-capillary gas exchange has been  clearly documented (8–10) with studies showing that 

oxygenation begins in pre-capillary arterioles with oxygen saturation levels increasing 

exponentially with decreasing vessel diameter and up to 50% of total oxygen uptake occurring 

before red cells enter the alveolar capillaries (11).  

Gas transfer across the alveolar capillary membrane is determined according to (Fick’s) laws 

of diffusion: 

Rate of diffusion ∝ [surface area x concentration difference]/ thickness of membrane. 
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In pulmonary diseases, alterations in the ventilation and perfusion ratio and impaired oxygen 

diffusion from the alveoli can occur secondary to a range of pathophysiology.  

 

1.1.3 The Pulmonary Arteries 

The main pulmonary artery divides into the right and left main branches which further divide 

to supply each lobe before entering the lung. Within the lung, each lobar artery subdivides 

into branches corresponding to the bronchial tree and culminates in arterioles and capillaries 

that cover 85-90% of the alveolar surface (12). At this level, an extremely thin membrane of 

1 μm separates the alveolar gas and blood compartments allowing gases to diffuse efficiently 

between them (13,14). The close proximity of the pulmonary arteries and airways under-

scores the relationship between ventilation and perfusion that defines the normal function 

of the lung (4).  

The large pulmonary arteries are classified as elastic, with the media comprised mainly of 

elastic fibres and some smooth muscle. As vascular diameter decreases, these elastic arteries 

give rise to vessels with increased smooth muscle content. However, the walls are still thinner 

than their systemic counterparts. The pulmonary arterial wall also comprises collagen and 

advential fibroblasts, a longitudinal elastic lamina (which allows for expansion during 

inspiration) and an intima composed of endothelial cells (4).  

Whereas systemic arteries dilate in response to hypoxia, the pulmonary vessels demonstrate 

vasoconstriction. This acute response is the lung’s intrinsic mechanism for matching perfusion 

to ventilation and optimising systemic oxygen delivery (15). To an extent, even sustained 

hypoxic pulmonary vasoconstriction is reversible on returning to normal oxygen 

concentrations (4). However, if hypoxia is maintained over a prolonged period as occurs in 

chronic lung disease, the vasoconstriction can be followed by remodelling of the vasculature 

and leads to an increase in PVR and mPAP (15).  
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1.2 Pulmonary Hypertension 

1.2.1 Definition and Classification 

Pulmonary hypertension (PH) was initially defined following the first World Symposium on 

Pulmonary Hypertension (WSPH) in 1973 as a mean pulmonary arterial pressure (mPAP) ≥ 

25mmHg at rest, measured on right heart catheterisation (RHC) (16). PH is further defined as 

pre or post capillary depending on the pulmonary arterial wedge pressure (PAWP) measured 

at RHC. Table 1.1 summarises the different haemodynamic definitions of PH and the clinical 

groups which fall within them. 

 

Table 1.1: Haemodynamic definitions of PH (17). [mPAP: mean pulmonary arterial pressure, PAWP: 

pulmonary arterial wedge pressure, DPG: diastolic pressure gradient, PVR: pulmonary vascular 

resistance, WU: wood units]. 

Analysis of RHC studies in healthy individuals has shown a normal mPAP at rest of 

14.0±3.3mmHg; two standard deviations above this would suggest mPAP > 20mmHg as above 

the upper limit of normal (7). The clinical significance of a mPAP between 20 and 25mmHg 

remains unclear.    

Following the 6th WSPH in 2018, recommendations have been made that the definition of PH 

should expand to include pulmonary vascular resistance (PVR) of ≥ 3 wood units (WU) in the 

presence of a mPAP > 20mmHg (18). It was felt that this definition used a more evidence-

based cut-off for mPAP and the inclusion of the PVR criteria would help select pulmonary 

vascular disease (secondary to intrinsic structural changes of the pulmonary arteries) as 
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opposed to raised mPAP secondary to increased cardiac output (CO) or raised PAWP and left 

heart disease (post capillary PH).  

The new proposed definition of pre-capillary PH would therefore be “concomitant presence 

of mPAP >20 mmHg, PAWP ≤ 15 mmHg and PVR ≥3 WU” (18). The European Society of 

Cardiology/European Respiratory Society guidelines used in clinical practice have not yet 

changed to encompass the new definition and prospective trials are required to evaluate 

treatment options in this group.  

PH is clinically classified into five groups encompassing conditions with similar clinical, 

pathological, haemodynamic characteristics and treatment strategies (Table 1.2) (19). The 

research studies within this thesis relate to patients within Group 1, 3 and 4 PH which are 

discussed in more detail below. 
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Table 1.2: Clinical classification of Pulmonary Hypertension from the 6th World Symposium on 

Pulmonary Hypertension 2018 (18). [PAH: pulmonary arterial hypertension, PH: pulmonary 

hypertension, LVEF: left ventricular ejection fraction].    

 

1.2.2 Group 1 – Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH), Group 1, describes a group of PH patients 

characterised haemodynamically at RHC by the presence of pre-capillary PH [mPAP ≥ 

25mmHg, PAWP ≤ 15mmHg and a PVR > 3 WU] in the absence of other causes of pre-capillary 

PH such as lung disease and chronic thromboembolic pulmonary hypertension (CTEPH) (17).  
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Within this group lie the idiopathic form of PAH, PAH associated with connective tissue 

disease and congenital heart disease. These are the patient groups that have been studied in 

Chapters 4 and 5 of this thesis.  

 

1.2.2.1 Idiopathic pulmonary arterial hypertension (IPAH) 

IPAH is a disease in which there is no family history or identified risk factor for PAH. Data from 

the National Audit of Pulmonary Hypertension (20,21) show the median age at diagnosis for 

IPAH is 60 years old with a female preponderance (65% females).  

 

1.2.2.2 Pulmonary arterial hypertension associated with connective tissue disease (CTD-PAH) 

PAH is a well-known complication of connective tissue disease (CTD), with the limited variant 

of systemic sclerosis(SSc) being the most commonly associated with PAH in Europe and the 

USA(17). The prevalence of haemodynamically proven pre-capillary PH in large cohorts of SSc 

patients ranges from 5 to 12% (17). PAH is also reported in mixed CTD, systemic lupus 

erythematosus and more rarely in Sjogren syndrome, inflammatory idiopathic myopathies 

and rheumatoid arthritis (22).  

CTD-PAH has a similar pathogenesis to IPAH. However, group 2-5 PH can also occur in CTD. 

For example, secondary to left heart involvement, interstitial lung disease, chronic 

thromboembolic disease and pulmonary vascular disease affecting the post capillary venules 

(pulmonary veno-occlusive disease) (23). Careful determination of the predominant 

mechanism is required to ensure appropriate treatment is given.  

PAH is a leading cause of death in SSc and is associated with a worse prognosis than IPAH(24).  

 

1.2.2.3 Pulmonary arterial hypertension associated with adult congenital heart disease 

PAH associated with adult congenital heart disease (ACHD) represents a heterogenous group 

of patients and includes the following (17 25): 

1. Eisenmenger’s Syndrome (discussed further in Chapter 4) 
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2. PAH associated with prevalent systemic to pulmonary shunts (left to right shunt 

through a moderate defect) 

3. PAH with small/coincidental defects (atrial septal defects < 2cm and ventricular septal 

defects <1cm) 

4. PAH after defect correction  

Congenital heart defects with a large intra or extra cardiac communication allow unrestricted 

pressure and volume overload of the pulmonary circulation which may result in a typical 

pulmonary obstructive arteriopathy identical to other forms of PAH (26)(27). The rate of 

progression of pulmonary arterial disease depends on the size and type of the defect.  

 

1.2.2.4 Pathophysiology of PAH and Right Heart Failure 

Whilst the subcategories of PAH differ in their underlying causes, they are all characterised 

by a combination of: 

1. Endothelial dysfunction 

2. Excessive pulmonary vasoconstriction 

3. Abnormal vascular proliferation 

4. Remodelling of endothelial and smooth muscle cells 

5. In situ thrombosis (1,28).  

These changes primarily affect the small pulmonary arterioles and lead to a loss of cross-

sectional area, progressive resistance to blood flow with increased PVR, mPAP and right 

ventricular (RV) afterload(1). 

The pulmonary endothelium is a source of both vasodilators and vasoconstrictors, the balance 

of which in normal conditions favours a low PVR. With endothelial dysfunction, release of 

nitric oxide and prostacyclin (vasodilators) is reduced whilst release of endothelin-1 and 

thromboxane (vasoconstrictors) is augmented causing a shift favouring vasoconstriction that 

leads to increased PVR(4).  These vasoactive mediators are the targets of advanced PH drug 

therapy.  
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Endothelial dysfunction and injury can be triggered by a variety of environmental stimuli that 

arise in the setting of pulmonary hypertension, including: hypoxia, acidosis, oxygen centred 

free radicals, inflammatory mediators and increased shear forces associated with increased 

pulmonary blood flow(29).  

Vascular remodelling involves endothelial cell proliferation, invasion of the intima by 

myofibroblast-like cells, enhanced matrix deposition with intimal fibrosis and obstruction of 

the vascular lumen by plexiform lesions (30). Vascular smooth muscle cell proliferation is also 

a prominent feature of PAH(31). 

Some vasoconstrictors can exert a pro-proliferative action. For example, endothelin-1 

stimulates smooth muscle cell proliferation via downstream signalling cascades involving 

endothelin type A and B receptors(32).  

Several growth factors have been implicated in vascular remodelling and PAH. By binding to 

and activating cell surface tyrosine kinase receptors, growth factors are potent mitogens and 

chemo-attractants for smooth muscle cells, fibroblasts and endothelial cells, triggering 

intracellular signalling cascades that result in cellular proliferation, migration and resistance 

to apoptosis(31). The following growth factors are those most evidenced in PAH: 

1. Vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR-2) - expressed 

in the plexiform lesions of patients with PAH(33). 

2. Basic fibroblast growth factor (bFGF) – alterations in plasma and urine levels of bFGF 

have been observed in patients with PAH(34). 

3. Transforming growth factor alpha (TGFα) – pulmonary expression results in the 

development of pulmonary hypertension and vascular remodelling in mice(35). 

4. TGF-β – this family of cytokine growth factors control many cellular functions; 

including proliferation, migration, differentiation, and extracellular matrix secretion 

and deposition (36).  

5. Platelet-derived growth factor (PDGF) -  acts as a potent mitogen and chemoattractant 

for smooth muscle cells(37) and pulmonary expression of the PDGF ligand and 

receptor is increased in patients with severe PAH and PDGF signalling is upregulated 

in the pulmonary arteries of patients with IPAH(38).  
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Inflammation plays an important role in PAH (39) and contributes to the formation of 

plexiform lesions (40). Monocytes, macrophages, T lymphocytes, and dendritic cells are found 

in plexiform and other vascular lesions of PAH-affected human lungs(41). Increased 

circulating levels of monocyte chemoattractant protein 1, tumour necrosis factor, IL-1β, and 

IL-6  have also been found in patients with IPAH(31,42). 

Thrombosis is a common feature of PAH and research using calibrated automated 

thrombography has demonstrated a hypercoagulable phenotype in patients with IPAH (43). 

Increased levels of fibrinopeptide A (a marker of fibrin generation) and impaired fibrinolysis 

with increased levels of plasminogen activator inhibitor 1 are seen in IPAH (44), as well as 

increased activity of von Willebrand factor, which is essential for the interaction between 

platelets and endothelial cells(44).  There may be an increase in platelet aggregation as a 

result of the imbalance in vasoactive mediators; with higher thromboxane A2 (pro-

aggregatory) levels in PAH and reduced nitric oxide and prostacyclin (which inhibit 

aggregation)(45). 

 

1.2.2.5 The Right Ventricle (RV) 

The RV is a thin-walled structure designed to pump blood through a low pressure and 

compliant pulmonary vascular system to allow efficient gas exchange to occur. Therefore, the 

RV is able to accept a large blood volume (pre-load) and pump blood against a low resistance 

(low afterload)(1).  

The RV initially compensates for increased afterload (secondary to raised PVR) with an 

increase in hypertrophy and contractibility to increase cardiac output (CO) (46,47). With 

persistently raised PVR, progressive contractile dysfunction occurs, leading to 

decompensation, dilatation and right heart failure (48).  
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Figure 1.2: Pathophysiology and progression of pulmonary arterial hypertension – Pulmonary arteries 

undergo vasoconstriction, medial hypertrophy, intimal fibrosis, and inflammation in the adventitia 

leading to luminal obstruction and increased pulmonary vascular resistance and pulmonary artery 

pressure. Compensation by the right ventricle results in right ventricular hypertrophy, fibrosis, and 

remodelling. With decompensation there is reduced cardiac output and right heart failure. (Images 

reprinted from: Canadian Journal of Cardiology, volume 31, issue 4, Ryan et al, Right Ventricular 

Adaptation and Failure in Pulmonary Arterial Hypertension, pages 391-406, copyright year 2015, with 

permission from Elsevier (49)). [NO: nitric oxide, PAH: pulmonary arterial hypertension, RV: right 

ventricle, LV: left ventricle].     

 

The response of the RV in PAH associated with ACHD (in particular, Eisenmenger syndrome) 

differs and the RV is better adapted to the high pressure through hypertrophy. So, where RV 

dysfunction is a major contributor to mortality in other patients with PAH, in PAH-ACHD the 

RV is able to sustain an elevated afterload over a much longer period of time(50).     
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1.2.2.6 Genetics 

It is recognised that there is a genetic predisposition which in combination with other insults, 

such as oxidative and sheer stresses and inflammation, leads to the primary event of PA 

endothelial cell dysfunction(46).  A mutation in the gene encoding bone morphogenetic 

protein receptor type 2 (BMPR2) has been identified as the most common predisposing 

genetic factor and is present in about 75% of familial PAH(51). It is also found in 25% of 

patients with IPAH(17). However penetrance is low with carriers having a 20% lifetime risk of 

developing PAH(47). Hereditary PAH may show genetic anticipation, with younger age of 

onset and death in subsequent generations(52).  

144 BMPR2 mutations affecting multiple loci in the gene have been found in patients with 

PAH(53). BMPs are multifunctional regulators that modulate cell proliferation, differentiation, 

and apoptosis in different tissues(1). Loss of BMPR2 in pulmonary artery endothelial cells 

increases susceptibility of the endothelial cells to apoptosis, leading to endothelial 

dysfunction and the subsequent development of PAH(54). 

Table 1.3 summarises the genes implicated in heritable PAH. 

 

Table 1.3: Classification of genes linked to pulmonary arterial hypertension by level of evidence that 

they play a causal role in the development of the disease(55).  

    

1.2.3 Group 3 – PH due to lung diseases and/or hypoxia 

PH secondary to lung disease and chronic hypoxia is classified into Group 3 of the clinical 

classification. It is a frequent complication of chronic lung disease and is associated with 

reduced functional status, increased oxygen requirements, impaired quality of life and 

increased risk of mortality(56).  
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The most common lung diseases associated with PH are chronic obstructive pulmonary 

disease (COPD), interstitial lung disease (ILD) and combined pulmonary fibrosis and 

emphysema (CPFE)(17). 

Group 3 PH is discussed in more detail in Chapter 3. 

 

1.2.4 Group 4 – Chronic Thromboembolic Pulmonary Hypertension  

Chronic thromboembolic pulmonary hypertension (CTEPH) occurs as a result of pulmonary 

artery (PA) remodelling following thromboembolism and has been reported with a cumulative 

incidence of 0.1–9.1% within the first 2 years after a symptomatic pulmonary embolus (PE) 

event(17). Studies suggest that most cases are identified within 2 years of the index event(57). 

However, in some cases, patients will not have been aware of previous PEs. Characteristic 

pathoanatomical findings are intimal irregularity, stenoses with ring, slit or web like forms 

and pouch defects, tapered vascular stenosis or complete occlusion caused by fibrotic intra-

luminal material, occasionally with an overlying thrombus(58). These changes lead to vascular 

remodelling like that seen in PAH. Diagnosis is based on the following criteria(17), which 

should be obtained after at least 3 months of effective anticoagulation: 

1. PH confirmed by RHC with mPAP ≥ 25mmHg and PAWP ≤ 15mmHg at rest.  

2. Mismatch on ventilation/perfusion scintigraphy with at least one large perfusion 

defect in one segment or 2 sub-segments, or evidence of pulmonary vascular lesions 

on computed tomography, magnetic resonance imaging or pulmonary angiography.   

Risk factors for the development of CTEPH include: signs of right heart strain at the time of 

initial PE, certain inherited hypercoagulable states (elevated factor VIII levels, factor V leiden 

mutation, lupus anticoagulant/antiphospholipid antibodies), prior splenectomy, 

hypothyroidism, inflammatory medical conditions, ventricular-atrial shunts and 

pacemakers(57). 
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1.2.5 Epidemiology 

The prevalence of PH in the UK is estimated at 97 cases per million(17) with Group 2 and 3 

being the most common causes. PH is found in 18-50% of patients assessed for 

transplantation or lung volume reduction surgery and in up to 83% of those with diastolic 

heart failure(47).  

The prevalence and incidence of PAH in Europe are estimated to be 15-60 cases per million 

and 5-10 cases per million respectively(59). The prevalence is higher within certain patient 

groups such as those with systemic sclerosis (9%) and congenital heart disease (5-10%)(47). 

The incidence of CTEPH is estimated as 4 per 1 million adults(60). 

 

1.2.6 Clinical Presentation of PH 

There is often a delay in the diagnosis of PH as symptoms are non-specific. Symptoms are 

related to progressive RV dysfunction and are initially precipitated by exertion and include 

shortness of breath, fatigue, angina and syncope. These symptoms predominantly occur due 

to a failure to increase CO appropriately. Dry cough and exercise induced nausea and vomiting 

have also been described. Symptoms at rest suggest advanced disease and RV failure(17).  

On examination, a left parasternal lift may be felt, and auscultation may reveal a loud 

pulmonary component of the second heart sound, a third heart sound, pan-systolic murmur 

of tricuspid regurgitation and diastolic murmur of pulmonary regurgitation. Elevation of the 

jugular venous pressure, hepatomegaly, ascites, peripheral oedema, and cool peripheries are 

late signs of PH. 

Clinical examination may also suggest the underlying cause such as telangiectasia, digital 

ulceration and sclerodactyly in scleroderma.  

Because dyspnoea is primarily caused by an inability to increase CO as opposed to impaired 

alveolar gas exchange, oxygen desaturation is often not seen till PAH is very advanced(1).  

However, in PAH associated with ACHD, cyanosis is often seen secondary to right-left 

shunting.  
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1.2.7 Diagnosis 

The diagnosis and classification of PH involves a raft of investigations including biochemical 

markers, echocardiography, pulmonary functions tests, computed tomography (CT), 

ventilation/perfusion lung scans, cardiac magnetic resonance imaging (CMRI), 

cardiopulmonary exercise testing (CPET) and RHC. Invasive RHC remains the gold standard for 

diagnosis. The role of CT and MRI are discussed in more detail in Section 1.3 of this chapter.    

 

1.2.7.1 Blood Tests 

Blood tests are helpful in identification of the cause of PH, end organ damage associated with 

PH and in optimising and monitoring patient management. Biochemistry, haematology, and 

thyroid function tests are required in all patients. Iron studies, HIV and autoimmune screens 

are also carried out at diagnosis.  Abnormal liver function tests may be a result of high hepatic 

venous pressure, liver disease and/or a side effect of therapy.   

Up to 40% of patients with IPAH have elevated anti-nuclear antibodies in a low titre (1:80)(17). 

The patten and presence of certain anti-nuclear antibodies will help define connective tissue 

disease associated with PAH.  

Patients with CTEPH should undergo thrombophilia screening, including antiphospholipid 

antibodies, anticardiolipin antibodies and lupus anticoagulant.  

N-terminal pro-brain natriuretic peptide (NT-proBNP) may be elevated in patients with PH 

and is an independent risk predictor in these patients(17).  

 

1.2.7.2 ECG 

An abnormal ECG is more common in severe disease and ECG abnormalities include p 

pulmonale, right axis deviation, RV hypertrophy and right bundle branch block (17).  
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1.2.7.3 CXR 

CXR may show pulmonary artery dilatation with ‘pruning’ of the peripheral blood vessels, 

right atrial (RA) and RV enlargement. Signs suggestive of the cause of PH may be evident such 

as lung disease or pulmonary venous congestion secondary to left heart disease.   

 

1.2.7.4 Pulmonary function Tests (PFTs) 

PFTs help to distinguish the underlying cause of PH. In PAH, there is generally preservation of 

spirometry, mild to moderate reduction of lung volumes related to disease severity, and a 

decreased diffusion capacity for carbon monoxide (DLCO). A DLCO of less than 45% is 

associated with a poor outcome(17).  

In clinical practice, DLCO is used as a measure of the efficiency of gas transfer in the lung and 

measures the ability of the lungs to transfer gas from the alveolar space to the red blood cells 

in the pulmonary vessels(61). DLCO is described as a series of resistances: the diffusion of the 

gas across the alveolar-capillary membrane, the transfer into the plasma and across the red 

cell membrane, and the chemical reaction of the gas with haemoglobin(as summarised by the 

below equation)(62):     

1/DL = 1/Dm + 1/θVc 

[DL = total lung diffusing capacity, Dm = alveolar-capillary membrane diffusing capacity, Vc = pulmonary alveolar 

capillary bed volume available for gas transfer, θ = rate of reaction of the gas with the red cell].  

In PAH, both Dm and Vc have been shown to be reduced(63,64). The reduction in Vc is likely 

related to increased PVR, decreased CO and local thrombosis of the vascular bed and the 

reduced Dm secondary to an increase in alveolar capillary membrane thickness caused by the 

remodelling, fibrotic and proliferative changes seen in PAH(65).  The relative contribution of 

reduced Dm and Vc to the lower DL seen in PAH is unclear with some studies attributing the 

impaired DL to a loss of Dm rather than Vc(65–67) and others showing a proportional reduction 

in both and an interdependence between Dm and Vc in PAH as any change in the vascular bed 

that reduces Vc would lead to a reduction in Dm through a loss of surface area available to gas 

exchange(65).  
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1.2.7.5 Echocardiography 

Echocardiography is used as a screening tool for PH and to estimate the systolic PA pressure 

and effects of PH on the heart. However, when treatment of PH is considered, it alone is not 

sufficient to support a treatment decision.  

The estimation of systolic PA pressure is based on the peak tricuspid regurgitation velocity 

(TRV) taking into account right atrial pressure (RAP) as described by the simplified Bernoulli 

equation(17).  

The echocardiographic probability of PH was derived from data in normal adults and 

consolidated using the combination of TRV with other echocardiographic findings associated 

with PH (Tables 1.4 and 1.5)(17,68). A peak TRV of ≤2.8m/s with absence of any additional 

echocardiographic features suggests a low echocardiographic probability of PH and TRV > 

3.4m/s suggests high probability regardless of other echocardiographic features.  

 

Table 1.4: Echocardiographic probability of pulmonary hypertension based on tricuspid regurgitation 

velocity [from the ESC/ERS guidelines(17) and recommendations of the 6th world symposium on 

pulmonary hypertension(68)]. (TRV: tricuspid regurgitation velocity, PH: pulmonary hypertension).      
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Table 1.5: Echocardiographic signs suggestive of pulmonary hypertension used in addition to tricuspid 

regurgitation velocity measurement to assess probability of pulmonary hypertension [from the 

ESC/ERS guidelines(17) and recommendations of the 6th world symposium on pulmonary 

hypertension(68)].  

