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Abstract 
Pulmonary arterial hypertension (PAH) is a progressive, life-threatening condition 

characterised by pulmonary vascular resistance and associated with severe outcomes. 

According to the European Society of Cardiology and European Respiratory Society 

(ESC/ERS) guidelines, the risk assessment and prognosis of PAH are reliant on multiple 

investigations, including cardiac magnetic resonance imaging (MRI) and N-terminal 

prohormone brain natriuretic peptide (NT-proBNP). The overall aim of this body of work was 

to investigate the clinical benefit of cardiac MRI including artificial intelligence (AI) 

approaches, and NT-proBNP to assess the right atrium (RA) and right ventricle (RV) for 

severity assessment and prognosis in PAH. A cardiac MRI-based automated AI analysis of the 

RA and RV was developed, and the AI failure rate of the model was tested. Repeatability and 

agreement of contours of automated cardiac MRI analysis of the RA were evaluated. The 

prognostic significance of AI RV and AI RA area and their utility to risk stratify patients with 

PAH have been identified and compared with one another. The importance and relationship 

between automated cardiac MRI and NT-proBNP in PAH have been highlighted. The work 

has shown that cardiac MRI RV and RA area measurements can be fully automated using AI 

with a very low failure rate. The variability of AI-derived RA area measurements was lower 

than manual measurements in a scan-rescan cohort. Manual and automated RA area 

measurements moderately correlate with invasive haemodynamics. NT-proBNP showed a 

moderate correlation when compared to automated RV function. Measures of RV function and 

RA area have prognostic value; nonetheless, only measures of RV function but not ESC/ERS 

RA area thresholds identify patients at low-risk of 1-year mortality. Finally, the need for further 

work exploring larger cohorts with NT-proBNP and cardiac MRI measurements to investigate 

the incremental value of different approaches when assessing the right ventricle has been 

recommended.  
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Synopsis 
This body of work looks into the clinical benefit of cardiac magnetic resonance imaging (MRI) 

including automated approaches, and N-terminal prohormone brain natriuretic peptide (NT-

proBNP) to evaluate the right atrium (RA) and right ventricle (RV) for severity assessment and 

prognosis in patients with pulmonary arterial hypertension (PAH). This section is written to 

guide the reader through the contents of each chapter. Chapter 1 provides a background to 

PAH including cardiac MRI measurements and NT-proBNP. Chapter 2 states the research 

questions, aims, objectives and hypotheses of this thesis.  

The main methods and materials used throughout the thesis are described in Chapter 3. To 

allow for the main chapters to be read in isolation, the related methods are repeated in the 

specific methods section of each of the main chapters. The following six main chapters contain 

data from cohorts of patients with PAH, and several of the main chapters are largely based on 

papers that have been published (Alandejani et al., 2022a, Alandejani et al., 2022b). Each of 

the six main chapters includes a separate introduction, methods, results, discussion and 

conclusion section. 

Chapter 4 - The European Society of Cardiology and European Respiratory Society 

(ESC/ERS) guidelines provide right atrial thresholds and indicate that the RA area thresholds 

can be applied to cardiac MRI to assess patients with PAH. Due to limited data to support this 

recommendation, chapter 4 validates the ESC/ERS guideline thresholds of the RA area and 

identifies optimal approaches, and assesses the relative prognostic significance of RA and RV 

cardiac MRI parameters.  

Chapter 5 - The advent of deep learning may allow more reliable measurement of RA area to 

improve clinical assessments in PAH. This chapter describes the development of a quantitative 
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cardiac MRI-based automated artificial intelligence (AI) analysis of the RA and RV in PAH, 

and determines the AI failure rate of the model in a large clinical registry of patients with PAH. 

Chapter 6 - Automation of RA area measurements may result in lower variability; however, 

the repeatability of automated cardiac MRI RA area metrics in the setting of PAH remains 

uncertain. This study assesses interstudy repeatability and agreement of contours of a 

quantitative cardiac MRI-based automated AI analysis of the RA, and evaluates the 

repeatability of NT-proBNP and 6-minute walk distance in a prospective cohort of patients 

with PAH. 