 

1.2.7.6 Ventilation/Perfusion Single Photon Emission Tomography (V/Q SPECT)  

A V/Q SPECT scan is predominantly used to look for CTEPH as it is more sensitive when 

compared with CT pulmonary angiogram (CTPA). A normal or low probability V/Q scan 

effectively excludes CTEPH with a sensitivity of 90-100% and specificity of 94-100%(17). In 

PAH, the scan may be normal or show small, peripheral unmatched and non-segmental 

perfusion defects(69).  

 

1.2.7.7 Abdominal Ultrasound scan 

Abdominal ultrasound scan may confirm portal hypertension but not formally exclude it. The 

use of contrast agents and addition of a colour doppler examination may improve diagnostic 

accuracy(17).   
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1.2.7.8 Cardiopulmonary Exercise Testing (CPET) 

CPET can be useful in assessing patients with unexplained dyspnoea and evaluating the 

cardiopulmonary limitations and pulmonary vascular involvement in these patients. Hence 

aiding diagnosis of PH. Lower peak oxygen uptake, higher ratio of minute ventilation to carbon 

dioxide production and reduced end-tidal carbon dioxide tension obtained during CPET 

indicate an increasing likelihood of pulmonary vascular disease(70). CPET may also be 

considered to quantify the degree of exercise limitation and to estimate prognosis after 

diagnosis of PH(68). Measures of exercise capacity have been shown to predict survival and 

clinical outcome in patients with moderate to severe PAH(71).     

 

1.2.7.9 Right Heart Catheterisation (RHC) 

RHC is the gold-standard for diagnosis and classification of PH. It is required to confirm PAH 

and CTEPH prior to treatment, assess the haemodynamic severity and monitor treatment 

response/disease progression.   

A balloon tipped PA catheter is passed from a peripheral vein through the RA and RV into the 

PA. Measurements are taken in the RA, RV and PA. The catheter is advanced until the balloon 

tip occludes or wedges into a small PA. In this position, the catheter can measure the reflected 

pressure coming backward from the end-diastolic left ventricular pressure, the left atrium, 

through the pulmonary veins and capillaries to the PA. This is termed the PAWP(1).  

CO is measured using thermodilution or the direct Fick method. Thermodilution is the 

preferred method as it can provide reliable measurements even in patients with low CO 

and/or severe tricuspid regurgitation. However, it may be inaccurate in patients with intra-

cardiac shunts. The direct Fick method requires direct measurement of oxygen uptake, a 

technique that is not widely available. The indirect Fick method uses estimated values of 

oxygen uptake and is acceptable but less reliable(17).    

PVR and transpulmonary pressure gradient are derived variables calculated from RHC 

measurements.  
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Patients with suspected IPAH, hereditary PAH or drug-induced PAH undergo vasoreactivity 

testing with administration of inhaled nitric oxide or intravenous epoprostenol during RHC. A 

positive response is defined as a reduction of the mPAP by ≥ 10 mmHg to an absolute value 

of ≤ 40 mmHg (without a fall in CO) (17) and is seen in up to 10% of patients (72). These 

patients often respond well to treatment with high dose calcium channel blockers. 

 

1.2.8 Treatment 

Treatment of PH can be divided into general, supportive measures that are common to all 

groups and specific vasodilator therapy which is only recommended in groups 1, 4 and 5.  

 

1.2.8.1 General Measures 

• Physical activity and supervised rehabilitation 

• Infection prevention – influenza and pneumococcal vaccination 

• Psychosocial support 

• Consideration of oral anticoagulants (lifelong for CTEPH), diuretics, and digoxin 

• Oxygen therapy if PaO2 <8kPa 

• Treatment of anaemia and iron deficiency(17). 

 

1.2.8.2 Vasodilator Therapy 

At the time of the last National Audit of Pulmonary Hypertension(21), there were 4871 

patients on active therapy in Great Britain. Patients initiated on these therapies should be 

closely monitored with re-assessment (including RHC) at 3-4 months to assess response to 

therapy. 
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1.2.8.2.1 Calcium channel blockers 

Patients with PAH and a positive vasoreactivity test at RHC are treated with high dose calcium 

channel blockers such as nifedipine, diltiazem and amlodipine. If at 3-4 months, patients show 

an inadequate response, additional PAH therapy should be initiated.  

 

1.2.8.2.2 Endothelin receptor antagonists (ERA) 

Endothelin-1 is a potent vasoconstrictor with a proliferative effect on vascular, smooth 

muscle cells(73). There are 2 receptor isoforms, endothelin receptor A (ETA) and B (ETB). ETA 

is found mainly on pulmonary artery smooth muscle cells and ETB on vascular endothelium. 

Activation of ETA  causes vasoconstriction and proliferation of vascular smooth muscle cells 

whilst the ETB receptors are involved in the clearance of endothelin-1, particularly in the 

vascular beds of the lungs and kidney, and may induce vasodilation via release of nitric oxide 

and prostacyclin from the endothelial cells(73).  

Ambrisentan is a selective ETA receptor antagonist which in two large, multicentre, clinical 

trials, ARIES-1 and -2(74), showed improved six minute walk distance (6MWD), longer time to 

clinical worsening and improved NYHA functional class.  

Bosentan and macitentan are non-selective ERAs. Bosentan has shown clinical efficacy in 

multiple randomised controlled trials (RCTs). The first, BREATHE-1(75), showed an 

improvement in 6MWD and NYHA functional class and a later study showed improved PVR 

and significantly delayed time to clinical worsening (76). The liver hepatotoxicity profile has 

been shown to be more favourable with ambrisentan than bosentan(77) 

Macitentan was the latest approved ERA with increased in vivo preclinical efficacy versus 

existing ERAs resulting from sustained receptor binding and tissue penetration properties(73). 

The SERAPHIN (78) trial enrolled a total of 742 patients and indicated that treatment with 

macitentan decreased the risk of a morbidity/mortality event versus placebo. Secondary 

endpoints (including change from baseline in 6MWD, NYHA functional class and time to 

clinical worsening) also showed a dose-dependent effect and only 3.5% of patients 

experienced elevations of liver transaminases > 3 times the upper limit.    
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1.2.8.2.3 Phosphodiesterase type 5 (PDE5) inhibitors and guanylate cyclase stimulators 

Nitric oxide synthase is responsible for the production of nitric oxide at the endothelial level. 

Nitric oxide binds to the soluble guanylate cyclase (sGC) and via production of cyclic guanosine 

monophosphate (cGMP) acts as a vasodilator and inhibitor of cell proliferation. PDE5 

degrades cGMP and inhibition of this process with PDE5 inhibitors (sildenafil and tadalafil) 

has shown both acute and long term beneficial effects in patients with PAH(73).    

Sildenafil showed improvements in 6MWD, NYHA functional class and pulmonary 

haemodynamics (79) with sustained improvements in 6MWD and functional class at 3 years 

and a 3 year survival rate of 79%(80).  

Riociguat, an oral sGC stimulator, has a dual mode of action on the NO-sGC-cGMP pathyway: 

direct stimulation of sGC and indirect stimulation via sensitisation of sGC to endogenous 

NO(81). Riociguat significantly improved exercise capacity and secondary efficacy end points 

(PVR, WHO functional class, NT-proBNP, Borg dyspnoea score and time to clinical 

worsening)(82).   

Riociguat is the recommended therapy in symptomatic patients who have been classified as 

having persistent or recurrent CTEPH after surgical/ interventional treatment or inoperable 

CTEPH.  

 

1.2.8.2.4 Prostacyclin analogues and prostacyclin receptor agonists 

Prostacyclin signaling is a major pathway in the pathophysiology of PAH. Prostacyclin is mainly 

produced by endothelial cells and acts with a very short half-life as a potent pulmonary 

vasodilator as well as having antithrombotic, antiproliferative, antimitogenic and an 

immunomodulatory effect (73). Different stable prostacyclin analogues are available for the 

treatment of PAH including epoprostenol, treprostinil and iloprost. 

Selexipag is an orally available, selective prostacyclin (IP) receptor agonist. In a pilot RCT in 

PAH patients already receiving stable ERA and/or PDE5i therapy, selexipag reduced PVR after 

17 weeks(83). A further RCT (84) demonstrated that selexipag as monotherapy or in 
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combination with ERAs and/or PDE-5i was able to reduce by 40% a composite morbidity and 

mortality endpoint.  

 

1.2.8.2.5 Combination therapy 

The benefits of combination therapy, either sequentially or upfront, are increasingly 

recognised and there has been a move towards this approach. A multi-centre, placebo 

controlled trial comparing first line monotherapy with tadalafil or ambrisentan with upfront 

combination therapy with both in treatment naïve patients showed combination therapy 

resulted in a significantly lower risk of clinical failure events(85). The rationale is to induce 

additive or synergistic effects of therapies with different mechanisms of action and reduce 

toxicity(50).     

 

1.2.8.3 Pulmonary Endarterectomy and Balloon pulmonary angioplasty for CTEPH 

Pulmonary endarterectomy (PEA) is the treatment of choice for CTEPH and can offer 

substantial relief from symptoms and near normalisation of haemodynamics with low 

mortality (≤3.5%) in experienced centres(17). PEA is a substantial operation involving bilateral 

endarterectomy through the medial layer of the PAs and periods of circulatory arrest in deep 

hypothermia. General criteria for considering operability include pre-operative WHO 

functional class of 2-4, patient co-morbidities, pre-operative haemodynamics, surgical 

accessibility of thrombi in the main, lobar or segmental PAs and the risk benefit ratio of PEA 

(17)(58). This decision should be made by an experienced multi-disciplinary team.   

More recently, balloon pulmonary angioplasty (BPA) has become an option for patients with 

in-operable CTEPH. BPA is a percutaneous interventional procedure using semi-compliant 

balloons at low pressures over several sessions to treat vascular CTEPH lesions. The short and 

medium term clinical and haemodynamic results have been promising(58).    

Lifelong anticoagulation is recommended even after successful PEA or BPA. Riociguat is the 

recommended therapy for patients with persistent PH post intervention, however, off-label 

use of other drugs approved for PAH may be considered.  
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1.2.8.4 Lung Transplant 

Early referral for lung transplantation should be considered for patients meeting the following 

criteria (from “Lung Candidate Selection Criteria” compiled by the Cardiothoracic Advisory 

Group on behalf of NHS Blood and Transplant): 

• On maximal medical therapy (including 3 months of parenteral vasodilator therapy), 

and despite this: 

o WHO functional class 3 or 4 

o Declining 6MWD to < 350m 

o Worsening refractory right heart failure 

o Requirement for continuous intravenous inotropic support 

o Recent RHC showing RAP > 15mmHg and cardiac index <2.0L/min/m2 

• Have a potential survival benefit from transplantation or a potential significant 

improvement in their quality of life as a result of transplantation  

•  Have projected post-operative survival >5 years with a quality of life acceptable to 

the recipient  

 

1.2.9 Disease Monitoring and Risk Stratification 

Regular and comprehensive assessment of patients with PAH is strongly recommended to 

look for any signs of clinical deterioration, response to therapy and progression of PAH. The 

aim of treatment is to maintain patients in a low risk profile (defined as < 5% estimated 1 year 

mortality)(17).  Patient risk stratification is based upon a series of prognostic markers (Table 

1.6).  
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Table 1.6: Risk stratification in pulmonary arterial hypertension [From the ESC/ERS guidelines(17)]. 

(aOccasional syncope during brisk or heavy exercise or occasional orthostatic syncope in an otherwise 

stable patient, bRepeated episodes of syncope even with little or regular physical activity). [WHO: 

World Health Organisation, 6MWD: six-minute walk distance, CPET: cardiopulmonary exercise test, 

VO2: oxygen consumption, VE/VCO2: ventilatory equivalents for carbon dioxide, BNP: brain natriuretic 

peptide, CMRI: cardiac magnetic resonance imaging, RAA: right atrial area, RAP: right atrial pressure, 

CI: cardiac index, SVO2: mixed venous oxygen saturation).  

These variables are not always consistent and can fall into different risk categories so the 

overall clinical assessment should guide therapeutic decisions(17).  

 

1.2.10 Prognosis  

Data from the REVEAL registry (a 3000 plus cohort of PAH patients)(86) shows significant 

heterogeneity in both treatment response and prognosis. Whilst there has been significant 

improvement in the prognosis of PAH, 5-year survival remains guarded at 56% for IPAH 

(without any co-morbidities) and 39% for PAH associated with CTD (including scleroderma) 

[data from the National Pulmonary Hypertension Audit(21)].  IPAH patients with a positive 

vasoreactivity response at RHC (< 10% of patients (72)) have been shown to have less severe 

disease (72), respond well to treatment with calcium channel blockers and have a markedly 
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improved 5-year survival (94% in responders versus 55% in non-responders)(87). Patients 

with PAH secondary to congenital heart disease have the best prognosis with a 5-year survival 

of 73%(21).  

Early and accurate diagnosis of patients with PH and maintenance of a low risk profile is 

essential in improving outcomes for patients.   

 

1.3 The Role of Imaging in PH 

Imaging plays an important role in the diagnosis, classification and prognostication of PH. 

Imaging studies have also provided insights into the pathophysiological mechanisms of 

PH(88).  Recent advances in CT and MRI have extended their role and there is growing interest 

in their future utility.  

 

1.3.1 CT 

CT is a commonly used, non-invasive tool in the diagnosis of PH and has the advantages of 

being easily accessible in daily clinical practice. It can demonstrate lung parenchymal changes 

with good reproducibility and short acquisition times enabling patients to be scanned with 

short breath holds. As PH often presents with vague symptomatology, CT suggestion of PH 

can play an important role in the evaluation of a patient. Several characteristic CT findings 

have been described which help in screening for PH and some have been demonstrated as 

prognostic markers.  

In CT, a collimated beam is passed through a transverse section of the patient’s body and the 

emergent beam is measured by a semi-circular array of detectors. The X-ray tube and detector 

array rotate around the patient during data acquisition, so that the plane of interest is 

scanned from all directions. This gives a large number of attenuation values which are 

recorded and processed by a computer to produce a digital image of the relevant plane(89).    

Whilst CT is a useful tool, its radiation risk is not insignificant and is higher when CT is used to 

assess haemodynamic alterations related to PH as repetitive CT acquisitions are required in 

addition to iodine contrast injection which can cause adverse reactions. 
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1.3.1.1 CT Pulmonary Angiogram (CTPA) and High-Resolution CT (HRCT) 

In a CTPA, a bolus of iodinated contrast is administered intravenously (most commonly via 

the antecubital vein), and the scan is acquired ideally at the point of optimal opacification of 

the PAs. CTPA provides information on the pulmonary vasculature and the size of the cardiac 

chambers and can provide clues to the aetiology of PH.  

HRCT produces images of the lung parenchyma and identifies structural lung changes and 

bronchial disease as well as lung infarcts. It can be used to identify the underlying lung disease 

in group 3 PH and monitor changes in severity.  

CT evaluation of patients from the ASPIRE Registry(91) demonstrated that systematic 

assessment of vascular, cardiac , parenchymal and mediastinal features demonstrated 

characteristic features of various forms of PH and identified prognostic markers. 

 

1.3.1.1.1 Pulmonary Vasculature 

Increased main PA diameter is a well-established feature of PH. Tan et al, showed a transverse 

PA diameter of >29mm on CT to have a high positive predictive value (97%) for PH (92). 

Another study used a value of 33mm(93). The PA diameter has also been used to assess the 

severity of PH, however correlation coefficients between CT derived PA diameter and mPAP 

on RHC have varied from 0.43 to 0.83(94).   

A PA to ascending aorta ratio diameter (PA: Ao) of > 1 has become a widely accepted and 

reliable sign to identify PH. It has a reported specificity of 92% with a strong correlation seen 

with RHC derived mPAP (correlation coefficient = 0.74), the negative predictive value was 

however relatively low (52%)(95). Further multivariate analysis showed it was only 

confounded by age(95).   

Serpiginous vessels within the pulmonary parenchyma are seen in severe PH, particularly 

Eisenmenger’s syndrome and IPAH and are thought to represent neovascularity(96).  

In CTEPH, CTPA can demonstrate the distribution of vascular webs, stenosis and mural 

thrombus, aiding diagnosis, and treatment planning.   There are concerns regarding the 
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sensitivity of CTPA for the diagnosis of CTEPH (97) and therefore it cannot be used to 

definitively exclude it. Image reformations derived from multidetector row CT have improved 

detection of thrombo-emboli in distal PAs (down to the fifth order), however few studies have 

looked at chronic PE and V/Q remains more sensitive for detection of sub-segmental 

thrombo-emboli(94).  

Dilated bronchial artery collaterals or other systemic collateral vessels, demonstrating 

compensatory perfusion, may also be seen in CTEPH as well as IPAH and PAH associated with 

ACHD(94).   

Right PA distensibility (defined as the change in cross-sectional area of the right PA between 

diastolic and systolic phase) derived from ECG-gated multidetector CT has been 

demonstrated to identify PH reliably and correlate with mPAP(98).  

 

1.3.1.1.2 Cardiac evaluation 

Signs of right ventricular impairment can be seen on CTPA and include dilatation of the right 

heart chambers, right ventricular hypertrophy (defined as wall thickness of > 4mm) and 

displacement of the inter ventricular septum towards the left ventricle. Changes of right 

ventricular hypertrophy are often best appreciated in the right ventricular outflow tract, likely 

reflecting the reduced quantity of trabeculation(97). 

The ratio of the right ventricle to left ventricle (RV:LV) is used to evaluate the degree of RV 

dilatation. In acute PE, a ratio of > 1 suggests modest RV dilatation and >1.5, severe(99). An 

RV:LV ≥ 1 strongly predicted mortality or transplantation in patients with PH secondary to 

interstitial lung disease(99). 

Groves et al showed a moderately good agreement between CT and echocardiographic 

assessment of the severity of TR and CT grading of TR correlated well with RHC measurements 

of pulmonary artery pressure(100).  

CT can also identify structural abnormalities associated with congenital heart disease.  
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1.3.1.1.3 Parenchymal changes 

Centrilobular ground glass opacities can be seen in patients with IPAH, PAH with systemic 

sclerosis and PAH associated with ACHD(97). They are also seen in pulmonary veno-occlusive 

disease (PVOD) in combination with the additional characteristic features of interlobular 

septal thickening, mediastinal lymphadenopathy and pleural effusions(101). The presence of 

these findings in combination has been demonstrated to have sensitivity and specificity of 

66% and 100% respectively for diagnosing PVOD in patients with PAH(102). These findings 

can also have an important role in determining treatment of these patients as their presence 

shows correlation with risk of developing pulmonary oedema after treatment with 

epoprostenol(103).    

Perfusion abnormalities appear as a mosaic perfusion pattern with regions of differing 

pulmonary attenuation on CT. Low attenuation areas represent decreased perfusion and 

oligaemia. This can be seen in CTEPH (often limited to a few segmental or subsegmental 

vessels) and PAH (diffusely distributed) (58)(94).    

In PAH, CT features have been shown to predict outcome in treatment naïve patients. These 

features include RV: LV ratio, right atrial size, interventricular septal position, inferior vena 

caval (IVC) size, presence of pericardial/pleural effusions, mediastinal lymphadenopathy, and 

septal lines(91). IVC area and the presence of pleural effusions/septal lines were predictors 

of outcome independent of pulmonary haemodynamics and WHO functional class, 

highlighting the prognostic value of CT(91). 

 

1.3.1.2 Dual energy computed tomography (DECT) 

DECT scanners allow simultaneous imaging of the lungs and pulmonary vasculature at 

different kVp by using different X-ray tubes or oscillating kVp systems to produce images of 

low and high kV spectra(97). Scanning after IV administration of iodinated contrast medium 

provides iodine maps as a marker of pulmonary blood volume which can be used in the 

assessment of patients with CTEPH(104). Initial studies showed that lung perfusion studies on 

DECT were comparable to perfusion scintigraphy and improved detection of small, distal 
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thrombo-emboli compared with CTPA alone(105). DECT could also illustrate perfusion defects 

beyond non-occlusive proximal thrombo-emboli(106).  

Perfusion imaging with DECT has demonstrated the ability to estimate cardiac output by 

measuring the transit of contrast(107) and detect PH with high sensitivity and specificity(108).   

Routine clinical use of DECT is currently limited by the requirement of expensive specialist CT 

systems. 

 

1.3.2 MRI 

The role of MRI in PH has been expanding and is a promising one, as it can provide both 

morphological and functional information regarding the heart and lungs (which are both 

involved in the pathophysiology of PH) without radiation exposure.  

MRI works by exposing tissue protons to a strong, external, magnetic field. Tissue protons 

realign along the plane of the magnetic gradient and from this position can be deflected by 

applying a radiofrequency pulse. As the protons realign to this position, they emit an 

electromagnetic signal which is detected by a receiving radiofrequency coil. Signal detection 

can be confined to a preselected body plane and processing of this data yields a cross-

sectional image of the plane of interest(89).  

Cardiac MRI is widely used in PH for assessment of RV size, morphology, and function. It also 

allows non-invasive assessment of blood-flow (including stroke volume, CO and pulmonary 

arterial distensibility) and therefore provides useful prognostic information both at baseline 

and at follow-up and serial measurements can be used to assess response to therapy(17).  

The use of MRI in pulmonary imaging is more challenging due to the inherent limitations of: 

1. Low proton density – resulting in a low signal to noise ratio 

2. Multiple air-tissue interfaces – resulting in significant susceptibility artefacts 

3.  Reduced signal secondary to cardiac and respiratory motion and blood flow 

(109)(110)(69).  

Advances in MRI technology are overcoming these.  
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1.3.2.1 Cardiac MRI 

A standard protocol in the assessment of PH patients includes(111): 

1. A lung volume anatomical scan at breath-hold for localising. 

2. Volumetric cardiac imaging for qualitative and quantitative assessment of the 

structure and function of the ventricles. 

➢ End systolic and diastolic chamber images allow the following measurements 

to be derived:  

i. End diastolic volume and end systolic volume 

ii. Ejection fraction 

iii. Stroke volume 

iv. Ventricular mass - Right and left ventricular mass can be calculated by 

segmenting out the myocardium of the right and left ventricles. The 

ratio of these is termed the ventricular mass index. Saba et al found 

that this index correlates with mPAP in patients with PH and provided a 

more accurate estimate than doppler echocardiography which may be 

a reflection of the right ventricular response to sustained PH over a long 

period that is not influenced by short-term physiological variables 

affecting echocardiography such as heart rate, posture, hydration 

status and oxygen supplementation(112).      

➢ Inter-ventricular septum – a bowing towards the left is seen in PH due to 

elevated RV pressure. The inter-ventricular septal curvature derived from 

cardiac MRI has been shown to correlate with haemodynamic measures 

from RHC(113) and is an accurate metric for estimation of RV systolic 

pressure(114).   

3. Phase contrast MRI performed at the PA and aorta.  

➢ This allows quantification of cardiac output, stroke volume and flow profile - 

moving from the RV to the main PA.  

➢ Pulmonary arterial flow, velocity and area change can be calculated and have 

been shown to have clinical value in the assessment of patients with PH(97). 

➢ Assessment of the flow waveform in major vessels enables calculation of the 
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pulmonary to systemic flow ratio (Qp:Qs) which is essential in the assessment 

of patients with suspected congenital heart disease(115).    

Black blood imaging is a technique employed to allow for morphological assessment of the 

boundaries between the lumen and vessel walls of cardiac chambers and vascular 

structures(111).  In healthy subjects, there is high contrast resolution between the fast-flowing 

blood in the PAs (black) and the PA wall (high signal, white). In PH, the reduction in blood 

velocity and turbulent flow results in high signal within the PAs. This is termed “black blood 

flow artefact”(97).  

 

1.3.2.2 Pulmonary MR angiography and perfusion imaging 

The limitations of temporal and spatial resolution seen with early MRIs can be countered by 

the rapid injection of contrast media which allows the pulmonary circulation to be clearly 

differentiated from the systemic circulation of the pulmonary parenchyma(94). Contrast 

enhanced MR angiography, commonly using intravenous gadolinium-based contrast (a T1 

shortening agent), can be used to acquire high spatial resolution 3D images of the pulmonary 

vasculature. Time resolved imaging of contrast provides high resolution angiographic 

assessment of the pulmonary circulation haemodynamics (97). Using a lower spatial, but 

higher resolution acquisition, the dynamic passage of contrast through the pulmonary 

parenchyma can be imaged. This is often presented as the peak signal for each voxel, after the 

original unenhanced dataset has been subtracted, giving a peak perfusion image and is 

particularly useful in the assessment of CTEPH where it has been shown to have equivalent 

sensitivity to perfusion SPECT imaging(116). CTEPH and IPAH can be differentiated on MR 

perfusion imaging as they have focal defects or diffuse reduction in perfusion 

respectively(117).  

Quantitative measures derived from post-processing of dynamic contrast enhanced MRI 

(pulmonary blood volume, blood flow and mean transit time) allow for longitudinal follow up 

of perfusion abnormalities in PH(97). Pulmonary blood flow has been show to improve in 

patients who have had pulmonary endarterectomy(118).  

Time resolved imaging with dynamic contrast enhanced perfusion angiography allows for 
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assessment of left-right heart shunts and collateral bronchial circulation(111).  

Late gadolinium imaging uses a T1 weighted inversion recovery sequence performed 10-15 

minutes after injection of gadolinium. Normal myocytes enhance early but wash-out as they 

do not retain gadolinium. Abnormal areas of tissue, such as fibrosis, trap gadolinium and 

remain enhanced on delayed imaging. Late gadolinium enhancement is seen in the RV 

insertion points and interventricular septum in patients with PH and is thought to be a result 

of exposure to mechanical stress. The extent of  RV insertion point and interventricular septal 

late gadolinium enhancement has been shown to correlate with right ventricular 

function(119).   

These techniques have the disadvantages of requiring intravenous contrast, possible allergic 

reactions and must be used with caution in renal dysfunction.  

 

1.3.2.2.1 MRI with Inhaled contrast agents 

MRI techniques using hyperpolarised noble gases like 3He and 129Xe alongside MRI perfusion 

imaging allow MRI based ventilation and perfusion imaging and assessment of gas transfer in 

patients with PH (120). Hyperpolarised gas ventilation imaging involves the inhalation of gas 

prior to a breath-hold image acquisition. MRI scanners need to be configured to work at the 

frequency of 3He or 129Xe with specific radiofrequency coils required. Spin density images of 

the gas distribution within the lungs visualise areas of ventilated and non-ventilated lung 

which can be analysed qualitatively or quantitatively by segmenting out the ventilated areas 

to calculate percentage of lung volume that is ventilated(120). 

129Xe has advantages over 3He including solubility in pulmonary tissues. Once inhaled, it 

freely diffuses from the airspaces, across the interstitial barrier tissues and into the pulmonary 

capillaries, with distinct spectral peaks in each of the compartments allowing the extraction 

of gas exchange and alveolar oxygenation using spectroscopy methods(121).  

In patients with PAH, 129Xe MRI demonstrated normal ventilation but markedly decreased 

gas transfer to the red blood cells with focal defects on imaging that were distinct to those 

described for idiopathic pulmonary fibrosis and obstructive lung disease(122)(123). 129Xe 
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MRI when combined with dynamic MR spectroscopy (which reveals cardiogenic variations of 

129Xe transfer to the capillary red blood cells) has shown potential in differentiating between 

pre and post capillary PH(124)(123).   

Whilst a promising technique, 129Xe MRI is difficult to apply in clinical practice due to 

increased cost of additional equipment, more complicated imaging protocol and 

measurement setup(125).  

 

1.3.2.3 MRI derived prognostic markers in PH 

There is growing evidence for the role of MRI, as a reliable, reproducible, and sensitive 

biomarker for patient follow-up in the context of risk stratification and the assessment of 

treatment response.  

Cardiac MRI derived cardiac output has been shown in several studies as an independent 

marker of adverse outcome in patients with PAH(111). A decreased stroke volume and RV 

ejection fraction (and change in RV ejection fraction over time), increased RV end-diastolic 

volume and decreased LV end-diastolic volume are predictive of a poor prognosis (treatment 

failure and death at follow-up) (126,127).  

Associations between the presence and extent of black blood or pulmonary flow artefact and 

systolic pulmonary artery pressure, PVR and mortality have been demonstrated(128,129).  

In PAH, pulmonary transit times derived from perfusion MRI show a correlation with mPAP, 

mean right atrial pressure, PVR and are predictive of mortality at univariate analysis with 

equivalent prognostic value to measurements taken at RHC(130).   
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Table 1.7: MRI derived predictors of mortality and treatment failure(111,116,126–130). [RV: right 

ventricle, LV: left ventricle].   

 

1.4 Novel Quantitative MRI Measurements in PH 

Abnormalities in pulmonary perfusion, particularly in the peripheral vascular bed, are a 

hallmark of PH and the area where many pharmaceutical approaches are targeted. Therefore, 

visualisation and quantification of blood flow in the pulmonary vascular bed are crucial for 

diagnosis and treatment monitoring in patients.  

As discussed, current techniques, are invasive, involve radiation, contrast media or are limited 

by their complexity and costs in terms of clinical use in an NHS setting. This can sometimes 

preclude more intensive monitoring of frailer patients and is not ideal for repetitive 

investigation of young PH patients. There is therefore a need for new techniques, which can 

be used in the assessment of these patients.  

In the research setting, novel MRI techniques are emerging that would allow quantitative 

analysis of lung perfusion and could be used pre and post therapy to allow both anatomic and 

functional assessment of therapies (131). This project investigates one of these novel 

techniques further: Oxygen Enhanced MRI. This technique has the advantages of being non-

invasive, not requiring exposure to ionising radiation and the imaging protocol can be carried 

out on standard clinical MRI scanners.  
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1.4.1 Oxygen Enhanced MRI (OE-MRI) 

The primary role of the respiratory system is gas exchange, which is an interaction of 3 

mechanisms: ventilation, diffusion, and perfusion. Oxygen delivered to the alveoli by alveolar 

ventilation, diffuses into pulmonary arterial and capillary blood and is carried away by blood 

flow(130,132). 

Use of inhaled molecular oxygen as a contrast agent therefore enables direct analysis of 

oxygen transfer across the alveolus into the pulmonary vasculature.  

OE-MRI was first proposed as a new technique for evaluation of regional ventilation using 

molecular oxygen as the contrast agent by Edelman and colleagues in 1996. Edelman et al 

showed that it was possible to qualitatively monitor the delivery of oxygen to lung tissue using 

a single 2 dimensional image acquired every few seconds (133).  

Assessment of regional ventilation in human lungs is important for diagnosis and evaluation 

of multiple pulmonary disorders. Prior imaging techniques for regional ventilation were 

predominantly nuclear medicine studies and more recently hyper-polarised noble gas 

MRI(134). Nuclear medicine studies have limitations due to temporal and spatial resolution, 

radiation and use of radioactive substances(135). OE-MRI has been demonstrated as an 

alternative indirect method to visualise lung ventilation in both healthy volunteers and 

patients with pulmonary diseases(136).  

Molecular oxygen contains two unpaired electrons and is weakly paramagnetic. It modulates 

the MR imaging signals of blood and other fluids through 2 different mechanisms(137): (1) 

the paramagnetic property of deoxyhaemoglobin and (2) the paramagnetic property of 

molecular oxygen itself.  

Deoxyhaemoglobin is compartmentalised in red blood cells and therefore has minimal effect 

on spin-lattice interactions causing T1 shortening. It does however shorten T2*, the basis for 

blood oxygenation level dependent (BOLD) contrast, which has been used to evaluate 

regional blood flow and tissue oxygenation(137). When oxygen is exchanged between the air 

in the alveoli and blood in the capillary beds, it does not only couple to haemoglobin but also 

dissolves as molecular oxygen in the blood and shortens T1 relaxation time due to its 

paramagnetic properties which can be visualised as an increase in signal intensity on MR 
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imaging(134). The average oxygen induced shortening of the T1 relaxation time of pulmonary 

parenchyma is between 7-14%(132). 

The multiple tissue-air interfaces in the lung mean poor signal intensity when conventional 

pulse sequences are used. Therefore various adapted sequences have been developed in OE-

MRI which incorporate rapid acquisition time and short echo time such as IR-HASTE (Inversion 

recovery half fourier-single shot turbo spin echo)(138). This allows an adequate signal to be 

obtained from lung parenchyma and the small pulmonary vessels(134).     

Positive results with OE-MRI have been reported in the evaluation of ventilation and 

perfusion abnormalities in a range of lung diseases (including cystic fibrosis, ILD, cancer, 

emphysema and pulmonary embolism(139)(132)(140,141)) when quantitatively or semi-

quantitatively compared with standard parameters such as pulmonary function tests, CT and 

ventilation-perfusion scintigraphy(138).   

OE-MRI parameters correlated significantly with FEV1 and DLCO(142–144) suggesting that 

OE-MRI may be capable of assessing alveolo-capillary gas transfer in addition to degree of 

airway obstruction(141).  

In a study by Löffler et al(145), the posterior slices of the lung showed more homogenous 

correlation maps and a more pronounced signal intensity enhancement during breathing 

100% oxygen which may be due to differences in perfusion of the lungs which is dependent 

on the hydrostatic pressure(145). Therefore, the signal intensity changes related to shortened 

T1 relaxation time appear to be dependent on not only ventilation and inhaled oxygen 

reaching the alveoli, but also its diffusion across the alveolar walls and the perfusion of the 

surrounding pulmonary vasculature(146). 

The role of static OE-MRI has previously been studied in PH. In a cohort of patients with IPAH 

and CTEPH, there was an overall moderate agreement between OE-MRI and V/Q scans (132). 

In addition to this, quantitative parameters including mean relative signal enhancement and 

fraction of non-activated pixels, correlated significantly with the number of diseased lung 

areas in both V/Q scintigraphy and OE-MRI maps suggesting that these may serve as markers 

for the severity of PH (132).   
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1.4.1.1 Dynamic OE-MRI 

More recently, studies have been utilising dynamic OE-MRI (monitoring signal changes over 

time as gas supply is switched between air and 100% oxygen) in an attempt to obtain more 

physiologically relevant biomarkers of lung function(147). Dynamic OE-MRI can provide 

spatial and temporal information on regional delivery and uptake of oxygen in the lung. 

Paramagnetic oxygen molecules dissolve in the tissue water and blood plasma within the lung 

and increase the lung spin-lattice relaxation rate in proportion to dissolved oxygen 

concentration and therefore local oxygen partial pressure (PaO2)(148). By measuring the 

change in lung spin-lattice relaxation rate between breathing air and elevated levels of 

oxygen, the change in lung tissue PaO2 can be quantified and provides a reflection of the 

efficiency of regional alveolar ventilation, membrane function, and perfusion 

effects(141)(149).   

Ohno et al showed the potential of dynamic OE- MRI for pulmonary functional loss 

assessment and clinical stage classification in COPD(141). A study in asthmatic patients 

demonstrated sensitivity of dynamic OE-MRI parameters to disease severity and good one 

month reproducibility and intra-observer agreement(149). In a cohort of cystic fibrosis 

patients, significant correlations were seen between dynamic OE-MRI parameters and lung 

function and CT derived severity scores(150). Dynamic OE-MRI parameters also showed 

response to treatment with bronchodilator therapies in COPD(147).  

 

1.4.1.2 OE-MRI as a Novel Imaging technique in PH 

OE-MRI has shown potential as a novel measure of pulmonary perfusion and has the 

advantage of being non-invasive and not requiring exposure to ionising radiation. The imaging 

protocol can be carried out on standard clinical scanners and the only additional equipment 

required is a simple gas mixing system (costing approximately £300). Another important 

benefit in patients with PH is that data acquisition does not require long breath-holds.  

This technique may therefore present a novel set of imaging biomarkers for aiding diagnosis, 

assessing treatment response and longitudinal disease monitoring in PH patients, with no 
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additional risk to patients. Combining it with existing cardiac MRI protocols could provide an 

optimal tool for monitoring pulmonary perfusion and right heart function.  

 

1.5 Hypothesis, Aims and Objectives 

1.5.1 Hypothesis 

Quantitative CT and MRI derived imaging biomarkers can predict disease severity, treatment 

response and mortality in patients with PH.  

 

1.5.2 Aims 

To explore the relationships between multiple, quantitative CT and MRI derived measures of 

pulmonary and pulmonary vascular disease with standard clinical markers of disease severity, 

treatment response and mortality in PH. 

 

1.5.3 Objectives 

• Identify retrospective CT cohorts of PH patients 

• Investigate previously described and novel CT measurement techniques in these 

cohorts and correlate results with accepted markers of clinical disease severity 

• Prospectively recruit patients with a new diagnosis of IPAH, CTD-PAH or CTEPH for a 

pre and post treatment research MRI scan 

• Correlate novel MRI derived measures with conventional markers of disease severity 

and treatment response 

• Assess acceptability of novel MRI technique to patients with PH.  
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Chapter 2: Methods 
 

2.1 Background 

The Royal Brompton Hospital (RBH) PH service forms part of the National Pulmonary 

Hypertension Service in the United Kingdom. It is one of 8 designated specialist centres and 

has a multi-disciplinary team that provides care for PH patients from initial investigations and 

confirmation of diagnosis through to long term management and decisions regarding end-of-

life care. Patients are mainly from the South of England and Wales and the service has shared 

care clinics at certain District General Hospitals covering these areas allowing patients 

specialist care closer to home with the option of being seen as an in or out-patient at RBH 

when required. RBH is also a tertiary centre for ACHD and therefore looks after a large cohort 

of patients with PAH associated with ACHD. 

Patient recruitment and data collection for the studies that form this thesis have been from 

the RBH PH service, either retrospectively (Chapters 3 and 4) or prospectively (Chapter 5).  

 

2.2 Chapters 3 and 4: Retrospective CT based studies   

2.2.1 Patient recruitment 

Both retrospective studies had Institutional Review Board ethics approval.  

The RBH PH service has a clinical database of all patients that have been under its care on the 

Infoflex® digital healthcare system adopted by the trust. This data set includes patient 

demographics, WHO functional class, patient quality of life score (emPHasis-10), 6MWDs, 

treatment status, dates of RHC and mortality data.  

By performing searches on this database, it was possible to identify patients meeting the 

criteria for inclusion in both retrospective studies. Data was supplemented by other clinical 

records where required, e.g., Electronic Patient Records.  
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2.2.2 CT measurements 

Both contrast enhanced (CTPA) and non-contrast enhanced scans of the thorax were 

analysed. Where only non-contrast scans were available, some measurements described 

below could not be performed. The studies analysed were not ECG gated. The reviewers (SS 

[Clinical Fellow in Pulmonary Vascular Disease] and BR [Clinical Fellow in Cardiothoracic 

Radiology]) were blinded to clinical data and outcomes at the time of CT measurements.  

 

2.2.2.1 Vascular measurements 

2.2.2.1.1 PA diameter and PA:Ao ratio  

Both contrast and non-contrast enhanced scans were used for measurements. However, 

where contrast enhanced images were available, these were used in preference. Using 

mediastinal windows, the axial section where the main PA diameter bifurcated was located. 

Electronic callipers were used to measure the widest portion of the main PA diameter at this 

point and the aortic diameter was measured at the same level(151). The PA:Ao  diameter 

ratio was calculated from these measurements (Figure 2.1).  

 

Figure 2.1: Measurement of the PA and aortic diameter to calculate PA:Ao ratio. The PA was measured 

at its widest point at the bifurcation of the main PA. The Aorta was measured on the same axial level 

as the PA diameter. The PA:Ao ratio was calculated as PA diameter/Aorta diameter. [PA: pulmonary 

artery, PA:Ao: pulmonary artery to aorta ratio].   
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2.2.2.1.2 PA Trunk volume 

Using the Intuition Viewer 3D workstation (Aquarius Intuition Viewer, v 4.4.14.254, 

Terarecon, Durham, NC, USA) the pulmonary trunk was segmented from the level of the 

pulmonary valve to the bifurcation of the main pulmonary artery and the volume of the 

isolated pulmonary trunk calculated (Figure 2.2).  

 

Figure 2.2: Measurement of pulmonary trunk volume. Panel A – The pulmonary trunk was segmented 

on the axial image from the level of the pulmonary valve to the bifurcation of the main pulmonary 

artery. Panel B – Using the Intuition Viewer 3D workstation, volume rendered images were used to 

calculate the pulmonary trunk volume (in blue).   

 

2.2.2.1.3 PA thrombus 

The presence of in-situ PA thrombus was documented (Figure 2.3). 
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Figure 2.3: Pulmonary artery in-situ thrombus and calcification. Axial (panel A) and coronal (panel B) 

images demonstrating (1) pulmonary artery in-situ thrombus and (2) calcification within the thrombus.  

 

2.2.2.1.4 PA calcification 

The degree of PA calcification was evaluated using a modified Agatston score(152) (as used 

in assessing coronary artery calcification) where total calcium scores are calculated based on 

the number, areas and peak Hounsfield units of the calcific lesions detected (Figure 2.4). This 

was done using the Intuition Viewer 3D workstation. Whilst the use of the Agatston score is 

established in the assessment of coronary artery calcification, its use in pulmonary arteries is 

novel.     



62 
 

 

Figure 2.4: Quantification of pulmonary artery calcification using a modified Agatston score on the 

Intuition Viewer 3D workstation. Panel A – An area of calcification in the pulmonary arteries was 

manually identified. Panel B – This was used to systematically identify other areas of calcification in 

the pulmonary arteries. Panel C – The calcium score, volume and mass were calculated.     

 

The distance between the pulmonary bifurcation and the most distal calcification was 

measured on curved planar reformatted images using the Intuition Viewer 3D workstation 

(Figure 2.5).  
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Figure 2.5: Volume rendered tomogram from a patient with Eisenmenger Syndrome (secondary to a 

large patent ductus arteriosus). The curved plane is shown in green with measurement from the 

pulmonary bifurcation (blue marker) to the most distal focus of pulmonary arterial calcification (red 

marker). 

 

2.2.2.2 Cardiac Measurements 

2.2.2.2.1 RV diameter and RV:LV ratio 

The RV and LV diameter were measured at their widest point (between the ventricular and 

interventricular endocardial walls) (153) at the mid-ventricular level on the same axial CT 

image and the RV:LV ratio calculated (Figure 2.6). 
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Figure 2.6: Measuring RV and LV diameter to calculate RV:LV ratio. The largest diameter of the RV and 

LV were measured at the mid-ventricular level. The RV:LV ratio was calculated as RV diameter/LV 

diameter. [RV: right ventricle, LV: left ventricle].  

 

2.2.2.3 Parenchymal lung disease: Emphysema and Fibrosis 

The extent of emphysema and fibrosis was scored using a modified version of the method 

used in the COPDGene study(154). Both right and left lung were considered together and by 

systematically examining the lungs in 3 zones (upper zone above the carina, mid zone 

between carina and inferior pulmonary veins, lower zone below the inferior pulmonary veins), 

a visual score of extent was given to the nearest 5%.  

 

2.3 Chapter 5: Oxygen Enhanced MRI  

2.3.1 Patient recruitment  

This study obtained a favourable ethics opinion from the London-Bromley REC and HRA/ 

HRCW approval (REC reference number: 18/LO/1369). Funding for the study was secured 

from a NIHR Imperial BRC grant. 

Recruitment was prospective and started in November 2018. New patients referred to the 

RBH PH service who went on to have a confirmed diagnosis of IPAH, PAH associated with CTD 
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or CTEPH were approached for recruitment into the study. Table 2.1 demonstrates the 

eligibility criteria for participation. All patients were provided with patient information sheets 

regarding the study and gave informed, written consent prior to participation (Appendix I and 

II).  

Inclusion Criteria: • Confirmed new diagnosis of IPAH, PAH associated with CTD, or CTEPH 

following current gold standard investigations 

• Age >18 

• Informed consent to participate 

Exclusion Criteria: • Standard contra-indications to MRI as per NHS MRI Safety Questionnaire 

• Co-existent lung disease 

• Not fit for transfer to MRI 

• Lack of capacity and inability to consent 

• Patient judged inappropriate for involvement in study by clinical team e.g., 

secondary to emotional burden of recent diagnosis 

 

Table 2.1: Eligibility criteria. 

 

Patients consenting to take part went on to have a research MRI scan prior to initiation of 

treatment. Patients usually have a short admission at RBH to complete diagnostic 

investigations and start on therapy. The research scans were carried out during this period to 

avoid delays in patients staring therapy. 

The research MRI scan was in addition to standard of care investigations and did not play any 

part in treatment decisions. Patients also went on to have a repeat research MRI at the time 

of their 3-6-month follow-up appointment at RBH.  

Patients were asked to complete a patient experience questionnaire following their scan 

(Appendix III). Figure 2.7 demonstrates the study schematic.  
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Figure 2.7: Schematic of Study Design. 

 

2.3.2 Research MRI protocol 

MRI scans were performed on a 1.5T MRI scanner (Siemens Aera). Scans were anonymised at 

the point of acquisition with each patient being given a link-anonymised trial identification 

number.  

2.3.2.1 Summary of the study MRI protocol 

1. Localisers 

2. Breath hold T2 BLADEs for anatomy/morphology (non-cartesian reconstruction 

motion insensitive sequence). 3 acquisitions and breath holds each lasting 12 seconds 

with a radiographer-controlled pause between each.  
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3. IR-HASTE (Inverse recovery half fourier acquisition turbospin echo) based mapping – 

an established method of T1 mapping with variable inversion time. 5 minutes of free 

breathing on bottled air.  

4. Dynamic oxygen enhanced protocol – repeat of IR-HASTE images but with changing 

oxygen administration (5 mins bottled air - 5mins 100% oxygen - 5 mins bottled air) 

using a low flow gas mixer.  

5. Post processing (discussed below).  

 

The total scan duration is approximately 30 mins.   

 

2.3.2.2 OE-MRI Acquisition 

During the scan, subjects breathed alternatively medical air (21% oxygen) and 100% oxygen 

via non-rebreathing mask (Intersurgical Ltd., Wokingham, UK) at a flow rate of 15 L/min.  

Baseline lung T1 measurements were made whilst breathing bottled medical air, using a set 

of multi-slice inversion-recovery single-shot turbo spin-echo sequence (IR-HASTE), with 6 

inversion times (TI) (TI = 22/50/300/1100/2000/5000 ms). There were 5 repetitions for each 

TI, and 6 coronal slices in each acquisition. Slice thickness was 1 cm and the gap between 

slices was 1 cm. This was followed by 120 dynamic acquisitions with a TI of 1100 ms, during 

which the gas supply was switched from medical air to 100% O2 at the 20th acquisition and 

back to medical air at the 90th acquisition.  

Other scanning parameters included: repetition time (TR) 6000 ms, effective echo time (TE) 

9.3 ms, and pixel size 3.52 mm × 3.52 mm. Images were acquired during free breathing with 

no breath-holding, respiratory or cardiac triggering. 

2.3.2.3 Image post processing 

The post-processing of the MRI scans has been in collaboration with researchers from 

Bioxydyn Ltd. Research sequences, software agreements, data sharing agreements and 

research licences were put in place. Link-anonymised images were transferred via a 

confidential platform.  
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2.3.2.4 OE-MRI image analysis 

For each TI and each slice acquired, a single frame was chosen by an operator. The criteria 

applied for the selection were: (1) repeatable expiratory position, (2) lack of clear movement 

artefacts. These images were then co-registered using advanced normalisation tools 

(ANTs)(155) and a baseline T1 map was estimated fitting the data to a 3 parameters inversion 

recovery equation. 