Chapter 7 - RA area predicts mortality in patients with pulmonary hypertension and is 

recommended by the ESC/ERS pulmonary hypertension guidelines. Chapter 7 compares the 

association of manual RA area and AI RA area with invasive haemodynamics, and evaluates 

the prognostic value of RA area measurements. 

Chapter 8 - ESC/ERS guidelines recommend regular risk stratification with the aim of treating 

patients with PAH to improve or maintain low-risk status (<5% 1-year mortality). This study 

investigates the relationship between AI RV and AI RA area measurements and their ability to 

risk stratify patients with PAH, using the reference standard for assessment of cardiac structure 

and function, by comparing published thresholds for RV metrics (Lewis et al., 2020) with 

ESC/ERS thresholds for RA area (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 2022a). 

Chapter 9 - NT-proBNP is a non-invasive clinical biomarker and is used to risk assess and 

manage patients with PAH (Galiè et al., 2016). However, using both cardiac MRI 

measurements and NT-proBNP together as a bivariate prognostic marker in PAH has not yet 

been determined. This chapter evaluates the prognostic role of automated cardiac MRI and NT-

proBNP simultaneously, and studies their relationship in PAH. Chapter 10 is the main 

discussion, limitations and further work.  
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Chapter 1: Introduction 
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1.1 Pulmonary Hypertension 

The heart and lungs are two of the most important organs in the human body, and the 

complexity of the interactions between the cardiovascular and pulmonary systems is growing 

in recognition. The involvement of the cardiovascular system is particularly significant because 

it is linked to a deteriorated health status and an increased risk of mortality (Han et al., 2007). 

Pulmonary hypertension (PH) is a severe condition that affects the arteries of the lungs and is 

caused by the thickening and narrowing of the small pulmonary arteries. This condition 

increases the pressure of the pulmonary arteries, which may lead to right ventricular failure 

(RVF). Clinically, the patient appears with a different range of signs and symptoms; the 

commonest amongst them is shortness of breath (Kiely et al., 2013). PH affects 1% of the 

global population and 10% of those over the age of 65 (Hoeper et al., 2016). 

To diagnose PH with no underlying heart or lung diseases, right heart catheterization (RHC) is 

performed. The normal pulmonary artery pressure is between 8 and 20 mm Hg at rest. A 

diagnosis is made when the mean pulmonary arterial pressure (mPAP) is 25 mm Hg during the 

rest state (Galiè et al., 2015, Galiè et al., 2016). RHC can also measure cardiac output (CO), 

pulmonary arterial wedge pressure (PAWP) and pulmonary vascular resistance (PVR). Thus, 

in order to calculate any of these measurements, the following formula can be used: 

 𝑃𝑉𝑅 =  
𝑚𝑃𝐴𝑃 −  𝑃𝐶𝑊𝑃

𝐶𝑂
 

Even though there have been significant improvements in the understanding of the disease 

mechanism and its management, PH is still a life-threatening condition. 
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In the past, PH had a simple classification of only two groups. The first group was essential 

after excluding all possible differential diagnosis of PH, and it was called primary pulmonary 

hypertension. The second group was any risk factors or causes of PH, hence the name 

secondary pulmonary hypertension (Rich et al., 1987). 

More recently, from the pathological features, haemodynamic findings, clinical picture and 

therapy approach, PH is clinically classified into five main groups. Each group has different 

prognosis and therapy management (Hurdman et al., 2012). 

The main five groups for PH are pulmonary arterial hypertension (PAH), PH due to hypoxia 

and/or lung diseases, PH due to left heart disease, chronic thromboembolic pulmonary 

hypertension (CTEPH) and lastly PH due to multifactorial and/or unclear mechanisms (Table 

1.1) (Simonneau et al., 2013). 

 

Table 1. 1 Summary of PH classification 

Main PH groups 

1.    Pulmonary arterial hypertension 

2.    PH due to left heart disease 

3.    PH due to hypoxia and/or lung diseases 

4.    Chronic thromboembolic pulmonary hypertension (CTEPH) 

5.    PH due to multifactorial and/or unclear mechanisms 

  

1.2 Pulmonary Arterial Hypertension 

PAH is an uncommon haemodynamic status that has a devastating and poor outcome (Kiely et 

al., 2013). After eliminating other causes of PH, if a patient has a high mPAP of 25 mmHg or 



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  19 
 

higher, a PAWP of 15 mmHg or lower and a PVR higher than 3 Woods units, he/she will be 

diagnosed with PAH (Hoeper et al., 2013). The new recommendation from the sixth world 

symposium of PH identified >20mmHg as a potential diagnostic threshold (Simonneau et al., 

2019). 