All images from the dynamic sequence were then registered to the targets with TI of 1100ms. 

Lungs were manually segmented by the same operator. Slices with minimal lung tissue or 

artefacts were not segmented. In the lung mask, the signal curves under air breathing were 

converted to dynamic T1 curves using the baseline T1 maps (149). The dynamic T1 curves 

were then converted to dynamic changes in the partial pressure of O2 dissolved in the tissue 

water and plasma of the lung(149). The signal was fitted to a mono-exponential recovery 

curve, to extract the oxygen wash-in time and the change in partial pressure of oxygen (ΔPO2). 

Additionally, an enhancement fraction (EF) was calculated (the fraction of the region 

presenting with oxygen enhancement, max = 1, min = 0). Values were summarised at a whole 

lung level and expressed as medians and homogeneity across the imaged lung expressed via 

interquartile range. 

 

2.4 Other investigations and recorded variables 

The below investigations and variables were acquired as standard of care in the clinical 

assessment of these PH patients and are validated research end points with recognised 

correlations to prognosis and survival.    

 

2.4.1 Right heart catheterisation (RHC) 

RHCs were performed as per ESC/ERS guidelines(17) with haemodynamic measurements 

obtained at rest. PH was defined as a mean pulmonary arterial pressure (mPAP) ≥25mmHg. 

Cardiac output (CO) was measured using the indirect Fick method. PVR was calculated as 

PVR=(mPAP–PCWP)/CO. 
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2.4.2 Pulmonary function tests (PFTs) 

PFTs were carried out and predicted values calculated using American Thoracic Society/ERS 

criteria(156). Measurements included spirometry, single-breath diffusion capacity for the 

lung for carbon monoxide (DLCO) and carbon monoxide transfer co-efficient (KCO).     

 

2.4.3 Echocardiography 

Images were acquired using a 3MHz frequency harmonic phased-array transducer. Doppler 

echocardiography was performed as per the American Society of Echocardiography 

recommendations(157,158). 

 

2.4.4 Brain natriuretic peptide (BNP) 

BNP was performed using a commercially available assay (normal value <20ng/L).  

 

2.4.5 Six-minute walk distance (6MWD) 

6MWD tests were carried out by the PH Specialist Nurses as per ATS guidelines(159).  

 

2.4.6 EmPHasis 10 (E-10) 

The emPHasis-10 is a short, simple questionnaire for assessing health related quality of life in 

PH(160).  

2.4.7 WHO functional class 

WHO functional class defines the severity of symptoms in PH and how they impact on 

activities of daily living: 

Class 1 – No symptoms of PH on exercise or at rest.  

Class 2 - No symptoms at rest but uncomfortable and short of breath with normal activity 

(e.g., climbing a flight of stairs, shopping, or making the bed). 
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Class 3 - May not have symptoms at rest but activities greatly limited by shortness of breath, 

fatigue, or near fainting.  

Class 4 - Symptoms at rest and severe symptoms with any activity. Signs of right heart failure. 

  

2.4.8 Cardiac MRI (CMR)  

CMR was performed using a 1.5 Tesla scanner (Sonata, Siemens, Erlangen, Germany) at the 

RBH site.  

 

2.4.9 Cardiopulmonary Exercise Testing (CPET) 

CPET was performed on either a cycle ergometer or treadmill according to a modified Bruce 

protocol(161).  

 

2.5 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics 27.  

Data has been summarised as frequency (%) for categorical variables. For continuous 

variables, mean ± SD or median (range) have been used as appropriate. 

The level of statistical significance was set at 5% (probability value [p] < 0.05). 

Table 2.2 summarises the statistical tests used in the following chapters. When there were 

lower frequencies of data available (<20), non-parametric tests were used as it is harder to 

be sure that the underlying distribution is normal and non-parametric tests are more 

conservative making a significant result more convincing.  
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Table 2.2: Summary of statistical tests used. 

 
The relationship between 2 continuous variables was assessed with Spearman rank 

correlation coefficients (rs) with rs = 0 indicating no correlation, -1 a perfect negative 

correlation and +1 a perfect positive correlation. The strength of correlation (irrespective of 

whether – or +) was defined as: 

• > 0.7 to 1 - strong 

• > 0.4 – 0.7 – moderate 

• > 0.1 - 0.4 – small 

• ≤ 0.1 – trivial. 

 

The reliability of continuous measurements taken by two independent reviewers was 

assessed using intraclass correlation coefficients with a two-way mixed effect model 

measuring consistency. The degree of reliability was interpreted as(162): 

• < 0.5 – poor  

• 0.5 – < 0.75 – moderate 

• 0.75 – < 0.9 – good 

• ≥ 0.9 – excellent.   

The relationship between an outcome and one or more risk factors was assessed using logistic 

and Cox regression.   
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Chapter 3: Quantitative CT findings in 

group 3 pulmonary hypertension 

treated with Sildenafil 

 

2.6 Introduction 

2.6.1 Group 3 PH 

PH secondary to lung disease and chronic hypoxia is classified into group 3 of the clinical 

classification. It is a frequent complication of chronic lung disease and is associated with 

reduced functional status, increased oxygen requirements, impaired quality of life and 

increased risk of mortality(56).  

The most common lung diseases associated with PH are chronic obstructive pulmonary 

disease (COPD), interstitial lung disease (ILD) and combined pulmonary fibrosis and 

emphysema (CPFE)(17).   

The prevalence of group 3 PH varies according to the severity and type of underlying lung 

disease and how PH is defined and diagnosed. Mild to moderate PH (defined as mPAP ≥ 25 to 

< 35mmHg) is reported to have a prevalence of 30-70% in COPD and 47-90% in CPFE(163). 

However, severe PH (defined as mPAP ≥ 35mmHg or ≥ 25mmHg with low cardiac output 

[cardiac index <2.5L/min]) in lung disease is much rarer with an estimated prevalence of 5-

13%(163).  

The severe PH group are suspected to have significant vascular abnormalities with evidence 

of a diminished circulatory reserve rather than a diminished ventilatory reserve leading to 

exertional dyspnoea disproportionate to pulmonary function tests, low carbon monoxide 

diffusion capacity, and rapid decline of arterial oxygenation upon exercise(164).   

Suggested theories for severe PH in chronic lung disease (CLD) are(164,165): 
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1. Chronic parenchymal disease triggering progressive vascular remodelling. 

2. PH appearing independently to the underlying CLD.     

 

2.6.1.1 COPD 

In COPD, severe group 3 PH is often not associated with the degree of airflow obstruction but 

with marked hypoxaemia and a disproportionately low diffusing capacity of the lung for 

carbon monoxide (DLCO) (17,163).  

The development of PH in COPD is thought to be a combination of alveolar hypoxia with 

resultant vasoconstriction and vascular remodelling, destruction of the pulmonary vascular 

bed and compression of alveolar vessels in hyperinflated emphysematous lungs(163). 

Additional factors that may contribute include tissue destruction with emphysema, increased 

viscosity due to polycythaemia, and worsening acidosis(166).  

An overlap between group 1 (PAH) and 3 PH has been suggested with co-existent lung and 

idiopathic pulmonary vascular disease. In the REVEAL (Registry to Evaluate Early and Long-

term PAH Disease Management) study up to 17% of PAH diagnoses had coexistent 

COPD(167). The development of severe PH in some patients with COPD is thought to involve 

a distinct phenotype related to vessels rather than airways(168).  

Variability in the response of the pulmonary circulation to hypoxia is seen in both healthy 

individuals and those with COPD (169,170), suggesting that some patients are more sensitive 

to hypoxia and exhibit a greater increase in mPAP and PVR during a hypoxic challenge(168). 

A 5-HTT gene polymorphism may also determine the severity of PH in hypoxaemic patients 

with COPD(171).     

PH in COPD is a strong predictor of mortality with an inverse relationship between pulmonary 

vascular haemodynamics (mPAP and PVR) and survival(164). The 5-year survival rate for COPD 

with mPAP >25mmHg is reported as 36%, with pulmonary haemodynamics being a stronger 

predictor of survival than the lung function variables (FEV1 and TLCO)(172).  
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Figure 3.1: Pathogenesis of pulmonary hypertension in chronic obstructive pulmonary disease. A 

combination of factors including abnormal production of mediators that control vasoconstriction, 

vasodilatation and vascular cell proliferation lead to abnormal vascular remodelling and pathology 

(163,173). These changes are like those seen in pulmonary arterial hypertension. A: Immunostaining 

with monoclonal antibody against α-smooth muscle actin, showing proliferation of smooth-muscle 

cells in the intima, B: Orcein stain demonstrating increased deposition of elastic fibres in the intimal 

layer. (Image of pulmonary artery reproduced with permission from the European Respiratory Journal, 

volume 21, issue 5, Barbera et al, Pulmonary hypertension in chronic obstructive pulmonary disease, 

pages 892-905, 2003). 

 

2.6.1.2 Idiopathic pulmonary fibrosis (IPF) and other idiopathic interstitial pneumonias (IIPs) 

In IPF, a mPAP ≥ 25mmHg has been reported in 8-15% of patients at initial work up, with a 

greater prevalence reported in advanced (30-50%) and end-stage (>60%) disease(56). A 

longitudinal study of patients with IPF suggested that mPAP increases by 1.8mmHg per 

year(174) with a more rapid progression seen in late-stage patients. PH is also associated with 

an increased risk of acute exacerbations and mortality in advanced IPF(175) with a 2 – 3 fold 

increase in mortality reported(176). The prognosis of IPF with PH is worse than that of 

IPAH(177).      
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Minimal correlation has been demonstrated between the severity of PH and lung function 

impairment or the extent of fibrosis on CT(56), suggesting it is not just the destruction of the 

pulmonary vascular bed by progressive fibrosis that leads to the development of PH and that 

other mechanisms including vascular remodelling are involved(178). Distinct gene signatures 

have been observed in patients with pulmonary fibrosis and severe PH with these patients 

showing increased expression of genes related to myofibroblast proliferation and vascular 

remodelling and patients with no PH strongly expressing pro-inflammatory genes(179).     

 

2.6.1.3 CPFE 

CPFE is defined by the simultaneous presence of upper lobe emphysema and fibrosis in the 

lower lobes on chest CT(56). Patients with CPFE are particularly prone to development of PH 

with an estimated prevalence of 30-50% and 1 year survival of 60%(180). Often, normal or 

mildly abnormal lung volumes and the absence of airflow obstruction are accompanied by a 

markedly impaired diffusion capacity, significant hypoxaemia and PH(56). 

 

2.6.1.4 Sleep disordered breathing and Hypoxia associated PH  

Obstructive sleep apnoea (OSA) is common worldwide and the estimated prevalence rates 

have dramatically increased over the last 2 decades with relative increases of 14 to 55% 

depending on the subgroup(181). The prevalence of pulmonary hypertension in OSA ranges 

from 17 to 53% (181) and is generally mild with mPAP ranging from 21.9 - 40.3mmHg(56,181).   

More severe PH is seen in patients with obesity hypoventilation syndrome (OHS) or overlap 

syndrome (combination of OSA and COPD) and is associated with right ventricular failure and 

poor outcomes(182–184).   

 

2.6.2 Group 5 disorders overlapping with Group 3 PH  

Sarcoidosis, langerhan’s cell histiocytosis (LCH) and lymphangioleiomyomatosis (LAM) are 

classified as systemic disorders within group 5 of the PH classification (PH with unclear and/or 
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multi-factorial mechanisms). These conditions effect the lung and therefore can also overlap 

with the group 3 PH phenotype.  

The prevalence of PH in sarcoidosis ranges from 5.7% to 74%(185) and has a reported 5-year 

survival of 50–60% (186,187). The underlying pathophysiology of PH associated with 

sarcoidosis is complex and PH can occur in patients with both minimal and extensive 

parenchymal disease(56) and the severity of PH does not correlate well with the degree of 

pulmonary fibrosis (188). The following mechanisms have all been attributed to the 

development of PH in sarcoidosis: 

1. Destruction of the distal capillary bed by fibrotic processes and the resultant chronic 

hypoxaemia(187). 

2. Extrinsic compression of central pulmonary vessels by lymphadenopathy or 

mediastinal fibrosis(189). 

3. Granulomatous vascular involvement that leads to pulmonary veno-occlusive like 

lesions(190,191). 

4. Pulmonary vasoconstriction by vasoactive factors(192). 

5. Post capillary PH due to specific left heart disease or pulmonary vein compression by 

fibrosing mediastinitis(186). 

6. Porto-pulmonary hypertension secondary to liver sarcoidosis (193).  

Pulmonary LCH is a smoking related lung disease characterised by airflow obstruction, 

granulomatous inflammation, parenchymal nodules and cysts(194). The prevalence of PH in 

advanced pulmonary LCH is reported as 92-100% (195,196). The severity of PH does not 

appear to be related to the degree of airflow obstruction and a diffuse, proliferative 

pulmonary artery vasculopathy is seen (often in areas of the lung unaffected by parenchymal 

lesions)(196). A fibrotic, venous obliteration and capillary dilatation resembling pulmonary 

veno-occlusive disease (PVOD) has also been observed(197).      

LAM is a rare condition characterised by proliferation of abnormal smooth muscle cells (LAM 

cells) predominantly around airways, blood vessels and lymphatics leading to the 

development of diffuse pulmonary cysts(194)(198). PH in LAM is generally mild to moderate 

and associated with the degree of pulmonary parenchymal involvement and lung function 

impairment(56,198). Other mechanisms thought to contribute to the development of PH in 
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LAM include dysregulation of pathways (involved in the atypical proliferation of LAM cells) 

leading to endothelial dysfunction, chronic hypoxic vasoconstriction and pulmonary artery 

wall infiltration by LAM cells (198).  

 

2.6.3 PH in CTD-ILD 

Patients with CTD-ILD (systemic sclerosis [SSc] in particular) can have multifactorial PH. They 

are prone to both isolated PAH and significant parenchymal lung disease ± left heart 

disease(56). Patients with both pulmonary fibrosis and PH have a particularly high mortality 

risk(199). Patients with pre-capillary PH and minimal fibrosis (often based on pulmonary 

function tests as opposed to degree of fibrosis on HRCT) are usually classified as having PAH 

whereas those with more advanced ILD are included in group 3(56). However, there is likely 

an overlap with some patients having features of both groups.   

 

2.6.4 Detection and Assessment of Group 3 PH 

Non-invasive screening tools for the presence of PH include serum biomarkers, lung function 

tests and echocardiography. It is important that a diagnosis of PH is not made during an acute 

exacerbation of the underlying CLD, but under stable conditions(56).  

Brain natriuretic protein (BNP) or N-terminal pro-BNP are elevated in severe group 3 PH but 

have less sensitivity and specificity for moderate PH and may be confounded by co-existent 

left heart disease(56).   

A lower DLCO, reduced exercise capacity and more impaired gas exchange than expected 

based on ventilatory impairment are seen in both ILD and COPD(56). Exercise testing can help 

to discriminate between an exhausted breathing reserve caused by airflow limitation and an 

exhausted circulatory reserve caused by PH in patients with COPD (Table 3.1) (165).  
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Table 3.1: Features of an exhausted circulatory versus ventilatory reserve(164). [CO: cardiac 

output, PaCO2: partial pressure of carbon dioxide in arterial blood].     

 

Echocardiography remains the most widely available non-invasive diagnostic tool for 

assessment of PH in lung disease, however it’s accuracy (in determining peak tricuspid 

regurgitation velocity to estimate the right ventricular systolic pressure) in patients with 

advanced lung disease is low. It has been suggested that using additional PH signs on 

echocardiography (including RAA, early diastolic pulmonary regurgitation velocity, FAC, RV:LV 

ratio and eccentricity index) can help risk stratify ILD patients for the presence of severe 

PH(200). However, patients requiring definitive assessment of their PH should be referred to 

an expert PH centre for further assessment with RHC which remains the gold standard for 

diagnosis of group 3 PH(17). However, this is only appropriate if confirmation of PH and its 

severity will have an impact on management of the patient. It is recommended that RHC is 

performed in patients with CLD in the following scenarios(164,201): 

1. Lung transplant assessment. 

2. Clinical worsening and progressive exercise limitation or gas exchange abnormalities 

disproportionate to ventilatory impairment. 

3. An accurate prognostic assessment is critical. 

4. Suspected severe PH on non-invasive assessment and patient a candidate for further 

PH specific therapy or clinical trials being considered.     

 

2.6.4.1 RHC and Haemodynamic definitions in Group 3 PH 

Due to exaggerated changes in intrathoracic pressures during the breathing cycle in patients 

with lung disease, it is recommended that an average measurement of mean pressures is 
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taken over several breaths (without a breath hold) at RHC(56). Table 3.2 summarises the 

current haemodynamic definitions used in group 3 PH and those proposed following the 6th 

WSPH(56) to improve accuracy of diagnosis.  

 

Table 3.2: Current and proposed haemodynamic definitions of group 3 Pulmonary 

Hypertension(17,56). [CLD: chronic lung disease, PH: pulmonary hypertension, mPAP: mean 

pulmonary arterial pressure, PVR: pulmonary vascular resistance, WU: wood units].  

 

2.6.5 Treatment of Group 3 PH  

The mainstays of treatment in group 3 PH are optimisation of the underlying lung disease and 

long-term oxygen therapy (LTOT). LTOT has been shown to stabilise (when used for >15 

hours/day) or decrease (when used for >18 hours/day) mPAP in mild to moderate PH 

associated with COPD but results in severe PH have been less encouraging(163,202). LTOT is 

recommended to maintain a PaO2 >8 kPa(202). Ambulatory oxygen is considered when there 

is evidence of symptomatic benefit and correctable desaturation on exercise(17). 

In patients with OHS and overlap syndrome, treatment with non-invasive ventilation has 

demonstrated improvements in gas exchange, sleepiness, pulmonary haemodynamics, right 

ventricular function and exercise capacity after 3–6 months (182–184). Similar improvements 

in gas exchange and haemodynamics were also seen in patients with restrictive thoracic 

diseases and associated PH treated with non-invasive ventilation(203).  

Treatment of group 3 patients with PAH specific therapy, such as sildenafil, remains 

controversial with mixed results in trials. Studies have shown improvements in exercise 

tolerance(204) and haemodynamics(205) with some even suggesting a survival benefit(177). 
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However, there are also concerns that these therapies cause impaired gas exchange due to 

inhibition of hypoxic pulmonary vasoconstriction which contributes to ventilation-perfusion 

matching in patients with chronic lung disease(206,207). There is also limited data regarding 

their efficacy long term.  

Analysis of data from the COMPERA registry(177) demonstrated that a cohort of patients with 

ILD and PH treated with pulmonary vasodilators, mostly phosphodiesterase 5 inhibitors 

(PDE5i), showed improvements in 6MWD and functional class comparable to those with IPAH. 

Whilst overall survival in the ILD group was poor (14% at 5 years), those with a response to 

treatment tended to have a better survival. A similar observation was made in patients with 

COPD(205).       

There is growing interest into treating selected group 3 PH patients with PAH specific therapy 

within research and specialist centre settings and the current ESC/ERS guidelines(17) state 

that “patients with suspected PAH in addition to their lung diseases (characterised by mild 

lung parenchymal abnormalities, symptoms insufficiently explained by lung mechanical 

disturbances and a haemodynamic ‘PAH phenotype’, i.e. severe PH with high PVR and low 

CO) may be treated according to the recommendations for PAH, keeping in mind the potential 

implications of the co-existing lung disease on symptoms and response to therapy”. In these 

patients, sildenafil is often used as the first line agent. 

 

2.6.5.1 Sildenafil 

Sildenafil is an orally active, selective, phosphodiesterase 5 inhibitor (PDE5i) and prevents 

PDE5 from degrading cyclic guanosine monophosphate (cGMP) which is a vasodilator and 

inhibitor of cell proliferation(73). It has been shown to prevent and reverse the development 

of PH through improvement of vasodilation and inhibition of vascular pulmonary 

remodelling(208). The most common side effects are due to its vasodilatory effects on the 

capillary smooth muscle in other parts of the body and include headache, flushing, nasal 

congestion, and epistaxis. Its use alongside nitrates is contraindicated due to a synergic 

induction of hypotension(208). Table 3.3 summarises some of the studies looking at sildenafil 

use in group 3 PH to date.  
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Table 3.3: Randomised controlled trials with sildenafil in lung disease – Adapted from: 

Randomised controlled trials with pulmonary arterial hypertension targeted therapy in lung 

disease, Pulmonary hypertension in chronic lung disease and hypoxia, World symposium on 

pulmonary hypertension series, S.D. Nathan et al(56). 

Use of sildenafil in COPD with PH has demonstrated improvements in haemodynamics 

(decrease in PVR at follow-up RHC)(209). However, there is a lack of evidence that this 

translates into improvements in exercise tolerance or symptoms(210,211). Open label studies 

with sildenafil in IPF have shown improvements in 6MWD(211) and the STEP-IPF study also 

demonstrated a positive effect on quality of life compared with the placebo arm(212). In 

patients with IPF and a predicted DlCO ≤ 35%, sildenafil in combination with nintedanib did not 

provide a significant benefit as compared with nintedanib alone(213). There is currently no 

significant evidence to support the use of sildenafil or other PAH directed therapies in 

CPFE(56). 

 

2.6.5.2 Other PAH specific therapies  

Beneficial pulmonary haemodynamic effects in COPD patients with PH have been seen with 

bosentan (214). Inhaled prostanoids were shown to reduce mPAP and PVR while largely 

maintaining gas exchange in this group also(215). However, larger trials are required. 
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In IIPs, the ARTEMIS study(216) looking at ambrisentan in IPF and the RISE-IIP trial(217) 

evaluating the effect of riociguat in IIPs were both terminated early due to increased risk of 

disease progression with hospitalisations and mortality respectively. In IPF, bosentan was well 

tolerated but failed to improve time to occurrence of lung fibrosis worsening in a phase III 

trial (BUILD-3)(218). Negative results were also seen with macitentan with no improvements 

in pulmonary function tests, time to disease worsening or death(219).   

In a recent multi-centre trial of inhaled Trepostinil in patients with ILD and RHC proven PH, an 

improvement in exercise capacity from baseline (as evidenced by a 31m increase in 6MWD 

compared to placebo) was documented(220).  

Evidence for treatment of PH in sarcoidosis with PAH specific therapy remains inconclusive. 

An RCT looking at the effect of Bosentan in 35 patients showed an improvement in mPAP  but 

no change in functional class, quality of life or 6MWD(221).  

In patients with LCH, evidence regarding treatment with PAH therapies has been mixed. With 

some reporting the development of pulmonary oedema as seen with PVOD(196). However a 

more recent study showed improved haemodynamics and a trend to improved survival 

without oxygen worsening or pulmonary oedema(222).  

 

2.6.6 The role of CT in Group 3 PH 

CT is an important imaging modality in pulmonary diseases and is commonly used for 

diagnosis and phenotyping as well as follow-up, during exacerbations and assessment pre-

operatively and for lung transplantation. It is readily available in clinical practice and the new 

generation of multidetector CT scanners allows acquisition of the whole lung in one breath 

hold with a sub-millimetric slice thickness(223). CT enables assessment of the pulmonary 

vasculature alongside the parenchyma and there are several CT findings associated with PH 

as discussed in Chapter 1. 
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2.6.6.1 CT Findings in Group 3 PH 

2.6.6.1.1 PA diameter and PA to Aorta Ratio 

Both the absolute PA diameter and its ratio to the diameter of the ascending aorta have been 

shown to correlate with mPAP in patients with PAH (93,224). PA diameter is usually defined 

as the widest diameter measured on axial CT images, on inspiratory acquisition, at bifurcation 

level and the aorta diameter measured on the same image is used to give the PA to aorta ratio 

(PA:Ao). The cut-off values used to detect PH are: PA diameter ≥ 29 mm and PA:Ao > 1(223). 

A PA:Ao > 1 is highly specific for PH and may be more reliable than PA diameter alone as it is 

less affected by factors such as patient size and stage of the cardiac cycle(95).  

In COPD, a correlation between the mPAP and diameter of the main PA truncus has been 

demonstrated which remains when the main PA diameter is normalised by the diameter of 

the ascending aorta (PA:Ao)(223). The PA:Ao has also been shown to be linked to an increased 

risk of exacerbations, lower 6MWD and mortality(223).  

Ando et al demonstrated a significant decrease in PA:Ao ratio after the initiation of pulmonary 

vasodilator therapy in COPD-PH(225).  

In IPF, absolute PA diameter is not as accurate a sign of PH, however, an increased PA:Ao ratio 

of greater than 1 remains a reliable indicator and increased segmental artery diameter may 

also signal PH in IPF(178). A composite score of the PA:Ao ratio on CT and RV systolic pressure 

on echocardiography was significantly predictive of PH and better than either test in 

isolation(226).   

 

2.6.6.1.2 Right ventricle to Left Ventricle Ratio (RV:LV) 

The RV to left ventricular diameter ratio (RV:LV) has been shown to predict the presence of 

PH in patients with PAH(227)(228). A study by Bax et al (99) showed that a RV:LV ratio ≥ 1 in 

patients with ILD was strongly associated with mortality, a higher PVR at RHC and remained 

an independent predictor of mortality after adjusting for ILD severity and a diagnosis of IPF.   
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2.6.6.1.3 Parenchymal Disease 

Emphysema and parenchymal distortion were the first factors to be assessed in explaining PH 

in COPD. Emphysema can be quantified on CT using low attenuation area percent (LAA%) 

derived from the voxel frequency distribution histogram with a threshold of -950 Hounsfield 

units most used. No relationship has been shown between LAA% and the presence or degree 

of PH(223). However, a study by Huang et al (229) did show a relationship with RV dysfunction 

with significant correlations between percent emphysema and RV end-diastolic volume, 

stroke volume and CO.       

Limited correlation has been seen between PH severity and high-resolution CT fibrosis 

score(56). 

 

2.6.6.1.4 Airways 

Proximal and distal bronchial wall thickening is a common feature in COPD and a correlation 

between mPAP and bronchial wall thickness has been described(230).  

By combining main PA diameter of ≥ 29 mm with artery-to bronchus ratio  > 1 in 3 or 4 lobes, 

Tan et al achieved a specificity of 100% for detecting PH in patients suffering from 

parenchymal lung diseases(92).  

 

2.6.6.1.5 Small Vessels  

Matsuoka et al measured the % cross-sectional area of small pulmonary vessels less than 

5mm2 normalised by lung area (%CSA<5) using non-contrast enhanced chest CT in patients 

with severe emphysema and found it inversely correlated with mPAP(231). The mPAP in this 

study was 25.8 ± 5.0mmHg. A later study by Coste et al using the same CT quantification 

method showed that %CSA<5 correlated to mPAP in opposite ways in COPD patients with 

(r=0.53, p=0.01) and without severe PH (r=-0.57, p<0.001) suggesting the ability of CT to 

discriminate COPD phenotypes on a small vessel-basis (232).  
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Further work derived the “paw” score which combines %CSA<5, bronchial wall thickness and 

paO2 to select patients with potentially severe PH (mPAP ≥ 35mmHg) for further investigation 

with RHC(223,232).  

CT derived 3D reconstructions of the pulmonary vasculature with deep learning processing 

approaches (233) can be used to calculate distal pulmonary arterial blood vessel volume  

(BV5). In a cohort of COPD patients, this technique demonstrated loss of distal arterial 

vasculature (pruning) which was associated with right ventricular enlargement and an 

increased risk of death(234). Both CT based markers of small vessel loss (%CSA<5 and BV5 

normalised by lung volume) have been shown to correlate with vascular density changes in 

corresponding histology samples(235) suggesting they could give a useful imaging insight into 

the pulmonary vascular changes occurring in-vivo. 

With advances in CT image acquisition, reconstruction and post-processing, there is 

increasing interest in the imaging of the more peripheral/small vessels of the pulmonary 

circulation to detect and quantify pulmonary vascular disease(236).      

 

2.7 Study Rationale 

One of the recommendations from the most recent world symposium on PH with regards to 

use of PAH specific therapies in CLD was to identify CLD patients with a phenotype more in 

keeping with PAH based on physiological testing and CT morphology (Figure 3.2) (56). This 

largely concentrated on parenchymal changes. As discussed previously, there are other CT 

findings in CLD that correlate with the severity of PH and may show change in response to 

treatment.  
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Figure 3.2: Features favouring a pulmonary arterial hypertension versus group 3 pulmonary 

hypertension phenotype based on physiological testing and computed tomography 

morphology(56). [CLD: chronic lung disease, FEV1: forced expiratory volume in 1 second, FVC: 

forced vital capacity, DLCO:  Diffusing capacity of the lung for carbon monoxide, PH: 

pulmonary hypertension, RHC: right heart catheterisation, PAH: pulmonary arterial 

hypertension].  

CT is easily accessible in all NHS settings and if there are features on imaging that may suggest 

response to treatment with PAH specific therapy this would provide a non-invasive tool to 

help identify patients that may benefit from referral to specialist centres for further work-up.   

 

2.8 Hypothesis, Aims and Objectives: 

2.8.1 Hypothesis 

CT derived imaging measures in group 3 PH correlate with disease severity, treatment  

response and mortality: 

• Previously documented CT measures of disease severity apply in this cohort of group 

3 PH. 

• Patients with group 3 PH who show response to PAH specific therapies have a CT 

phenotype that differs from those who do not respond. 
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• CT findings associated with group 3 PH demonstrate improvement following 

treatment.  

• Markers of severity and treatment response predict mortality.   

 

2.8.2 Aims: 

To identify which CT measures are most able to predict disease severity, treatment response 

and mortality in patients with group 3 PH.  

 

2.8.3 Objectives: 

• Document baseline CT findings in a cohort of group 3 PH patients treated with 

sildenafil. 

• Document CT findings following treatment with sildenafil in the same cohort. 

• Identify whether there are any differences between baseline CT findings in responders 

to sildenafil treatment and non-responders that may predict response. 

• Demonstrate if there were any improvements in CT parameters in those patients who 

showed response to treatment. 

• Identify whether these CT measures are associated with mortality. 

 

2.9 Methods 

A retrospective study of patients with severe group 3 PH (defined as mPAP ≥ 35mmHg at RHC) 

treated with sildenafil at Royal Brompton Hospital between March 2015 and May 2019 was 

conducted. Sildenafil was initiated at 12.5-25mg TDS. 

Eligible patients were identified by performing searches on the trust’s electronic patient 

records system (Infoflex® digital healthcare system). Patients with a diagnosis of sarcoidosis 

or connective tissue disease were excluded to maintain a “pure” group 3 cohort. 
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Table 3.4: Eligibility Criteria. [PH: pulmonary hypertension, mPAP: mean pulmonary arterial 

pressure, CT: computed tomography]. 

 

In addition to patient demographics and diagnoses, the following variables were documented 

at baseline (pre-treatment initiation) and follow up: 

• Haemodynamics from RHC 

• Echocardiography parameters 

• Serum BNP levels 

• WHO functional class 

• 6MWD 

• E-10 scores 

The below CT measurements were recorded by a cardiothoracic radiologist (blinded to 

patient’s clinical outcomes) from imaging at baseline and follow-up where available (as 

described in Chapter 2: Methods): 

• PA diameter  

• PA:Ao 

• RV diameter 

• RV:LV 

• Distribution, extent and pattern of emphysema or fibrosis where applicable 

Patients were defined as “responders” or “non-responders” to treatment with sildenafil 

based on achieving one or more of the criteria below (based on cut-offs from previous studies 

in similar populations(177,205):  

1. Improvement in PVR ≥ 20% 



89 
 

2. Improvement in 6MWD ≥ 30m 

3. Improvement in WHO FC   

Mortality data was also collected. Follow up time for mortality analysis was from the date of 

sildenafil initiation, until either the primary outcome (death) occurred, or the patients were 

censored at last data review (date of last screen 08/10/2019). 

Data are mean ± SD or median (range). Statistical analysis was carried out using paired t and 

Wilcoxon signed rank tests for continuous data, Fisher’s exact test for categorical data, 

Spearman’s rank correlation and logistic regression.   

 

2.10 Results 

2.10.1 Patient demographics and Baseline variables 

A total of 24 patients were included in this study with mean age 65.3 ± 10.0 years; 54.2% were 

male. The underlying categories of CLD diagnoses were ILD (n=9, 37%), COPD (n=5, 21%), CPFE 

(n=7, 27%) and other (n=3, 13%). “Other” CLD diagnoses consisted of bronchiectasis, 

congenital scoliosis, and obesity hypoventilation syndrome. Sub-types of ILD included IPF 

(n=4), chronic hypersensitivity pneumonitis (n=3) and fibrotic cryptogenic organising 

pneumonia (n=2). Patients with underlying COPD were GOLD grade 1-3. Table 3.5 and Figure 

3.3 demonstrate patient demographics and underlying CLD.  

Mean lung function was FEV1 65.5 ± 27.7% predicted, FVC 76.4 ± 32.7% predicted and TLCO 

23 ± 6.0% predicted. At RHC, mPAP was 45.6 ± 9.5 mmHg and PVR 10.8 ± 4.3 wood units. 

Patients were predominantly in WHO functional class III.  
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Table 3.5: Baseline patient demographics (n=24). [ WHO: World Health Organisation, E-10: 

emphasis 10, 6MWD: 6 minute walk distance, BNP: B-type natriuretic peptide, FEV1: forced 

expiratory volume in 1 second, FVC: Forced vital capacity, TLCO: transfer factor for carbon 

monoxide, KCO: carbon monoxide transfer co-efficient, mPAP: mean pulmonary arterial 

pressure, PVR: pulmonary vascular resistance, CO: cardiac output, PCWP: pulmonary capillary 

wedge pressure, RAP: right atrial pressure, TRV: tricuspid regurgitation velocity, RVSP: right 

ventricle systolic pressure, RAA: right atrial area, TAPSE: tricuspid annular plane systolic 

excursion, RV: right ventricle, FAC: fractional area change].  
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Figure 3.3: Underlying Chronic Lung Disease Diagnosis (n=24). “Other” (n=3) – bronchiectasis, 

congenital scoliosis, and obesity hypoventilation syndrome. Sub-types of ILD - IPF (n=4), 

chronic hypersensitivity pneumonitis (n=3) and fibrotic cryptogenic organising pneumonia 

(n=2). [COPD: chronic obstructive pulmonary disease, ILD: interstitial lung disease, CPFE: 

combined pulmonary fibrosis and emphysema, IPF: idiopathic pulmonary fibrosis].  

 

2.10.2 Baseline CT Measurements 

Table 3.6 summarises the CT measurements pre-treatment.  
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Table 3.6: Baseline CT characteristics. [PA: pulmonary artery, RV: right ventricle, RV:LV: right 

ventricle to left ventricle ratio].  

 

The mean PA diameter was 36.3 ± 5.4mm. The RV:LV ratio (1.4[0.9-2.0]) and PA:Ao ratio 

(1.0[0.9-1.7]) were both ≥ 1.0. RV (45.8 [29.4-58.7]mm) diameter was enlarged. Patients with 

emphysema present were quantified as having 30.0 (5.0-55.0) % emphysema changes in the 

lungs and equally those with ILD had 30.0 (5.0-50.0) % fibrotic change.  

 

2.10.3 Post treatment analysis 

Median follow-up between initiation of Sildenafil and re-assessment was 4.0 (1.0-7.0) 

months. 9 (37.5%) patients had post treatment RHCs, and 10 (41.6%) patients had repeat CT 

scans.  

There were no statistically significant improvements in haemodynamics (mPAP, cardiac 

output or pulmonary vascular resistance [Table 3.7]) in those who underwent repeat RHCs, 

CT (Table 3.8), echo or BNP measurements following treatment with sildenafil. 

 

 

Table 3.7: Change in haemodynamics at right heart catheterisation following treatment with 

Sildenafil (n=9, median time from treatment initiation to reassessment = 4.0 [1.0-7.0] months). 

[RHC: right heart catheterisation, mPAP: mean pulmonary arterial pressure, CO: cardiac 

output, PVR: pulmonary vascular resistance].    

 

There was a reduction in BNP of 21.6 ng/L, but this was not statistically significant (p=0.85).  

An improvement in 6MWD was seen (in n=7 patients where paired values were available), 

from 230.7 ± 61.4m to 300.6 ± 61.0m (p=0.009) (Figure 3.4).  
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Figure 3.4: Boxplot of change in 6-minute walk distance following treatment with Sildenafil 

(n=7, median time from treatment initiation to reassessment = 4.0 [1.0-7.0] months). An 

improvement in 6-minute walk distance from 230.7 ± 61.4m to 300.6 ± 61.0m was seen with 

a significance value of p=0.009. [6MW1: baseline 6-minute walk distance, 6MW2: 6-minute 

walk distance post treatment].  

 

2.10.4 CT Measurements 

No significant correlations were found between previously documented CT markers of 

disease severity (PA diameter, Pa:Ao ratio, RV:LV ratio and % emphysema) 

(63,64,68,69,70,71) and standard RHC measures of disease severity (mPAP, PVR and CO) in 

this cohort (Table 3.8). 
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Table 3.8: Spearman’s rank correlation of baseline CT and RHC variables - displayed as Rs (p 

value). [CT: computed tomography, PA: pulmonary artery, PA:Ao: pulmonary artery to aorta 

ratio, RV:LV: right ventricle to left ventricle ratio, RHC: right heart catheterisation, mPAP: 

mean pulmonary arterial pressure, PVR: pulmonary vascular resistance, CO: cardiac output, 

Rs: spearman’s rank correlation coefficient].  

 

There were no statistically significant improvements in CT measures following treatment (in 

n=10 patients who had paired CT scans). There was a significant worsening of PA:Ao ratio (Z=-

2.2, p=0.028) and % fibrosis (Z= -2.4, p=0.016).  

 

Table 3.9: Pre versus post-treatment CT measurements. (Median time from treatment 

initiation to reassessment = 4.0 [1.0-7.0] months). There was a significant decline in PA:Ao 

ratio and % fibrosis. [CT: computed tomography, PA: pulmonary artery, PA:AO: pulmonary 

artery to aorta ratio, RV: right ventricle, RV:LV: right ventricle to left ventricle ratio].  

 

2.10.5 Responders versus Non- Responders 

12 patients were classed as responders (50%, 95% CI: 31.4-68.6) based on meeting ≥ 1 of the 

pre-defined criteria of improvement in PVR, WHO functional class or 6MWD. There were no 
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significant differences in baseline variables between the responder and non-responder 

groups (Table 3.10).  

 

Table 3.10: Comparison of baseline variables in responders (Meeting ≥ 1 of criteria, n=12) 

versus non-responders (n=12). There were no statistically significant differences between the 

2 groups. [FEV1: forced expiratory volume in 1 second, FVC: forced vital capacity, TLCO: 

transfer factor for carbon monoxide, KCO: carbon monoxide transfer co-efficient, mPAP: mean 

pulmonary arterial pressure, PVR: pulmonary vascular resistance].  

 

Table 3.11 shows the breakdown of the patients defined as responders. Of the 2 that 

responded by > 1 criteria, one patient saw an improvement in WHO functional class and 

6MWD and the other in PVR and 6MWD. Further sub-group analysis of the group that 

achieved an improvement in WHO FC (Table 3.12 and Figure 3.5) showed lower baseline % 

predicted FEV1 (31.3±11.8 in responders vs 70.6±25.8 in non-responders, p=0.008) and FVC 

(39.3±9.0 in responders vs 81.9±31.2 in non-responders, p=0.049). mPAP and PVR were 

higher in the responder group but did not reach statistical significance.  
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Table 3.11: Breakdown of criteria met by responders to treatment with sildenafil (n=12). Of 

the 2 that responded by > 1 criteria, one patient saw an improvement in WHO functional class 

and 6MWD and the other in PVR and 6MWD. [6MWD: 6-minute walk distance, WHO: World 

Health Organisation, PVR: pulmonary vascular resistance].     

 

 

Table 3.12: Comparison of baseline variables in responders (n=4) versus non-responders 

(n=20) to sildenafil treatment by WHO functional class criteria. Baseline FEV1 and FVC % 

predicted were significantly lower in the responder group. [FEV1: forced expiratory volume in 

1 second, FVC: forced vital capacity, TLCO: transfer factor for carbon monoxide, KCO: carbon 

monoxide transfer co-efficient, mPAP: mean pulmonary arterial pressure, PVR: pulmonary 

vascular resistance].  
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Figure 3.5: Boxplot of baseline % predicted FEV1 and FVC in responders (n=4) vs non-

responders (n=20) by World Health Organisation functional class criteria. Both % predicted 

FEV1 and FVC were significantly lower in the responder group. [FEV1: Forced expiratory 

volume in 1 second FVC: forced vital capacity].   

 

There were no significant differences between baseline CT measurements in responders 

compared to non-responders when analysed as meeting ≥ 1 response criteria (Table 3.13) or 

on sub-group analysis based on individual response criteria (PVR, WHO functional class, 

6MWD). No significant improvements in CT measurements were seen post-treatment when 

sub-group analysis was carried out in the responder group.  

Logistic regression to analyse the effect of the CT variables on response to treatment did not 

yield a statistically significant model.    
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Table 3.13: Comparison of baseline CT measurements in responders versus non-responders 

based on meeting ≥ 1 response criteria. There were no statistically significant differences. [CT: 

computed tomography, PA: pulmonary artery, RV: right ventricle, RV:LV: right ventricle to left 

ventricle ratio].    

 

2.10.6 Symptomatic benefit and Adverse effects 

3 (12.5%) patients experienced adverse effects (deterioration of oxygenation [n=2]) and 

hypotension [n=1]).             

14 (58.3%) patients reported an improvement in symptoms, however there was no significant 

improvement in E-10 scores or WHO functional class. The predominant improvement 

reported was reduced shortness of breath. 2 patients stated they had less syncopal symptoms 

and 1 demonstrated a reduction in peripheral oedema (without any concomitant medication 

changes).  

2.10.7 Mortality 

7 (29%) patients had died at the point of censorship. Mortality was lower in the responder 

group; however, this did not reach statistical significance (1 versus 6, 2-sided p-value = 0.069). 

There were no significant differences in baseline CT measurements between the alive and 

dead patients and the logistic regression model was not statistically significant.  
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2.11 Discussion 

The baseline variables of our cohort were in keeping with those previously described for CLD 

associated with a PAH or vascular phenotype(56). In that, FEV1 and FVC % predicted were 

relatively preserved and both greater than 60% and 70% predicted respectively with a 

disproportionately low TLCO % predicted (23.0±6%). 30.0% emphysema (5.0-55.0%) and 

fibrosis (5.0-50.0%) changes were seen on baseline CT, in keeping with the theory that severe 

PH in CLD may occur independently to the underlying CLD. It is estimated that a loss of > 80% 

normal lung structure is required to provoke PH(164), supporting a separate vascular 

phenotype.      

This study examined the short-term effects of sildenafil treatment with a median time to 

follow up of 4 months. Unfortunately, less than 50% of patients had follow-up CT scans and 

RHC which limited the data available for analysis at follow-up.  

No statistically significant improvements in haemodynamics were seen at repeat RHC. 

However, 3 patients (33.3% of those that had a repeat RHC) did show a ≥20% improvement 

in PVR following treatment. Of these, 1, also had an improvement in 6MWD from 203m to 

270m.        

In this cohort of patients, a significant improvement was seen in 6MWD from 230.7 ± 61.4m 

to 300.6 ± 61.0m (p=0.009) following treatment. Less mortality was seen in the responder 

group however this was not statistically significant. Similar trends with survival were seen in 

responders to vasodilator therapy in previous studies(177,205).   

Sub-group analysis of patients who showed improved WHO functional class with treatment 

showed a lower baseline FEV1 (31.3 ± 11.8 in responders versus 70.6 ± 25.7 in non-

responders) and FVC (39.2 ± 9.0 versus 81.9 ± 31.2) % predicted which is not in keeping with 

the preserved lung function group 3 PH phenotype that is thought to be more responsive to 

PAH specific treatment. A higher mPAP was seen in responders (58.0 ± 5.7mmHg) versus non-

responders (43.9 ± 8.7mmHg) but this did not quite reach statistical significance (p=0.052).  

Previous work by Ando et al(225) showed an improvement in PA:Ao with vasodilator therapy 

in COPD with PH. This was not replicated in this study where no improvements were seen in 

CT parameters measured post treatment and there were no significant differences in CT 
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findings between responders and non-responders. PA:Ao ratio and % fibrosis were 

significantly worse at follow-up CT.   

None of the CT variables examined showed strong or statistically significant correlations with 

mPAP, PVR or CO in this cohort.  

Increases in PA diameter, PA:Ao, RV diameter and RV:LV ratio (the predominant CT variables 

assessed) are right-heart associated structural changes which occur secondary to increased 

mPAP(95). Therefore, whilst they can suggest the presence of PH, they are unlikely to be 

sensitive enough to recognise the vascular phenotype which may be associated with 

treatment response. Equally, they are less likely to be responsive to short term 

haemodynamic improvements with treatment and show less reversibility.       

Vascular alteration of small pulmonary vessels is one of the characteristic features of PH in 

COPD(231) and other CLD. Histological studies suggest that vascular remodelling leads to 

reduced distensibility of small pulmonary vessels with a resultant increase in PVR and 

PH(237). Concentrating on imaging of the smaller, more distal pulmonary vessels where these 

changes occur and where pulmonary vasodilators primarily act is therefore more likely to 

yield associations with response to treatment than the macroscopic findings discussed in this 

chapter which occur further downstream in the disease process.  

Novel CT based measurements are already being explored. CT quantification of small 

pulmonary vessels (%CSA<5) has been shown to predict mPAP (231,232) in COPD and when 

combined with measures of bronchial wall thickness and paO2 can predict severe PH(232). 

Automated vessel segmentation on non-contrast CT scans has been used to examine arterial, 

venous, and lobar circulation in the lung as a measure of the loss of distal vasculature(238). 

Measures derived from these techniques are related to changes of vascular density as 

assessed by histology(235).  

A study be Iyer et al (104) looking at perfused blood volume (PBV [as a surrogate for blood 

flow]) and PBV coefficients of variation (measures of spatial blood flow heterogeneity) on 

DECT in patients with emphysema was able to demonstrate changes in these variables 

following treatment with sildenafil. These changes reflected an improvement in peripheral 

perfusion and support the ability of CT based measurements of peripheral blood flow to show 

response to vasodilator treatment.    
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Preliminary work by Rahaghi et al showed quantitative changes in pulmonary vascular calibre 

and volume in response to inhaled nitric oxide using automated methods on non-contrast CT 

scans(236).  

These CT based techniques could provide novel ways of predicting and assessing response to 

PAH specific therapy by providing imaging-based biomarkers of pulmonary vascular disease. 

The use of a cardiac MRI derived PA/RV model has also been proposed as a means of accurate 

(sensitivity 92%, specificity 80%, positive predictive value 96% and negative 

predictive value 63%, AUC 0.93, p<0.0001), non-invasive estimation of mPAP and the 

presence of PH in COPD(239). 