Idiopathic pulmonary arterial hypertension (IPAH) is due to an unknown cause and is one of 

the forms of PAH. Other clinical types of PAH are hereditary, drug and toxin-induced or 

accompanied with other conditions such as congenital heart disease (CHD), human 

immunodeficiency virus (HIV) infection, portal hypertension, schistosomiasis and connective 

tissue disease (CTD). Notably, all PAH types are categorised by similar clinical picture, 

pathological and haemodynamic features (Simonneau et al., 2013). 

A retrospective study of 84 PAH patients performed by Kawut et al. (2005) documented race 

as a risk factor for death including Asian or African-American. The first and third-year survival 

for this study was 87 percent and 61 percent, respectively (Kawut et al., 2005). 

Furthermore, according to a study in 2010, newly diagnosed PAH patients not receiving 

treatment have more than 40 percent chance of death within 3 years due to an increase in PVR 

which leads to severe right ventricle (RV) dysfunction (Humbert et al., 2010a). 

1.2.1 Idiopathic PAH 

Idiopathic PAH is a rapidly progressive condition. Towards the end of the last century, two 

studies showed a median survival of 1.9 (Fuster et al., 1984) and 2.8 (Dalonzo et al., 1991) 

years from the diagnosis of IPAH to death and the majority of the deaths were caused by RVF. 

PAH has several predictors of mortality such as gender, cause of PAH and biochemical, 

haemodynamic and functional factors (Simonneau et al., 2013, Wensel et al., 2002). Examples 

for biochemical markers of mortality predictors in patients with PAH are brain natriuretic 



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  20 
 

peptide (BNP) and N-terminal prohormone brain natriuretic peptide (NT-proBNP) 

(Fijalkowska et al., 2006). 

By the beginning of the 21st century, newer medications such as epoprostenol and bosentan 

improved the prognosis of IPAH significantly (McLaughlin et al., 2002, Sitbon et al., 2002, 

McLaughlin et al., 2005). However, some patients fail to respond to this type of therapy, which 

causes deterioration of the RV function and may lead to death due to RVF. One approach to 

assist patients who do not respond to this type of treatment is by directly measuring the function 

and structure of the RV to provide better prognostic data (van Wolferen et al., 2007). 

Cardiac MRI can precisely evaluate direct RV measurements such as myocardial mass, and 

systolic and diastolic volumes (Boxt et al., 1992, Katz et al., 1993). The high reproducibility 

advantage of cardiac MRI makes it a valuable imaging tool for tracking RV changes with 

treatment response (Grothues et al., 2004). 

1.2.2 PAH Associated with CTD 

PAH in association with CTD (PAH-CTD) is the second most common cause of PAH, 

following idiopathic PAH. Approximately 90% of PAH-CTD cases are related to systemic 

sclerosis (74%), mixed connective tissue disease (8%) or systemic lupus erythematosus (8%) 

(Zanatta et al., 2019). PAH is the primary cause of death in systemic sclerosis and has a worse 

prognosis than idiopathic PAH (Launay et al., 2013). Two studies, one from the United States 

(Chung et al., 2010) and the other one form the United Kingdom (Condliffe et al., 2009), have 

explored the clinical characteristics and outcomes of patients with PAH-CTD and found that 

the estimated 1- and 3-year survival rates of patients with systemic sclerosis-associated PAH 

were around 80% and 50%, respectively. Patients with PAH-CTD, and particularly those with 

systemic sclerosis-associated PAH, continue to have a poor prognosis despite the improvement 
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of functional metrics and survival rate due to current treatment (Ramjug et al., 2017, Kuwana 

et al., 2020).  This demonstrates the importance of investing time and resources to develop 

improved methods for measuring severity and prognosis in patients with PAH. 