 

2.11.1 Study Limitations 

This was a single-centre, retrospective, observational study and therefore had several 

limitations including a small and heterogenous study population with in-complete data 

available at follow-up. The number of patients in each lung disease phenotype was small so 

it was not possible to tease out differences between the underlying CLD types. Meaningful 

regression analyses were also prevented by small numbers. Any statistically significant 

results should be interpreted with caution. Improvements seen, particularly with subjective 

outcomes, may be confounded by placebo effect.  

 

2.12 Conclusion 

The CT measurements assessed in this study did not correlate with standard markers of PH 

severity at RHC, predict response, show improvement with treatment, or relate to mortality.  

Sildenafil appears well tolerated and safe in most patients with an improvement in 6MWD 

observed. There are signals that some patients do respond to treatment and that this may 

improve prognosis, but larger, prospective, RCTs with longer follow up are required.  

Larger, prospective, longitudinal studies concentrating on CT imaging of the smaller vessels in 

different CLD groups is also needed to gain a better understanding of which CT derived 

imaging biomarkers may be useful in the assessment and follow-up of patients with PH.   
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Chapter 4: Pulmonary artery 

morphology and calcification on 

Computed Tomography in Eisenmenger 

Syndrome 

 

2.13 Introduction 

2.13.1 Eisenmenger syndrome 

Eisenmenger syndrome (ES) is an advanced form of pulmonary arterial hypertension (PAH) 

associated with congenital heart disease (CHD). It occurs when a large congenital left-to-right 

shunt causes increased flow through the pulmonary vasculature resulting in severe 

pulmonary vascular disease and reversal of the shunt (27,240). Figure 4.1 summarises the 

development of ES.   

 

Figure 4.1: Mechanisms involved in the development of Eisenmenger Syndrome(27,241). A 

systemic to pulmonary circulation connection leads to a left to right shunt with increased 
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pulmonary blood flow and pulmonary vascular injury. This results in increased PVR and a 

reversal of the shunt (Eisenmenger Syndrome). [PVR: pulmonary vascular resistance].  

 

The shunting associated with PAH can occur at different levels and the risk of developing PAH 

and ES depends on the location and size of the shunt lesion as well as other factors such as 

the presence of Down’s syndrome(242). The cardiac defects most common to ES are 

ventricular septal defects (VSD), atrial septal defects (ASD), atrioventricular septal defects 

(AVSD) and patent ductus arteriosus(240,243). The underlying CHD defects can be classified 

anatomically as pre-tricuspid (e.g., ASD), post-tricuspid (e.g., VSD) or complex (e.g., 

AVSD)(25,242).  

The increased volume of blood flowing from the CHD defect through the pulmonary 

circulation overloads it and leads to increased PVR and pulmonary artery pressure (PAP)(244). 

If the shunt is significant and persistent, there is progressive pulmonary vessel disease and an 

irreversible PAH develops(245).     

The pulmonary vascular disease in CHD demonstrates similar pulmonary histology to other 

types of PAH(50). Endothelial damage is associated with degeneration of the extracellular 

matrix, release of growth factors, activation of coagulation pathway, increased production of 

vasoconstrictors and decreased production of vasodilators(246,247). If PAP exceeds systemic 

pressure, there is reversal of blood flow through the CHD defect producing a bidirectional or 

pulmonary-to-systemic shunt with resultant hypoxaemia and central cyanosis(245,247). This 

represents the final stage of CHD with PAH and is called ES(248). 

Development of ES in patients with complex CHD is associated with a 10 to 12 fold increase 

in mortality(249). However, patients with ES exhibit a more favourable haemodynamic profile 

and prognosis compared to patients with idiopathic PAH(250) through initial preservation of 

right ventricular (RV) function and alleviation of raised PA pressure via the right to left 

shunt(96).  

With post-tricuspid shunts, the RV may not remodel at birth and remains hypertrophied, 

preserving the foetal-like phenotype and sustaining elevated PAP better and longer compared 

with IPAH(251).  The prognosis is worse in ES patients with pre-tricuspid defects where the 
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RV response appears to resemble that of IPAH with dilatation and progressive RV 

dysfunction(252).  

 

2.13.2 CT findings in Eisenmenger syndrome 

Some CT features of ES are similar to those seen in idiopathic and other forms of PAH(244).  

Commonly encountered CT findings can be divided into vascular, cardiac, and pulmonary 

parenchymal.  

 

2.13.2.1 Vascular  

Severe dilatation of the main pulmonary arteries is characteristic of ES and the result of 

chronically high volume and pressure and intrinsic PA wall abnormalities relating to the CHD 

(244,253). Dilatation of the main PAs is often out of proportion to PAP at right heart 

catheterisation and may be due to inherent medial abnormalities of elastin and smooth 

muscle which can also lead to aneurysmal PAs(254). PA diameters can reach 6 to 7 cm in 

patients with ES(255).   

Secondary to the severe dilatation and turbulent blood flow within the PAs, ES patients are 

prone to the development of in-situ thrombosis and intramural calcification(253). Other 

mechanisms thought to contribute to thrombus formation include damage to the 

endothelium with activation of procoagulants and impairment in the fibrinolytic 

system(244,253). The endothelium can be damaged by the increased shear stress on the 

vessel walls, increased blood viscosity and chronic hypoxaemia(256). The prevalence of PA in-

situ thrombosis in ES has previously been documented as 20%(257,258).     

Intramural calcification is mostly seen in the proximal pulmonary arteries and involves the 

tunica media rather than the intima, which is more affected by atherosclerosis(254).  
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Figure 4.2: Trans-axial CT sections demonstrating PA dilatation, intra-mural calcification, and 

calcified in-situ thrombus. [PA: pulmonary artery, CT: computed tomography].    

Pulmonary neovascularisation (proliferation of small, serpiginous, subpleural vessels, often 

arising from centrilobular arterioles(96)) is significantly more common in ES than other 

aetiologies of PAH, particularly in patients with post-tricuspid defects where pulmonary 

vascular disease develops early in life(259).  

Hypertrophic bronchial arteries (appearing as curvilinear mediastinal vessels greater than 

2mm diameter(244)) are often found in ES and occur as a result of hypoxia causing increased 

blood flow through the bronchial arteries to contribute to increasing blood oxygenation(244). 

Reversal of the shunt in ES reduces blood flow in the pulmonary arteries and stimulates the 

formation of  collateral vessels(260). Bleeding from hypertrophic bronchial arteries may be 

associated with alveolar haemorrhage and haemoptysis which is often recurrent and can be 

life-threatening(244).       

 

2.13.2.2 Cardiac 

Chronic pressure overload leads to remodelling of the RV, characterised by chamber 

dilatation and hypertrophy of the free wall (wall thickness > 5 mm)(261). Bowing of the 

interventricular septum towards the left ventricle (D-shape interventricular septum, as seen 

in the short axis view in echocardiography) is seen with further increases in pressure in the 

RV(262). 
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Some left-to-right shunts such as sinus venosus defects, partial anomalous pulmonary venous 

return, and patent ductus arteriosus may be detected on CT whilst missed with 

echocardiography(244).      

 

2.13.2.3 Pulmonary Parenchymal 

Centrilobular ground glass nodules are a well-known feature of PAH(263). In PAH associated 

with CHD, ground glass nodules have characteristic high attenuation at the lobular core and 

normal attenuation at the lobular margin with a relatively diffuse distribution(264). Infarction, 

caused by emboli from proximal thrombosis, presents as peripheral areas of parenchymal 

consolidation and both it and associated pleural effusions may be haemorrhagic because of 

the haemostatic defects(244).      

 

2.14 Study Rationale 

CT is often utilised in the clinical assessment of patients with ES and is low risk and minimally 

invasive. It can provide detailed information on the anatomy of the PAs, and the presence, 

distribution, and quantification of calcium. Whilst common CT pulmonary vascular findings 

and their prognostic significance are well documented in other forms of PH, there is limited 

literature regarding their significance in ES. PA calcification, in particular, has limited data 

published about it, with most publications being historic case reports and series(265–268). 

Coronary artery calcification is a known risk factor for adverse outcomes in the general 

population and in patients with coronary artery disease(269) and its causes and pathogenesis 

are well documented. The finding of PA calcification is quite unique to ES, but little is known 

about which patients develop it and whether this finding is associated with clinical outcome.     
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2.15 Hypothesis, Aims and Objectives: 

2.15.1 Hypothesis 

Quantitative CT markers of PA morphology, including the presence and extent of PA 

calcification, correlate with disease severity and predict mortality in ES.  

 

2.15.2 Aims 

Investigate relationships between CT measures of PA morphology (including PA calcification) 

and markers of disease severity and mortality. 

 

2.15.3 Objectives 

• Identify cohort of ES patients with CT scans. 

• To document previously described and novel measures of PA morphology and 

calcification in this cohort. 

• To determine whether these measures relate to mortality.  

 

2.16 Methods  

A single-centre retrospective analysis of CT scans in ES patients was performed. All patients 

known to the PH service with a diagnosis of ES and an adequate quality CT scan were included. 

Where patients had more than 1 CT scan available, the most recent was used.  

The following measurements were documented (as described in the Methods chapter): PA 

diameter, PA trunk volume, presence of PA thrombus and calcification. The degree of PA 

calcification was further evaluated using a modified Agatston score (as used in assessing 

coronary artery calcification)(152). The distance between the pulmonary bifurcation and the 

most distal calcification was measured on curved planar reformatted images using the 
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Intuition Viewer 3D workstation and the most distal generation of PA affected by calcification 

was recorded.  

Mortality data was also collected. Follow up time for mortality analysis was from the date of 

CT, until either the primary outcome (death) occurred, or the patients were censored at date 

of last review (04/02/2019). 

A sample of 15 patients had measurements taken by both reviewers to look for reliability of 

novel CT measurements (PA trunk volume and measures of PA calcification).  

Data are mean ± SD or median (range). Spearman’s rank correlation, intraclass correlation 

coefficient, logistic and Cox regression were used for analysis of data. 

 

2.17 Results 

2.17.1 Patient demographics 

A total of 104 ES patients with adequate quality CT imaging were included: 39 (37.5%) male, 

median age 33.0 [14.3 - 69.5] years. 35 (33.7%) patients had Down syndrome. The underlying 

cardiac defect was defined as pre-tricuspid in 4 (3.8%) patients, post-tricuspid in 65 (62.5%) 

patients and complex in 35 (33.7%) patients. Most patients (96.2%) were in WHO functional 

class 3 at the time of their CT scan. Median 6MWD was 290.0m (80.0 - 540.0m) and oxygen 

saturations at rest were 85% (62 - 98%).   

 

Table 4.1: Summary of Patient Demographics (n=104). 
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2.17.2 PA diameter and trunk volume  

Dilatation of the main PA (>30mm) was present in 84 (82.4%), and this was severe (>50mm) 

in 5(4.9%). Median PA diameter was 35.0mm (19.0 - 60.0mm). Median pulmonary trunk 

volume was 81.5mm3 (26.0 – 400.0mm3).  

A small correlation was seen between age and PA diameter (rs = 0.3, p = 0.006) and a moderate 

correlation with PA trunk volume (rs = 0.5, p <0.001) (Table 4.2 and Figure 4.3).   

 

 

Table 4.2: Spearman’s rank correlation of age with measures of PA dilatation (** denotes a 

significant result at the p < 0.01 level). Both PA diameter and trunk volume showed significant 

correlations. [PA: pulmonary artery, rs: Spearman’s rank correlation coefficient].   

 

 

Figure 4.3: Scatter plots to show correlation of age with PA diameter and trunk volume. [PA: 

pulmonary artery, rs: Spearman’s rank correlation coefficient].  
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2.17.3 PA Thombosis and calcification 

PA thrombosis was present in 22 (21.4%) and pulmonary artery calcification was present in 

29 (27.9%). PA calcification was present within an area of thrombosis in 16 (15.4%).  

The median number of calcifications was 6 (1 - 218) and calcification was seen from the main 

PA down to 4th generation PAs. The majority of the most distal calcium lesions were found in 

3rd generation PAs (71%) with a preponderance for the right lower lobe PA (75% of 3rd 

generation lesions).  Median calcium score was 218.0 [2.0 - 56097.0], median volume 

120.0mm3 [2.0 - 41594.0mm3] and mass 68.0mg [1.0 - 42835.0mg]. The median distance from 

the pulmonary bifurcation to the most distal calcification was 94.0mm (44.0 – 157.0mm). No 

significant correlations were seen between PA diameter or trunk volume and calcification 

measurements.    

 

Table 4.3: Comparison of patient demographics in those with PA calcification (n=29) and those 

without (n=75) (*denotes statistically significant differences). [WHO FC: World Health 

Organisation functional class, 6MWD: 6-minute walk distance, BNP: brain natriuretic peptide, 

PA: pulmonary artery].  
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On univariable logistic regression analysis the following parameters were related to the 

presence of PA calcification: age (per 10 years OR 3.01, 95% CI: 1.91 - 5.19, p<0.0001), Down 

syndrome (OR 0.16, 95% CI: 0.03 - 0.49, p=0.004), post-tricuspid shunt (OR 3.01, 95% CI: 1.16 

- 8.92, p=0.03), a PA diameter above the median for this population (>35mm, OR 2.57, 95% 

CI: 1.03 - 6.91, p=0.049) and presence of PA thrombus (OR 21.64, 95% CI: 7.08 - 77.7, 

p<0.0001). 

On further analysis of age with measures of PA calcification, a small but significant correlation 

was seen between age and the distance from the pulmonary artery bifurcation to the most 

distal calcification (rs = 0.4, p = 0.041) (Table 4.4 and Figure 4.4).  

 

 

Table 4.4: Spearman’s rank correlation of age (years) with measures of PA calcification 

(*denotes a statistically significant result at the p <0.05 level). A small, significant correlation 

was seen between age and distance from pulmonary bifurcation to the most distal 

calcification (rs = 0.4, p = 0.041). [PA: pulmonary artery, r(s): Spearman’s rank correlation 

coefficient].  
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Figure 4.4: Scatter plot showing correlation of age with distance from pulmonary bifurcation 

to most distal pulmonary artery calcification. [rs = Spearman’s rank correlation coefficient].         

 

2.17.4 Prognosis 

During a median follow-up of 9.5 [0.2-20.8] years from the index CT, 22 (21.2%) patients died. 

On univariable Cox regression analysis, only age was predictive of death (per 10 years HR 1.39, 

95% CI: 1.03 - 1.88, p=0.03). PA diameter, trunk volume and the presence of calcification or 

thrombosis did not affect prognosis.  

 

2.17.5 Inter- reviewer agreement for novel CT measurements: Pulmonary trunk volume and 

measures of PA calcification 

The intraclass correlation coefficient (ICC) between the 2 independent reviewers (SS and BR) 

was calculated for pulmonary trunk volume and PA calcification measures which are not 

routinely used in the assessment of PH patients on a sample of 15 patients. Table 4.5 

summarises the results. There was evidence to support good reliability of the measurement 

of pulmonary trunk volume (ICC = 0.88 [95% CI 0.71 – 0.96, p = < 0.0001]) and distance from 

the pulmonary bifurcation to the most distal calcification (ICC = 0.83 [95% CI 0.57 – 0.94, p = 

<0.001]) between reviewers (Figure 4.5). Evidence to support inter-reviewer reliability of 
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number of calcifications, calcium score, volume and mass was lacking with p values > 0.05 and 

confidence intervals crossing ‘0’.     

 

 

Table 4.5: Intraclass correlation coefficient to assess reliability of novel CT measurements 

(n=15). PA trunk volume (ICC = 0.88 [95% CI 0.71 – 0.96, p = < 0.001]) and distance from 

pulmonary bifurcation to the most distal calcification (ICC = 0.83 [95% CI 0.57 – 0.94, p = 

<0.001]) showed good reliability. [PA: pulmonary artery].  

 

 

Figure 4.5: Scatter plots to show degree of agreement in measurement of pulmonary artery 

trunk volume and distance from pulmonary bifurcation to the most distal calcification 

between 2 independent reviewers (n=15).  
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2.18 Discussion 

This chapter retrospectively examined the CT findings in a heterogenous cohort of patients 

with ES.  Dilatation of the main PA on CT (PA diameter >30mm) was present in most patients 

(84, 82.4%). Pulmonary trunk volume ranged between 26.0 – 400.0mm3 (with a median of 

81.5mm3). Both PA diameter and trunk volume significantly correlated with age.  

PA calcification was a common finding in this cohort with a  prevalence (27.9%) similar to that 

previously quoted by Perloff et al (26%)(254).  

In 55.2% of patients, PA calcification was present within an area of thrombus. This was lower 

than that demonstrated by Silversides et al (257), where PA calcification was seen more 

frequently (71%) in patients with thrombosis versus those without (19%).  

The development of PA thrombus is thought to occur in the context of low pulmonary flow 

associated with severe microvascular obstruction, hypoxia, endothelial dysfunction and blood 

hyperviscosity(270).     

The presence of extensive calcification within PAs in those with thrombus(253,271) supports 

the hypothesis that thrombi may arise from local vascular injury from progressive pulmonary 

hypertension. The presence of PA thrombus in ES has been observed to be associated with 

increasing age(270). This age related risk of PA thrombosis may be explained by endothelial 

dysfunction becoming more extensive over time (257,270).  

Inherent medial abnormalities  of the main PAs in CHD(272) may predispose to dilatation that 

is out of proportion to haemodynamic expectations(254). Perloff et al(254) noted that 

aneurysmal PAs were significantly less calcified than non-aneurysmal PAs and therefore 

hypothesised that extensive mural calcification may limit dilatation. In this study, a PA 

diameter above the median for this population (>35mm, OR 2.57, 95% CI: 1.03 - 6.91, 

p=0.049) was associated with the presence of calcification but no significant correlation was 

found between PA diameter or trunk volume and measures of calcification. 

The hypothesis for this study that quantitative CT measures of PA calcification would correlate 

with disease severity and predict mortality in ES was based on the rationale that abnormal 

flow properties associated with more severe PH may predispose to the deposition of calcium 

in the PAs. This has already been suggested as a possible contributor to thrombogenesis(271). 
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In situ thrombosis in the PAs of patients with ES has been demonstrated to be associated with 

older age, biventricular dysfunction, dilatation of the pulmonary arteries, and concomitantly 

decreased pulmonary flow velocity(271). In this study, age, and PA diameter >35mm were 

also associated with PA calcification. A correlation was seen between age and the distance 

from the pulmonary artery bifurcation to the most distal calcification (rs = 0.4, p = 0.041).  

The presence of PA thrombus was strongly associated with PA calcification (OR 21.64, 95% CI: 

7.08 - 77.7, p<0.0001) which may suggest that the two are inter-related and/or share a similar 

pathogenesis.  

PA calcification was less common in Down syndrome (OR 0.16, 95% CI: 0.03 - 0.49, p=0.004) 

and more common in patients with post-tricuspid shunt (OR 3.01, 95% CI: 1.16 - 8.92, p=0.03). 

Patients with post-tricuspid shunt and Down Syndrome both have a tendency to develop ES 

earlier(245) therefore it is not clear why these groups showed opposite associations with PA 

calcification.  

Age was the only factor found to be predictive of death (per 10 years HR 1.39, 95% CI: 1.03 - 

1.88, p=0.03). PA diameter, trunk volume and the presence of calcification or thrombosis did 

not affect prognosis.  

The presence and extent of coronary artery calcification is well recognised as having 

prognostic implications. Vascular calcification can be classified depending on its location as 

intimal (the predominant type seen in coronary arteries) or medial (as seen in PAs)(273). This 

distinction may explain why the prognostic significance of calcification varies between its 

presence in the coronary and pulmonary arteries. Medial calcification is most commonly 

found in peripheral arterial disease and results in loss of elasticity(273). Arterial medial 

calcification has also been documented in chronic renal failure and its progression is reported 

to be associated with hypercalcaemia, hyperphosphatemia and parathyroid 

abnormalities(273–275). In chronic renal failure, local tissue injury and alteration in 

intracellular pH may also predispose to calcium precipitation(275) and excess parathyroid 

hormone levels have been shown to induce pulmonary calcification, pulmonary hypertension 

and right ventricular hypertrophy(274). It has also previously been proposed that pulmonary 

artery obstruction alters the microchemical environment of the lung, favouring tissue 
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alkalosis and augmenting calcification(276). The exact mechanisms leading to pulmonary 

artery calcification remain unclear.  

In this cohort, novel CT measures of pulmonary trunk volume and distance from pulmonary 

bifurcation to most distal calcification were able to be measured with good reliability between 

2 independent reviewers.  

 

2.18.1 Study limitations 

Due to the retrospective nature of this study, it was not possible to include all patients with 

ES presenting to the hospital (as not all had a CT scan as part of their care), standardise the 

point at which CT imaging was carried out or allow for the time from diagnosis to CT in analysis 

of results. All potential factors that might play a role in PA calcification were not assessed 

(e.g., serum calcium, phosphate, and parathyroid levels). There was only limited RHC data 

available for this cohort of patients, therefore associations between haemodynamic 

parameters and calcification were not assessed. Further work is required to understand the 

pathogenesis of pulmonary artery calcification better.     

 

2.19 Conclusion 

The commonly described radiological findings of dilated PA, PA calcification and in-situ 

thrombus in ES do not appear to be markers of prognosis but more likely reflect the 

longstanding severe pulmonary hypertension in these patients.  
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Chapter 5: A novel quantitative MRI 

derived biomarker: Dynamic Oxygen 

Enhanced MRI. Is there a role for it in 

the assessment of Pulmonary 

Hypertension? 

 

2.20 Introduction 

The pathophysiology of group 1 and 4 PH involves vascular remodelling of small and medium 

sized pulmonary arteries and pulmonary arterioles, with a subsequent increase in pulmonary 

vascular resistance (PVR) and right ventricular (RV) afterload(1). Pulmonary perfusion, 

particularly in the peripheries, may therefore represent the severity of PH(94). Reduced 

efficiency of gas exchange is also seen as a result of vascular remodelling and progressive loss 

of pulmonary arterial vasculature with decreased capillary blood volume available for gas 

exchange(65).  

Group 1 (including IPAH and CTD-PAH) and 4 PH (predominantly CTEPH in clinical practice) 

are characterised by pre-capillary PH on RHC (mPAP ≥ 25mmHg, PAWP ≤ 15mmHg and PVR > 

3 WU) which remains the gold-standard investigation for diagnosis, risk stratification and 

assessment of response to treatment(17,18).     

RHCs are invasive in nature, and this can sometimes preclude more intensive monitoring of 

patients. Monitoring via CT is limited by ionising radiation and the use of intra-venous contrast 

agents with their associated risks to renal function and does not provide functional 

information. There is therefore a need for new techniques, which can be used in the 

assessment of these patients.  
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2.20.1 Role of MRI in PH 

The role of MRI in PH has been expanding and is a promising one. Cardiac MRI is widely used 

in PH for assessment of RV size, morphology, and function. It allows non-invasive assessment 

of blood-flow (including stroke volume, CO, pulmonary arterial distensibility) and RV mass  

and therefore provides useful prognostic information both at baseline and at follow-up (17).   

The use of MRI in pulmonary imaging is more challenging due to the inherent limitations of 

low proton density, multiple air-tissue interfaces and reduced signal secondary to cardiac and 

respiratory motion and blood flow(109)(110). However, advances in MRI technology are 

beginning to overcome this.   

In the research setting, novel techniques are emerging that would allow quantitative analysis 

of lung perfusion, without IV contrast administration, and could be repeated pre and post 

treatment as frequently as practicable to allow assessment of therapeutic response (131). In 

this study, the role of one of these novel techniques is investigated (Dynamic Oxygen 

Enhanced MRI). 