1.2.3 PAH Associated with CHD 

PAH is a common complication of CHD, especially in patients with systemic-to-pulmonary 

(left-to-right) shunts. The most advanced form of PAH-CHD is Eisenmenger syndrome (D'Alto 

and Mahadevan, 2012). Eisenmenger syndrome refers to any untreated congenital heart 

anomaly with intra-cardiac communication that results in reversal of flow and PAH (Wood, 

1958, Beghetti and Galiè, 2009). The progression of PAH in patients with CHD is correlated 

with increased mortality and severe morbidity (Lowe et al., 2011). In recent decades, 

significant advancements in the diagnosis and management of CHD have led to a substantial 

rise in the number of patients with CHD who survive into adulthood (Diller and Gatzoulis, 

2007). This expanding group of adult patients with PAH-CHD challenges physicians with 

many issues related to managing cardiac and non-cardiac comorbidities. In addition, while 

recent and encouraging data are developing, mortality remains relatively high (Pascall and 

Tulloh, 2018). Therefore, new prognostic indicators are required to evaluate severity, prognosis 

and therapy response in patients with PAH. 

1.2.4 Molecular Basis of PAH 

There are several molecular mechanisms that are involved in PAH pathology: these include 

endothelial cell (EC) dysfunction, smooth muscle cells (SMC) and fibroblast activation and the 

interaction between cells in the vasculature (Morrell et al., 2009). As a result, these mechanisms 

play an important role in the pulmonary circulation of patients with PAH and lead to vascular 

remodelling. These vascular abnormalities are summarised in Figure 1.1 and include 
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muscularization of peripheral arteries, medial hypertrophy of muscular arteries, neointima 

formation and endothelial channel formation (Rabinovitch, 2012). 

 

 

Figure 1. 1 Vascular abnormalities in patients with PAH 

Reproduced with permission (Rabinovitch, 2012). 
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ECs are significantly involved in the regulation of vascular function; on a molecular level, Rho 

guanosine triphosphatases (GTPases) play a major role in their dysfunction, affecting EC 

permeability, proliferation, migration and apoptosis. Rho GTPases also directly affect the 

signalling pathways which are involved in the thrombolytic role of ECs: this explains thrombus 

formation in small pulmonary arteries that can cause PAH. Other molecular markers of EC 

dysfunction in PAH include the reduction of nitric oxide (NO) and prostacyclin (PGI2) 

production together with increased levels of vasoconstrictors. NO is a vasodilator and its 

decreased levels in patients may correlate with lower expression of endothelial NO synthase or 

its inhibition. Again, Rho GTPases are thought to be involved in these processes. However, 

this is not the only mechanism causing vasoconstriction: voltage-gated K+ channels are also 

involved. In PAH patients, these channels can often be defective, causing an increase in Ca2+ 

levels in cells and therefore inducing vasoconstriction (Yuan et al., 1998). 

PGI2 is a growth inhibitor which indirectly inhibits the proliferation of SMCs; however, PAH 

patients tend to have lower PGI2 which can contribute to SMCs proliferation. Another 

molecular mechanism for the proliferation of SMCs may be the upregulation of transient 

receptor potential channels whose genes are expressed on SMCs. The interaction between 

pulmonary ECs and SMCs is another important factor in the proliferation of SMCs. This is 

believed to be the result of EC dysfunction which may, in turn, induce SMCs proliferation and 

therefore contribute to the vascular remodelling typical of PAH patients (Morrell et al., 2009). 

Moreover, PAH, especially hereditary pulmonary arterial hypertension (HPAH), can be caused 

by genetic mutations: bone morphogenetic protein receptor 2 (BMPR2) is one of the major 

gene mutations responsible for more than 70 percent of genetic or heritable PAH (Deng et al., 

2000). Other less common mutated genes have also been found to cause HPAH such as 

endoglin (ENG), Sterile Alpha Motif Domain-Containing Protein 9 (SMAD9), activin receptor-
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like type 1 (ACVRL1), potassium two-pore-domain channel subfamily K member 3 (KCNK3) 

and caveolin 1 (CAV1) (Soubrier et al., 2013). 