 

2.20.2 Dynamic oxygen enhanced MRI (OE-MRI) 

Dissolved molecular oxygen is weakly paramagnetic and results in regional shortening of T1 

relaxation time(134). T1 relaxation time varies in proportion to dissolved oxygen 

concentration and measurement of local T1 relaxation therefore allows calculation (or at 

least approximation) of the local oxygen partial pressure (PaO2)(148). Whilst static measures 

of enhancement can be achieved via two acquisitions, one before and one after a period of 

time breathing 100% oxygen, repeated measurements are possible at short, regular 

intervals allowing the assessment of oxygen dynamics across the lung (136,277). 

 As the change in T1 results from oxygen in its dissolved state (as opposed to from the gas 

itself), signal change on administration of inhaled oxygen reflects a combined measure of 

efficiency of alveolar oxygenation, diffusion and ventilation-perfusion matching, presented 

both spatially and temporally (149). The highest volume of fluid per unit of normal lung 

resides within the pulmonary vascular system, so OE-MRI outputs are inherently reliant on 
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pulmonary perfusion and represent promising imaging biomarkers of pulmonary vascular 

disease (149).  

 

2.21 Study Rationale 

Dynamic OE- MRI represents an imaging technique that may provide a novel set of imaging 

biomarkers for the assessment of PH with the advantages of: 

1. Being non-invasive 

2. Not requiring exposure to ionising radiation or contrast media 

3. Having an imaging protocol that can be carried out on standard clinical scanners (the 

only additional equipment required is a simple gas mixing system) 

4. Data acquisition not requiring long breath-holds (an advantage in patients with cardio-

respiratory disease and symptoms of breathlessness) 

5. Being repeatable at as high a frequency as is practicable.  

Combining this novel technique with existing cardiac MRI protocols could provide an 

alternative, non-invasive tool for monitoring pulmonary perfusion and right heart function in 

PH.  

 

2.22 Hypothesis, Aims and Objectives:  
  

2.22.1 Hypothesis 

Quantitative measures of pulmonary perfusion, derived from dynamic OE-MRI, correlate with 

standard markers of disease severity and demonstrate response to treatment. 
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2.22.2 Aims 

To investigate the feasibility of dynamic OE-MRI in a cohort of PH patients and whether the 

imaging biomarkers correlate with standard clinical measures of disease severity and 

treatment response. 

 

2.22.3 Objectives 

• To prospectively recruit and study the feasibility of dynamic OE-MRI in patients with a 

new diagnosis of IPAH, CTD-PAH and CTEPH pre-treatment and again following 

treatment initiation 

• Describe pre-treatment imaging phenotypes based on quantitative measures derived 

from OE-MRI 

• To assess whether quantitative measures derived from OE-MRI correlate with 

standard clinical measures of PH severity 

• Evaluate if these new quantitative MRI measurements are sensitive to change related 

to treatment over a short period of time (3-6 months). 

 

2.23 Methods 

Patients were prospectively recruited between November 2018 and January 2020 from the 

RBH PH Service as per criteria defined in Chapter 2: Methods. Written consent was obtained 

(Appendix II). In addition to standard of care investigations, participants underwent a 

research MRI scan at baseline (pre-initiation of treatment). This was then repeated 3-6 

months later following treatment initiation and timed to correspond with standard of care 

repeat investigations. Treatment was commenced as per current clinical guidelines and 

following discussion at a PH multi-disciplinary team meeting. The post-processing of the MRI 

scans has been in collaboration with researchers from Bioxydyn Ltd.  

Further details of the MRI protocol and post processing can be found in Chapter 2: Methods.  
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Data are expressed as mean ± standard deviation or median (range). Correlations between 

MRI derived measures and standard clinical measurements were assessed by Spearman’s 

rank correlation analysis. Changes in variables pre and post treatment were assessed using 

paired-samples T-test or Wilcoxon and Sign tests.   

 

2.24 Results 

2.24.1 Patient demographics and clinical characteristics 

12 patients were recruited and underwent baseline study MRI scans. Of these, 5 went on to 

have a follow up scan post-treatment initiation. Median time to follow-up was 3.7 months 

(range 2.7-3.9 months).  Table 5.1 demonstrates patient’s baseline characteristics.  

2 normal subjects with no underlying cardio-pulmonary disease were scanned as part of 

protocol set up and formed a small reference cohort.  

 

Table 5.1: Baseline patient demographics and clinical information (n=12). [WHO FC: World 

Health Organisation functional class, 6MWD: 6 minute walk distance, BNP: brain natriuretic 
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peptide, mPAP: mean pulmonary arterial pressure, PCWP: pulmonary capillary wedge 

pressure, PVR: pulmonary vascular resistance, CO: cardiac output, FEV1: forced expiratory 

volume in 1 second, FVC: forced vital capacity, TLCO: Transfer factor for carbon monoxide, 

KCO: Carbon monoxide transfer co-efficient, SV: stroke volume, RV EF: right ventricle ejection 

fraction, VO2: oxygen consumption, VE/VCO2: ventilatory equivalent for carbon dioxide].  

 

The mean age was 54.9 ± 16.6 years, with a female preponderance (n=9, 75.0% female). Most 

patients were in WHO functional class 2 at diagnosis (n=9, 75.0%), with reduced mean 6MWD 

(312 ± 135.7m).  

Baseline RHC data demonstrated severe PH with mPAP of 41.3 ± 13.9mmHg and mean PVR 

9.9 ± 5.0 WU. One patient with group 1 PH showed a positive vasoreactivity test with a 

reduction in mPAP of 17mmHg following inhalation of nitric oxide.   

Lung function showed preserved spirometry (FEV1 100.6 ± 22.7 % predicted and FVC 108.5 ± 

19.2% predicted) with impaired TLCO (56.8 ± 26.5% predicted) and KCO (62.0 ± 26.5 

predicted).  

6 (50.0%) patients had a diagnosis of group 1 PAH and 6 (50.0%) had CTEPH. Further break 

down of group 1 diagnoses are shown in Figure 5.1. 

 

Figure 5.1: Classification of patient’s pulmonary hypertension diagnosis. (n=12). [CTEPH: 

chronic thromboembolic disease. IPAH: idiopathic pulmonary arterial hypertension, CTD-PAH: 

PAH associated with CTD, PVOD: pulmonary veno-occlusive disease].  
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Patients were treated as per current clinical guidelines and following discussion at a PH multi-

disciplinary team meeting. Those with CTEPH were initiated on 25mg Sildenafil three times 

daily whilst awaiting further review regarding suitability for PEA or BPA. Those with group 1 

PH and no vasoreactivity demonstrated at RHC were started on dual therapy with a PDE5i and 

ERA. The patient demonstrating positive vasoreactivity was started on Nifedipine 30mg twice 

daily but later stepped up to treatment with dual vasodilators due to clinical progression.  

In the cohort of patients who had follow-up study MRIs (n=5), significant improvement was 

seen in haemodynamic parameters at RHC following treatment with a decrease in mPAP from 

50 ± 10.1mmHg to 36.8 ± 3.7mmHg (p = 0.022) and PVR from 13.9 ± 3.8WU to 8.5 ± 4.1 WU 

(p = 0.046) (Figure 5.2).  

 

Figure 5.2: Haemodynamic measurements at right heart catheterisation pre and post 

treatment. (n = 5, median time to follow up = 3.7 [2.7 – 3.9] months). A significant 

improvement was seen in both mPAP (50 ± 10.1mmHg to 36.8 ± 3.7mmHg [p = 0.022]) and 

PVR (13.9 ± 3.8 WU to 8.5 ± 4.1 WU [p = 0.046]). [mPAP: mean pulmonary arterial pressure, 

PVR: pulmonary vascular resistance].  

 

2.24.2 OE-MRI 

All recruited patients completed the full OE-MRI protocol, including T1 mapping and dynamic 

oxygen enhancement. 

The following quantitative measures were obtained over the entire lungs in the field of view 

in addition to parameter maps: 
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1. Enhancement fraction (EF) – fraction of the lung presenting with oxygen enhancement 

(max 1, min 0).  

2. Baseline T1 (ms) – longitudinal relaxation time. 

3. ΔPO2 - oxygen enhancement as change in partial pressure of oxygen (mmHg). 

4. Wash in time [WIT] (s) – the lung PO2 curves of the enhancing pixels fitted using 

exponential functions for the oxygen wash in portion of the dynamic enhancement 

curve.  

 

2.24.2.1 Enhancement Fraction (EF) 

Figure 5.3 demonstrates the EF maps for a normal subject and representative scans for 

patients with IPAH and CTEPH. The EFs for these 3 participants are 0.992, 0.960 and 0.949 

respectively. Visually, the normal individual demonstrates homogenous enhancement across 

both lungs, whilst both subjects with PH demonstrate non-enhancing regions. The CTEPH 

patient demonstrates more widespread enhancement heterogeneity, as might be expected 

given the heterogenous distribution of embolic disease in this participant (Figure 5.6).   

EF showed a moderate negative correlation (rs = -0.6, p = 0.029) with age (Figure 5.4). In the 

IPAH patient, the non-enhancing regions are predominantly peripheral. In the CTEPH patient 

there is some visual agreement with where areas of perfusion defects were seen on VQ scan 

(Figure 5.6). 
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Figure 5.3: Enhancement fraction (EF) maps for a normal subject, patient with IPAH and 

CTEPH. Blue areas represent enhancing regions of lung and red areas represent non enhancing 

regions. The EFs are 0.992, 0.960 and 0.949 respectively. [IPAH: idiopathic pulmonary arterial 

hypertension, CTPEH: chronic thromboembolic pulmonary hypertension, EF: enhancement 

fraction].    

 

Figure 5.4: Scatter plot of age and EF. (n= 12). A moderate, negative correlation was seen (rs 

=-0.6, p = 0.029). [EF: enhancement fraction, Rs: Spearman’s rank correlation coefficient].     

 

 



126 
 

2.24.2.2 Baseline T1, ΔPO2 and WIT 

Figure 5.5 shows example imaging parameter maps for the remaining quantitative 

measurements (baseline T1, ΔPO2 and WIT) in a normal subject and patients with IPAH and 

CTEPH.  

 

Figure 5.5: Baseline parameter maps for T1, ΔPO2 and WIT in a normal subject, patient with 

IPAH and patient with CTEPH. [IPAH: idiopathic pulmonary arterial hypertension, CTEPH: 

chronic thromboembolic pulmonary hypertension, T1: longitudinal relaxation time, ΔPO2: 

oxygen enhancement as change in partial pressure of oxygen, WIT: wash in time].  

 

The CTPEH patient shows the greatest degree of heterogeneity in baseline T1. All 3 ΔPO2 maps 

show a degree of heterogeneity. The areas of lower ΔPO2 appear more peripheral in the IPAH 

patient and there is some visual agreement with areas of known thromboembolic disease 

(figure 5.6) in the CTEPH patient. Compared to the normal WIT map, the IPAH and CTEPH 
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patients show more areas of longer WIT with areas of WIT prolongation again appearing to 

be predominantly peripheral in the IPAH patient and more widespread in the CTEPH patient.   

Figure 5.6 demonstrates the parameter maps from a patient with extensive, bilateral chronic 

thromboembolic disease causing severe PH. All 3 OE- MRI parameter maps (Figure 5.6a-c) 

show a heterogenous distribution with particularly low ΔPO2 in the right lower zone. 

Conversely, WIT in the right lower zone remained low despite multiple other confluent 

regions of longer WIT. This perhaps represents an area of such marked hypoperfusion that 

time to peak enhancement is artificially reduced by the low peak enhancement obtained. 

 

Figure 5.6: Parameter maps from a participant with CTEPH. a) oxygen enhancement, b) 

oxygen wash in time, c) T1 relaxation time d) coronal SPECT-VQ images at the same slice 

position and e) select images from CTPA. The SPECT-VQ image demonstrates marked 

perfusion abnormality at the right lung base, base of the right upper lobe and in the left upper 

lobe. Corresponding areas of reduced oxygen enhancement are well demonstrated on the 

oxygen enhancement map. These regions also demonstrate more heterogeneous T1 

relaxation times. Wash-in time is harder to interpret with reduced wash in times within the 

right sided perfusion defects and prolonged times on the left. This could be because the left 

perfusion abnormality involves slow perfusion, compared to absent perfusion on the right. In 

support of this, select images from a contemporaneous CTPA demonstrate non-occlusive webs 

in the left upper lobe and occlusive thrombi in the right lower lobe. [SPECT - VQ: single photon 
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emission computed tomography- ventilation perfusion, CTPA: computed tomography 

pulmonary angiogram].   

 

2.24.2.3 Comparison of OE-MRI measurements in group 1 and 4 PH 

Baseline EF, ΔPO2 and WIT measurements showed a tendency to be worse and more 

heterogenous in distribution in patients with group 4 PH (CTEPH) compared to those with 

group 1 PH, however this difference did not reach statistical significance (Table 5.2). 

  

 

Table 5.2: Comparison of baseline Oxygen Enhanced - MRI measurements in patients with 

group 1 and 4 PH. (n=12). [EF: enhancement fraction, T1: T1 longitudinal relaxation time, 

ΔPO2: oxygen enhancement as change in partial pressure of oxygen, WIT: wash in time, IQR: 

interquartile range].  

 

2.24.2.4 Correlation between quantitative dynamic OE-MRI and standard clinical 

measurements 

 

Table 5.3 shows the correlations between the quantitative dynamic OE-MRI measurements 

and standard clinical measurements in the PH patients.  
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Table 5.3: Spearman’s rank correlation coefficients between dynamic OE-MRI imaging 

parameters and standard clinical measurements (n=12). [Data are presented as correlation 

coefficient (p value) with significant results in bold. ‘*’ indicates correlation is significant at the 

p < 0.05 level and ‘**’ at the p < 0.01 level. [EF: enhancement fraction, T1: longitudinal 

relaxation time, ΔPO2: oxygen enhancement as change in partial pressure of oxygen, WIT: 

wash in time, IQR: interquartile range, mPAP: mean pulmonary arterial pressure, PVR: 

pulmonary vascular resistance, CO: cardiac output, FEV1: forced expiratory volume in 1 

second, FVC: forced vital capacity, TLCO: Transfer factor for carbon monoxide, SV: stroke 

volume, RV EF: right ventricle ejection fraction].  

Median WIT and WIT IQR showed strong positive correlations with RV end diastolic volume 

(RV EDV) (rs= 0.8, p = 0.015 and rs = 0.9, p=0.001 respectively). The WIT IQR also showed a 

strong, negative association (rs = -0.8, p = 0.023) with RV ejection fraction (RV EF). T1 IQR 

showed a strong negative correlation with % predicted TLCO (rs = -0. 8, p = 0.015).  

No significant correlations were seen between ΔPO2 parameters and clinical measurements.   
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2.24.2.5 Comparison between pre and post treatment OE-MRI measurements   
 

 

Table 5.4: Comparison of baseline and post-treatment dynamic Oxygen Enhanced - MRI 

parameters (n=5). Median time to follow-up 3.7 months (range 2.7-3.9 months). [EF: 

enhancement fraction, T1: T1 longitudinal relaxation time, ΔPO2: oxygen enhancement as 

change in partial pressure of oxygen, WIT: wash in time, IQR: interquartile range].  

The comparison between the pre and post treatment OE- MRI measurements is shown in 

Table 5.4. 5 patients underwent follow-up OE-MRI scans with a median follow-up time of 3.7 

months (2.7 – 3.9 months). Given the small numbers recruited, statistical significance was not 

met, but there were trends in treatment response with follow up scans demonstrating 

increased enhancement fraction (i.e., more widespread perfusion) and more homogeneous 

enhancement and wash in times across the lung as a whole. Figure 5.7 shows the parameter 

maps for a patient with CTEPH at baseline and following treatment. Visually, there is reduced 

heterogeneity in the post-treatment maps and a diffuse reduction in WIT post treatment.    
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Figure 5.7: Dynamic Oxygen Enhanced - MRI parameter maps for a patient with chronic 

thromboembolic pulmonary hypertension at baseline and post-treatment. Time between 

baseline [and treatment initiation] and follow-up scan = 2.7 months. [ΔPO2: oxygen 

enhancement as change in partial pressure of oxygen].  

 

2.24.3 Patient questionnaires  

All 12 patients undergoing the study MRIs completed a questionnaire (Appendix III) regarding 

their experience of the OE-MRI scan. 
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2.24.3.1 Anxiety around the scan 

7 patients experienced no anxiety related to the scan. The remaining 5 had “some” anxiety 

and none expressed “a lot” of anxiety.  For those experiencing anxiety, this was related to not 

having previously been involved in research, the “unknown” and being in a new clinical 

setting/ organisation.  

 

2.24.3.2 Wearing a non-rebreather oxygen mask 

9 patients found wearing a non-rebreather mask for the scan “acceptable”. 2 patients found 

it “a bit uncomfortable” and 1 patient found the mask “very uncomfortable”. Issues regarding 

comfort were largely due to feeling the mask was not sitting comfortably on their face either 

from the beginning of the scan or part way through the scan.    

 

2.24.3.3 Discomfort during the scan 

4 patients experienced “some” discomfort during the scan with the remaining 8 experiencing 

no discomfort. The causes of discomfort included feeling hot and back ache after a period in 

the scanner. 

 

2.24.3.4 Breath holds 

Whilst the lung T1 mapping and dynamic OE-MRI images are acquired during free breathing, 

breath-hold imaging was required for some of the cardiac acquisitions. 9 patients found the 

breath holds “acceptable”. 3 patients found them “difficult”, and comments made regarding 

this included “leaving more time between each breath hold” and that “a lot of breath holding 

over an extended period was difficult”.  
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2.24.3.5 Length of scan 

All patients found the length of the scan acceptable.  

 

2.24.3.6 Overall experience 

Figure 5.8 demonstrates patient’s rating of their experience from 1-10 with all patients rating 

their experience ≥ 5 and 5 patients rating their scan experience 10 out of 10.  One patient 

commented that they “found the breath holds much easier than previous MRI at hospital ‘X’”. 

 

Figure 5.8: Overall patient experience of study MRI scan (as rated from 1-10).  

 

2.24.3.7 Repeat scans and intervals 

All 12 patients stated they would have the scan again and Figure 5.9 demonstrates the interval 

at which they would be happy to have it repeated. Most patients (8) were willing to have the 

scan at 3-6 monthly intervals.   
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Figure 5.9: Interval at which patients would be happy to have scan repeated. 

 

2.25 Discussion 

This prospective pilot study provides evidence of the feasibility and tolerability of dynamic 

OE-MRI in patients with group 1 and 4 PH.  

Baseline haemodynamic measurements derived from RHC were in keeping with severe, pre-

capillary PH (mPAP 41.3 ± 13.9 mmHg, PCWP 8.5 ± 4.3 mmHg, PVR 9.9 ± 5.0 WU). Patients 

with any suggestion of co-existent lung disease were excluded to prevent any compounding 

of results, as demonstrated by preserved spirometry at diagnosis (FEV1 100.6 ± 22.7% 

predicted, FVC 108.5 ± 19.2% predicted). TLCO was disproportionately low as is typically seen 

in patients with PAH (56.8 ± 26.5% precited).     

Following a median treatment time of 3.7 months (range 2.7-3.9 months), significant 

improvement was seen in haemodynamic parameters at follow-up RHC with a decrease in 

mPAP from 50 ± 10.1mmHg to 36.8 ± 3.7mmHg (p = 0.022) and PVR from 13.9 ± 3.8WU to 8.5 

± 4.1 WU (p = 0.046).  

In this study, dynamic OE-MRI demonstrated an ability to visualise abnormalities in patients 

with PH. Imaging parameter maps in the PH patients tended to show visually more 

heterogeneous values supported by wider parameter IQRs (a quantitative marker of spatial 

heterogeneity). These differences were more marked in the CTEPH group. EF, ΔPO2 and WIT 
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parameter maps in an IPAH patient visually suggested more marked peripheral abnormalities. 

These findings are in keeping with what is often seen on VQ scintigraphy for patients with 

IPAH and CTEPH. In IPAH the perfusion scintigraphy often demonstrates more homogenous, 

subsegmental areas of reduced perfusion; in CTEPH a more heterogenous pattern is seen with 

both patchy areas of perfusion defects and larger embolic type defects (wedge shaped, 

pleural based and sharply marginated areas affecting part of or a whole segment)(278,279).   

Signal changes observed in OE-MRI are related to a combination of ventilation, diffusion, and 

perfusion effects. In this study population, patients with ventilatory impairment were 

excluded as evidenced by normal to supranormal lung spirometry at study enrolment. 

Therefore, in this group, any changes seen should predominantly be due to diffusion and/or 

perfusion abnormalities. Disentangling the contribution of each of these processes is not 

possible, however, both diffusion and perfusion abnormalities are known to play a part in the 

pathophysiology of PH. Changes in pulmonary blood volume and distribution that occur in PH 

may have a measurable effect on OE-MRI parameters as the blood plasma is the largest fluid 

compartment within the lungs, providing substrate for MRI signal change on delivery of 

oxygen.       

Non-enhancing regions observed in the lungs on the EF maps may indicate areas of most 

severe diffusion/perfusion defects. A statistically significant, moderate, negative correlation 

was seen between EF and age (rs = -0.628, p = 0.029). This may be secondary to a combination 

of the following documented age-related pulmonary changes:  

• Decline in lung expiratory flow and volumes(280,281) affecting ventilation 

• Remodelling of the pulmonary vasculature that is characterised by an increase in 

pulmonary vascular stiffness, pressures, and resistance 

• Decrease in gas exchange efficiency with reduced TLCO (282,283) resulting from a 

reduction in pulmonary capillary blood volume(283,284), decrease in number of 

capillaries perfusing the lungs(285) and a decrease in alveolar surface area(284,286).  

The signal change characterised with dynamic OE-MRI is given by a change in regional oxygen 

concentration within the fluid compartments of the lung (predominantly plasma). The 

increase is exponential and so the speed at which this change occurs over time can be 
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characterised as the WIT parameter. A prolonged WIT suggests less efficient gas exchange 

and a larger WIT IQR suggests more spatial heterogeneity in gas exchange across the whole 

of the imaged lung.  

WIT related parameters (median WIT and WIT IQR) showed the most significant correlation 

with recognised measures of PH severity in this study. With a strong positive correlation seen 

between RV end diastolic volume and median WIT (rs= 0.8, p = 0.015) and WIT IQR (rs = 0.9, 

p=0.001). WIT IQR also showed a strong, negative association (rs = -0.778, p = 0.023) with RV 

ejection fraction.  

In PH, a chronically raised mPAP and PVR lead to remodelling of the RV. The RV compensates 

for the increased afterload with RV enlargement and hypertrophy. Progressive RV dilatation 

and an increased RV EDV are predictors of poor survival(127); as is reduced RVEF with a 1% 

decrease in RVEF demonstrated to be associated with a 4.9% increase in the risk of clinical 

worsening and a 2.1% increase in risk of mortality(287).    

In airways disease, WIT has been shown to relate to severity of ventilatory impairment 

(141,149). In this study, this should not be the case as patients had normal lung spirometry 

and patients with any co-existent lung disease were excluded. Therefore, it can be 

hypothesised that the longer median WIT with increased RV EDV and increased heterogeneity 

in WIT (as demonstrated by larger WIT IQR) as RVEF decreases are due to the more marked 

and heterogenous diffusion and perfusion impairment in those patients with more severe PH.  

Mapping of T1 (longitudinal relaxation times) has been evaluated as a promising technique in 

the assessment of pulmonary diseases(288). Preliminary studies in cystic fibrosis have 

demonstrated that T1 imaging can visualise and quantify areas of diseased lung (with lower 

T1 within fibrotic areas) and correlates with blood volume fraction(146). In COPD, T1 mapping 

at room air correlated with perfusion deficits and severity of COPD(288).   

In this study, T1 IQR showed a strong negative correlation with % predicted TLCO (rs = -0. 810, 

p = 0.015) suggesting more heterogeneity in T1 in PH patients with more marked diffusion 

abnormalities. The variation in T1 may also be related to perfusion defects as demonstrated 

in both COPD and cystic fibrosis (146,288).    
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Whilst ΔPO2 has been shown to correlate with lung function in asthma, with a lower ΔPO2 

seen in severe versus mild asthma (149), it did not show any significant correlations in this 

study.   

Visually, there appeared to be less heterogeneity in the parameter maps following treatment 

and suggestion of an improvement in some OE-MRI parameters, however this was not 

statistically significant.  

Based on the results of this study, looking at degree of heterogeneity in the OE-MRI 

parameters (as represented by parameter IQRs) and parameter maps, may prove more useful 

than absolute values.    

 

2.25.1 Patient questionnaires 

The scan protocol was well tolerated by PH patients with most willing to have the scan at 3-

12 monthly intervals which is the general interval at which PH patients are reviewed.   

To improve patient experience of the scan, the following should be addressed: 

1. Reduce anxiety around the scan by more detailed, step-by-step discussion of what to 

expect.  

2. Ensure mask on comfortably at beginning of scan and empower patients to highlight 

if it is not or becomes uncomfortable during the scan.    

3. Allow longer pause between breath holds.  

 

2.25.2 Study limitations 

The main limitation was the small study number which precluded more definitive analysis of 

these novel imaging parameters in PH. Incorporating imaging of more healthy volunteers into 

the study design will have allowed further analysis and may have provided a better 

understanding of the changes being seen in the PH patients.   
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The small cohort without normal controls may affect the impact of the statistical analysis and 

therefore results should not be over-interpreted. In addition, age was found to correlate with 

enhancement fraction in the OE-MRI analysis and hence is potentially a confounding factor.  

A specific drawback of OE-MRI to consider is the possible alteration of pulmonary 

pathophysiology as a result of oxygen administration(137). 

Comparison of the parameter maps obtained with perfusion scintigraphy or dynamic contrast 

enhanced perfusion maps may have helped further assess these techniques. Unfortunately, 

not all patients had these as part of their standard work up.  

Due to the post-processing occurring remotely through collaboration with an external 

organisation, there was some limitation in what results were obtainable, their format and 

when they were available.  

 

2.26 Conclusion 

This pilot study demonstrates the feasibility of OE-MRI in patients with group 1 and 4 PH. 

Correlations have been demonstrated between OE-MRI measures and established markers of 

PH severity and changes in parameter maps were observed post-treatment. The degree of 

heterogeneity in OE-MRI measures (IQRs) and on visual inspection of parameter maps may 

be more sensitive to severity of PH and treatment response than absolute values. Whilst the 

small sample size limits statistical analysis at this time, this preliminary data adds significant 

weight to the argument for further work to validate these findings and continue exploration 

of the role of OE-MRI in PH. 
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Chapter 6: Final Discussion and 

Conclusion 

 

2.27 Discussion 

CT and MRI based imaging is playing an increasing role in the screening and monitoring of 

pulmonary vascular disease and is used in a complementary manner with RHC which remains 

the current gold standard. This thesis sought to examine the role of existing and novel CT and 

MRI derived imaging biomarkers in the assessment of disease severity, treatment response 

and prognosis in PH.     

CT is a readily available tool and used frequently in the clinical assessment of patients. It can 

simultaneously assess the pulmonary vasculature, parenchyma, cardiac and mediastinal 

structures. Relevant CT findings may provide the initial suggestions of PH. In chapters 3 and 4 

of this thesis, the role of both known and novel CT markers of PH presence and disease 

severity were examined in 2 separate groups of PH (1 and 3). 

The role of MRI in PH has been expanding with cardiac MRI widely used for assessment of RV 

size, morphology, and function. Advances in MRI technology are providing promise for its use 

in pulmonary and pulmonary vascular imaging by overcoming the intrinsic limitations of low 

proton density, multiple air-tissue interfaces and reduced signal secondary to cardiac and 

respiratory motion and blood flow (109)(110)(69). Emerging MRI techniques are 

demonstrating the ability to quantify lung perfusion and be sensitive to post treatment 

changes (131). In chapter 5 of this thesis, the potential role of a novel MRI technique (OE-

MRI) was investigated.     

 

2.27.1 Chapter 3: Quantitative CT findings in Group 3 PH treated with Sildenafil 

In chapter 3, the role of CT in predicting severity of PH and treatment response to Sildenafil 

in group 3 PH was examined. The baseline demographics of this cohort were similar to those 
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previously described for CLD associated with a PAH or vascular phenotype(56) with a 

preserved FEV1 and FVC % predicted (of greater than 60% and 70% respectively) and a 

disproportionately low TLCO % predicted. The average extent of parenchymal disease was 

also mild to moderate with a maximum % extent of 55% and median 30%. These findings are 

in line with the theory that severe PH in CLD may occur independently to the underlying CLD 

and supports the existence of a separate vascular phenotype.    

No improvement in CT vascular or cardiac measurements were observed following treatment 

and there was a significant deterioration in PA:Ao ratio and %fibrosis. The results in this 

chapter are therefore possibly confounded by the effects of progressing lung disease.  

This raises the question of whether in the absence of established guidelines on the use of 

vasodilator treatment in group 3 patients at the time of this study, patients with more 

advanced disease were being selected where the potential benefits of a controversial 

treatment were considered greater than the risks.      

The vascular and cardiac CT measurements used in this chapter are a reflection of the 

downstream effects of an increased mPAP and may therefore not be the most sensitive 

markers for predicting and measuring response to short term treatment with vasodilator 

therapies which primarily act on the smaller, distal PAs (vascular alteration of which are 

thought to be a characteristic feature of PH in COPD(74, 83) and other CLD). Therefore, 

quantitative imaging biomarkers of these smaller, distal PAs may be more likely to predict a 

vascular phenotype, the severity of PH and response to treatment.    

 

2.27.2 Chapter 4: Pulmonary artery morphology and calcification on CT in Eisenmenger 

Syndrome  

Chapter 4 concentrated on pulmonary vascular changes on CT in patients with ES (part of 

group 1 of the PH classification). CT is routinely used in the clinical assessment of patients 

with ES and can provide data about the morphology of the PAs and presence of calcification 

and thrombus. Despite this, there is limited information in the literature about the prognostic 

implications of these changes in ES.  
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In this study, there was unique access to a large cohort of patients with ES, however data 

collection was limited by the retrospective nature of the research.      

The CT measures examined did not predict mortality in this cohort. Age was the only 

significant predictor of mortality and correlated with PA diameter, trunk volume and distance 

to the most distal calcification.  

ES is known to confer a more favourable haemodynamic profile and prognosis compared to 

patients with other forms of PAH(250), which may explain why the CT changes that are 

associated with disease severity and prognosis in other forms of PH do not have the same 

association in ES and instead appear to relate to chronicity of pulmonary vascular disease.       

 

2.27.3 Chapter 5: A novel quantitative MRI derived biomarker: Dynamic Oxygen Enhanced 

MRI. Is there a role for it in the assessment of Pulmonary Hypertension?   

In chapter 5, a prospective pilot study examined the potential role of dynamic OE- MRI in 

patients with group 1 and 4 PH. This technique has the advantages of being non-invasive, not 

requiring ionising radiation exposure and can be carried out on standard clinical scanners. The 

MRI protocol proved both feasible and acceptable for patients with PH.  

Dynamic OE-MRI demonstrated the ability to visualise abnormalities in patients with PH and 

detect changes following treatment. More heterogeneity was seen in the OE-MRI derived 

parameter maps of patients with PH with a reduction in heterogeneity seen with treatment. 

Wider IQRs (a marker of spatial disease heterogeneity) also appear to correlate more 

significantly with standard measures of PH severity than total or median values derived from 

OE-MRI, suggesting that concentrating on these in the assessment of PH may be more 

successful.       

The signal changes seen in OE-MRI are related to a combination of ventilation, diffusion, and 

perfusion effects. In this study population an attempt was made to minimise the effects of 

ventilatory differences by excluding patients with co-existent lung disease. Beyond this, it is 

not possible to separate out how much of the signal change may be related to impaired 

diffusion or perfusion. However, both these processes are known to be impaired in the 

pathophysiology of PAH (63,64). The reduced membrane diffusion capacity is likely related to 
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an increase in alveolar capillary membrane thickness caused by remodelling, fibrotic and 

proliferative changes and the reduction in perfusion secondary to increased PVR, decreased 

CO and local thrombosis of the vascular bed (65). Some studies suggest that diffusion capacity 

plays a more significant role (65–67), whereas others show a proportional reduction in both 

and an interdependence as any change in perfusion and the pulmonary alveolar capillary bed 

volume available for gas transfer would lead to a reduction in diffusion capacity though loss 

of surface area available for gas exchange(65). Therefore, in the absence of a ventilatory 

impairment, OE-MRI derived measures should provide a reasonable reflection of the degree 

of pulmonary vascular disease.   

This technique also has the advantage of not requiring use of ionising radiation or IV contrast 

agents which most current, pulmonary perfusion imaging techniques utilise.    

 

2.27.4 Future Directions 

• Large, prospective, randomised controlled studies with longer follow-up periods are 

required to evaluate the role of pulmonary vasodilator therapies in group 3 PH. 

• Further work on biomarkers derived from CT and MRI based imaging of the smaller, 

distal PAs may provide insight into the vascular phenotype that is more likely to 

respond to these treatments.  

• Comparing imaging changes with vascular changes seen in histology samples may help 

guide which imaging techniques are more relevant in the assessment of PH.  

• Comparison of OE-MRI derived parameter maps with VQ scintigraphy may help 

validate this technique in PH.  

• Larger studies including controls (with no cardiopulmonary disease) and more post-

treatment follow-up scans are required to further assess the repeatability and role of 

OE-MRI in PH.  
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2.28 Conclusion 

Imaging is recognised as a valuable tool in assessing severity, improving phenotyping, and 

providing prognostic information in PH. The Pulmonary Vascular Research Institute identified 

imaging as an important area for international collaboration(88). Advances in CT and MRI 

acquisition, reconstruction, and post-processing have led to an increasing number of 

quantitative features that can be used to detect and stratify the severity of PH, define 

subpopulations with homogeneous characteristics, and monitor response to therapeutics 

(236). These novel quantitative imaging biomarkers provide exciting prospects for a non-

invasive alternative to diagnosis, assessment, and follow-up of patients with PH.  
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APPENDICES 
 

i. Participant Information Sheet  
 

 
Participant Information Sheet (PIS)  

 
Study Title:  
 
Novel quantitative MRI measures in the assessment and follow- up of patients with Pulmonary 
Hypertension  
 
Invitation to participate in the above study: 
 
We would like to invite you to take part in a research study. Before you decide we would like 
you to understand why the research is being done and what it will involve for you. You are 
under no obligation to take part in the study and if you chose not to participate this will not 
affect your standard of care in any way.  Please take time to read the following carefully and 
discuss it with others if you wish. We will go through the information sheet with you and 
answer any questions you have. We’d suggest this should take about 30 minutes. 
 
Part 1 of the PIS tells you the purpose of this study and what will happen to you if you take 
part. 
 
Part 2 gives you more detailed information about the conduct of the study. 
 
Please ask us if there is anything that is not clear. Take time to decide whether you wish to 
take part. 
 
What is the purpose of the study? 
 
The purpose of the study is to investigate a new imaging technique using Magnetic Resonance 
Imaging (MRI) in patients with Pulmonary Hypertension (PH). We believe this technique may 
provide a new way to assess and follow-up patients with heart and lung disease without the 
need for radiation or dye (contrast) to be injected. We hope to show that it can be used to 
predict future response to treatment and for treatment monitoring. This in turn will hopefully 
save patient time, unnecessary side effects from costly therapies and improve the standard 
of care we can offer.  
 
   
Why have I been invited? 
 
You have been invited to participate as you have a confirmed diagnosis of PH. We are aiming 
to recruit 50 patients with this diagnosis.  
 
Do I have to take part?  
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It is up to you to decide whether to take part. We will describe the study and go through this 
information sheet. If you do, you will be given this information sheet to keep and asked to 
sign a consent form. You are still free to withdraw at any time and without giving a reason. A 
decision to withdraw at any time or not take part will not affect the standard of care you 
receive. 
 
What will happen to me if I take part? 
 
You will be asked to have 2 research MRI scans in addition to the standard care you receive. 
These scans will take place on 2 separate occasions as listed below and each take up to 1 
hour: 

 Before starting on treatment/ change to your treatment 
2. 3-6 months after starting on treatment/ change to your treatment  

 
The MRI scans will take place at the Royal Brompton MRI scanner in Wimpole Street, London. 
We will organise transport or reimburse travel costs. The scanning process will take up to 1 
hour. During the scan you will be asked to lie on your back in the scanner and stay still whilst 
images are being taken. We will ask you to wear a mask through which you will be given 
oxygen to breathe at various points during the scan. You may be asked to perform short 
breath holding exercises. The scanner is more spacious than conventional ones. You will have 
headphones to wear to block out the noise of the scanner and can have a choice of music to 
listen to. We will communicate with you throughout the scan and be able to see you at all 
times so you can let us know if you are uncomfortable at any point during the scan or have 
any questions.  
   
We will ask you to fill in a questionnaire about your experience following the 1st and 3rd scans. 
This should only take a few minutes.  
 
We plan to run the study over a 2 year time period. In addition to the images from your scans, 
we will also be looking at clinical data about you that is collected as standard from diagnosis 
to the end of the study period. 
 
The only experimental parts of your care are the MRI scans which are in addition to standard 
care and will not affect your treatment. 
 
Expenses and payments 
 
We will cover the cost of transport to and from the MRI scanner for both scans.  
 
What do I have to do?  
 
The only additional requirements are attending the 2 MRI scans and completing the 2 
questionnaires. You should continue any medication prescribed as usual. 
 
If you are involved in any other studies please let us know.    
 
What are the possible disadvantages and risks of taking part? 
The risks are those associated with having an MRI scan. We will screen for these prior to 
recruitment using the NHS MRI safety questionnaire. If you have any of these risk factors, 
including pregnancy and claustrophobia, you will not be able to take part in the study.  
 
What are the possible benefits of taking part?  
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The study will not have any immediate benefit for you but the information we get from this 
study may help improve the care of people with pulmonary hypertension in the future.  
 
What happens when the research study stops? 
 
Your treatment and follow-up will continue as per current guidelines.  
 
What if there is a problem?  
 
Any complaint about the way you have been dealt with will be addressed. The detailed 
information on this is given in part 2. 
 
Will my taking part in the study be kept confidential? 
 
Yes, we will follow ethical and legal practice and all information about you will be handled in 
confidence.  The details are included in Part 2. 
 
This completes Part 1. If the information in Part 1 has interested you and you are considering 
participation, please read the additional information in part 2 before making any decision. 
 
Part 2 
 
What will happen if I don’t want to carry on with this study? 
 
Your treatment and follow-up will continue as per current guidelines. When we consent you 
for the study, we will ask whether you are happy for any data captured until that time to be 
used.  
 
What if there is a problem? 
 
Complaints: 
 
If you have a concern about any aspect of this study you should ask to speak with the 
researchers who will do their best to answer your questions on 07737978054. If you remain 
unhappy and wish to complain formally, you can do this. Details can be obtained from the 
Research Office (please contact Dr Jenny Rivers, Associate Director of Research, Royal 
Brompton and Harefield NHS Foundation Trust, Research Office, Sydney Street, SW3 6NP; 
Email: j.rivers@rbht.nhs.uk, Phone: 0207 352 8121 Ext. 2610) or via the hospital Patient and 
Advice Liaison Service (PALS).  
 
Harm: 
 
In the event that something goes wrong and you are harmed during the research and this is 
due to someone’s negligence then you may have grounds for legal action for compensation 
against the study Sponsor, Royal Brompton and Harefield NHS Foundation Trust, but you may 
have to pay your legal costs.  
 
The normal NHS complaints mechanism will still be available to you. 
 
Will my taking part in the study be kept confidential? 
 

mailto:j.rivers@rbht.nhs.uk
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All information that is collected about you during the course of the research will be kept strictly 
confidential. The clinical and questionnaire data will be added to a database, held on a 
networked drive at The Royal Brompton. All MRI studies will be link- anonymised and stored 
on The Royal Brompton’s Picture Archiving and Communications System (PACS). MRI studies 
will be sent to our collaborators (Universitatspittal Basel and Bioxydyn Ltd) via the Image 
Exchange Portal (IEP) – in the same way that NHS studies are sent for review at other NHS 
hospitals. As your details are not entered onto the MRI console at the time of the research 
MRI (just a trial ID number), no identifiable information will leave the trust. 
 
Universitatspittal Basel (based in Switzerland) and Bioxydny Ltd (a spin-off company from the 
University of Manchester) will receive the link anonymised MRI scans only and no identifiable 
information about you. They will delete the scans from their records at the end of the study 
period.   
 
The report of your MRI may be shared with other members of your direct care team and if 
there are any unexpected findings we may need to organise further investigations and/or refer 
you on to another team. This will be discussed with you.  
 
General Data Protection Regulation (GDPR) 

Royal Brompton Hospital is the sponsor for this study based in the United Kingdom. We will 
be using information from you and your medical records in order to undertake this study 
and will act as the data controller for this study. This means that we are responsible for 
looking after your information and using it properly. Royal Brompton Hospital will keep 
identifiable information about you for up to 1 year after the study has finished.  

Your rights to access, change or move your information are limited, as we need to manage 
your information in specific ways in order for the research to be reliable and accurate. If you 
withdraw from the study, we will keep the information about you that we have already 
obtained. To safeguard your rigts, we will use the minimum personally identifiable 
information possible. 

You can find out more about how we use your information at 
https://www.hra.nhs.uk/information-about-patients or by contacting Dr Jenny Rivers 
(Associate Director of Research, Royal Brompton and Harefield NHS Foundation Trust, 
Research Office, Sydney Street, SW3 6NP; Email: j.rivers@rbht.nhs.uk, Phone: 0207 352 
8121 Ext. 2610.   

The Royal Brompton Hospital will keep your name, NHS number, contact details and any 
identifiable data confidential. The Royal Brompton will use this information to contact you 
about the research study, and make sure that relevant information about the study is 
recorded for your care, and to oversee the quality of the study. Individuals from Royal 
Brompton Hospital and regulatory organisations may look at your medical and research 
records to check the accuracy of the research study. The only people in Royal Brompton 
Hospital who will have access to information that identifies you will be people involved in 
your clinical care and facilitating this study or who need to audit the data collection process. 
The people who analyse the information will not be able to identify you and will not be able 
to find out your name, NHS number or contact details. If you are being recruited from 
Hammersmith Hospital, they will only retain data that would be kept as part of your routine 
clinical care.  

Consenting to Future Research 

https://www.hra.nhs.uk/information-about-patients
mailto:j.rivers@rbht.nhs.uk
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With your consent (*no. 6 on consent form), the information collected about your health 
and care may be provided to researchers running other research studies in this organisation 
and in other organisations. These organisations may be universities, NHS organisations or 
companies involved in health and care research in this country or abroad. Your information 
will only be used by organisations and researchers to conduct research in accordance with 
the UK Policy Framework for Health and Social Care Research.  

Your information could be used for research in any aspect of health or care and could be 
combined with information about you from other sources held by researchers, the NHS or 
government.  

Where this information could identify you, the information will be held securely with strict 
arrangements about who can access the information. The information will only be used for 
the purpose of health and care research, or to contact you about future opportunities to 
participate in research. It will not be used to make decisions about future services available 
to you, such as insurance.  

Where there is a risk that you can be identified your data will only be used in research that 
has been independently reviewed by an ethics committee.  

What will happen to the results of the research study? 
 
The results of the study may be published in scientific journals and presented at scientific 
meetings. If you would like us to, we will inform you of the outcome of the study in writing 
once it is complete. We will not use any identifiable data about you in any report/publication.  
 
Who is organising and funding the research? 
 
The study is being organised by the Pulmonary Hypertension and Radiology departments at 
the Royal Brompton Hospital. It is funded by a grant from the NIHR Imperial Biomedical 
Research Centre. There are no conflicts of interest.   
 
 

Who has reviewed the study? 
 
All research in the NHS is looked at by an independent group of people, called a Research 
Ethics Committee (REC), to protect your interests. This study has been reviewed and given 
favourable opinion by London- Bromley Research Ethics Committee (REC).  
 
 
Thank you for taking the time to read this information sheet. Please let us know if 

you have any questions. If you agree to take part in this study you will be given a 

copy of this information sheet and a signed consent form to keep.  
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ii. Informed Consent Form  
 

 

 

  
    
 
Patient Identification Number for this trial: ________                                                                   

 

 

INFORMED CONSENT FORM 

 

 

Title: Novel Quantitative MRI Measures in the Assessment and Follow-up of Patients with 
Pulmonary Hypertension    
 

Name of Researcher: Dr. S. Sathianandan, Royal Brompton Hospital 
       Please initial box 

 

1. I confirm that I have read and understand the information sheet dated 25/02/2019 
(Version 3) for the above study and have had the opportunity to consider the information, 
ask questions and have these answered satisfactorily. 

 
2. I understand that my participation is voluntary and that I am free to withdraw at any time, 

without giving any reason, without my medical care or legal rights being affected. 
  

a) If I chose to withdraw at any time, I agree to any of my data collected up to that point 
in time being used for research.  

  
3. I understand that relevant sections of any of my medical notes and data collected during 

the study may be looked at by responsible individuals from Royal Brompton and Harefield 
NHS Foundation Trust. I give permission for these individuals to have access to my 
records. 

 
4. I consent to link-anonymised copies of my MRI scans being sent outside of the UK (to 

Universitatspittal Basel in Switzerland) for processing. 
 
5. I agree to take part in the above study.    
 
6.  I agree to my data collected during this study being used for future research (as detailed 
in the information sheet).  

7. I would like a written summary of the results of this study to be sent to me at the end of 
the trial period.  

 

 
 

________________________ ________________ ____________________ 

Name of Patient   Date Signature  
 



170 
 

 
 

 
_________________________ ________________ ____________________ 

Name of person taking consent Date  Signature 

 

  

 

 

When completed 1 for patient; 1 for researcher; 1 (original) to be kept with hospital notes. 

 

 

 

 

iii. Patient Experience Questionnaire 
 

 

 

 

 

 

Oxygen – enhanced MRI Patient Experience Questionnaire: 

 

Scan visit (please circle):  1   or    3 

 

2) Did you experience any anxiety about the MRI scan? 

 

 No Some A lot 

Before    

During    

After    

 

If you were anxious, what were you anxious about? 

 

 

 

 How did you find wearing the mask during the scan? 

Acceptable A bit uncomfortable Very uncomfortable 

   

 

If uncomfortable, what in particular was uncomfortable? 

 

 

 

 

      3. How did you find the breath-holding exercises if you were asked to do them? 

N/A Acceptable Difficult Very difficult 

    

 

4. Did you experience any discomfort during the scan? 

No Some A lot 



171 
 

   

 

If yes, what was uncomfortable? 

 

 

 

 

5. How did you find the length of the scan? 

Acceptable Too long Much too long 

   

 

If too long, what scan duration would you find acceptable (in minutes)? 

 

 

 

 

 

6. How would you rate the overall scan experience? 

 

             0       1       2       3       4       5       6       7       8       9       10  

Very Bad        Neutral          Very Good 

 

Comments: 

 

 

 

 

8. Based on your experience of the scan, would you be happy to have it again? 

Yes No 

  

 

If yes, and this scan were to become part of routine care, would you be happy to have it? 

 3-6 monthly Yearly Every 5 years 

Yes    

No    

 

Thank you for taking the time to complete this questionnaire. Your feedback is very valuable.  

 

 