1.3 Therapy in PAH 

The development of PAH is often very complex at the molecular level, with different pathways 

affected. This is reflected in the type and mode of action of drugs that are available for 

treatment. Currently, the three main classes of drugs include endothelin receptor antagonists, 

prostanoids and phosphodiesterase type 5 (PDE5) inhibitors (Humbert and Ghofrani, 2016). 

1.3.1 Endothelin Receptor Antagonists 

There are two types of endothelin receptors, endothelin receptor A and B which are expressed 

on SMCs in the vasculature. In PAH patients, SMCs proliferation and vasoconstriction are both 

increased, especially due to endothelin 1 (ET-1). Although with slightly different modes of 

action, bosentan, macitentan and ambrisentan all work to block ET receptors, therefore 

preventing the downstream effects of ET-1 (Galiè et al., 2015, Galiè et al., 2016).  

1.3.2 Prostanoids 

Patients with PAH are found to have reduced levels of the vasodilator prostacyclin (PGI2). 

Prostanoid drugs work as substitutes of prostacyclin, therefore inducing vasodilation. These 

include epoprostenol, iloprost, beraprost, treprostinil and selexipag (Galiè et al., 2015, Galiè et 

al., 2016). 

1.3.3 Phosphodiesterase-5 Inhibitors 

Phosphodiesterase type 5 (PDE5) is found to be upregulated in patients with PAH; this results 

in vasoconstriction due to PDE5-mediated degradation of cGMP (Wharton et al., 2005, Corbin 
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et al., 2005). cGMP is essential in the signalling pathway for vasodilation; therefore, by 

blocking PDE5, cGMP will not be hydrolysed. These drugs include sildenafil and tadalafil 

(Humbert and Ghofrani, 2016). Therefore, it is crucial for physicians to carefully diagnose 

patients with pulmonary hypertension to ensure that the patient receives the best treatment 

available. This minimises the risk of misdiagnosis and insensitivity to treatment. 

1.4 Treatment Approaches in PAH 

In 2003, the 3rd World Symposium on Pulmonary Hypertension (WSPH) presented a therapy 

plan for PAH that includes drugs targeting the endothelin, prostaglandin, and nitric oxide 

pathways (Galiè et al., 2004). In the meanwhile, no drugs targeting other pathways have been 

approved. The development observed in the medical therapy of patients with PAH over the 

past 20 years is linked to the evolution and testing of new drugs and strategies for combination 

therapy, as well as the escalation of treatments based on systematic evaluation of clinical 

response (Galiè et al., 2015, Galiè et al., 2016). A revised treatment algorithm has been 

proposed by the sixth WSPH (Figure 1.2). 
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Figure 1. 2 Proposed algorithm for treatment of PAH based on 6th World Symposium on PAH 

PAH = pulmonary arterial hypertension: CCB = calcium channel blocker; ERA = endothelin receptor antagonist; 

NYHA = New York Heart Association; PDE5i = phosphodiesterase inhibitor. Reproduced with permission 

(Condon et al., 2019). 

 

Only in patients with IPAH, HPAH, and PAH associated with drug and toxin use should acute 

vasoreactivity testing be undertaken to predict responsiveness to calcium channel blockers 

(CCBs). Initial oral combination therapy with an endothelin receptor antagonist (ERA) and a 

phosphodiesterase type 5 inhibitor (PDE5i) should be administered to non-responders to acute 

vasoreactivity tests who are at low or intermediate risk whereas at high risk, initial combination 

therapy including intravenous prostacyclin analogues are recommended (Hassoun et al., 2015, 

Sitbon et al., 2016). On the basis of evidence, dual-combination therapy is advised including 

macitentan and sildenafil (Pulido et al., 2013), riociguat and bosentan (Ghofrani et al., 2013), 

and selexipag and ERA and/or PDE5i (Sitbon et al., 2015). 
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Transitioning from one PAH-specific treatment to another might be considered by physicians 

for a variety of reasons, including compliance with treatment or convenience and improvement 

of the side-effect profile. In addition, transitions are recommended for patients who are not 

meeting their treatment goals in order to escalate therapy and improve their situation (Galiè et 

al., 2019). 

1.5 Cardiac Biomarkers: BNP and NT-proBNP 

BNP is a biological molecule secreted from cardiac cells, in particular the ventricles, influenced 

by the change of blood pressure in the heart such conditions are PAH and heart failure (Bay et 

al., 2003). There are two forms of this hormone; the first, NT-proBNP which is an inactive 

prohormone and the second is an active hormone called BNP. The concentration of NT-

proBNP circulating in the plasma is higher than the active BNP hormone, and is distinguished 

by a longer half-life (Alibay et al., 2004). When the RV significantly expands, NT-proBNP 

levels increase due to an increase in the RV wall stress. 

The relationship between RV dysfunction and plasma BNP lies under their association with 

disease severity in patients with PAH. Worsening RV function has been shown to increase 

plasma BNP levels (Nagaya et al., 1998, Leuchte et al., 2004). Nagaya et al. (2000) conducted 

a prospective study and enrolled 53 follow-up patients with idiopathic PAH to evaluate the 

prognostic impact of BNP. Results showed high plasma BNP levels at baseline and continued 

to increase throughout the follow-up period (3 months), and indicated that high BNP levels is 

a strong independent prognostic biomarker of mortality in patients with idiopathic PAH. 

Another prospective study was performed by Fijalkowska et al. (2006) to assess the prognostic 

significance of NT-proBNP in patients with PH. Results indicated that NT-proBNP has a 

prognostic value of poor outcome in both PH and idiopathic PAH. This shows consistency with 
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Nagaya et al. (1998) study which showed that RV dysfunction could be predicted by BNP in 

patients with long-lasting PH. The advantages of cardiac biomarkers are reproducible and easy 

to evaluate. 

According to the European Society of Cardiology and European Respiratory Society 

(ESC/ERS) guidelines, NT-proBNP is currently used as part of the risk assessment tool for 

PAH (Galiè et al., 2015, Galiè et al., 2016). However, more data and research are needed for 

this non-invasive method to assist in evaluating and following up patients with PAH. 

1.6 RV Pathophysiology 

In a healthy individual, the RV is roughly triangular in shape and trabecular in structure, which 

differs from the typically compacted myocardium of the LV. The tricuspid valve connects an 

inlet part to the right atrium and an outlet part that communicates to the pulmonary valve (Galea 

et al., 2013). 

A study by Kawut et al. (2012) in a population of individuals without clinical heart diseases 

showed that RV pathology results in a high risk of heart failure or may lead to death. This 

indicates that RV morphological changes are considered as one of the important characteristics 

of heart failure alongside other diseases of the lungs or the LV. There are some factors that 

affect the RV morphology such as the race, age and gender of the patient (Ventetuolo et al., 

2011, Kawut et al., 2011, Chahal et al., 2010). 

Studies have indicated that RV volumes and function are good predictors of mortality in PAH 

(van Wolferen et al., 2007, Baggen et al., 2016, Swift et al., 2017). Echocardiography, 

computed tomography (CT) and cardiac MRI are non-invasive methods to evaluate RV 

volumes. In contrast, RHC is an invasive method used to insert a catheter guided through the 
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jugular, radial or femoral vein to finally reach the heart and pulmonary arteries to measure, for 

example, right ventricular ejection fraction (dos Santos et al., 2002). 

End systolic volume (ESV) and end diastolic volume (EDV) are two types of blood volumes 

in both the right and left ventricles that estimate basic ventricular function. ESV means the 

ventricles are entirely contracted, and the blood volume in the ventricles is at its lowest. While 

EDV is completely the opposite, it means the ventricles are fully relaxed and contain maximal 

blood volume at that period (Bellofiore and Chesler, 2013). 

Stroke volume (SV) is subtracting EDV from ESV as shown in the following formula: 

𝑆𝑉 =  𝐸𝐷𝑉 −  𝐸𝑆𝑉 

Additionally, SV is the amount of blood volume pumped from the ventricle each time the heart 

contracts. 

From SV definition, the CO is the amount of blood volume ejected out of the heart per minute. 

The sum of heartbeats in one minute is the heart rate (HR). This means SV and HR are directly 

proportional to CO. The formula for this is as the following: 

𝐶𝑂 =  𝑆𝑉 ×  𝐻𝑅 

Ejection fraction (EF) is an additional vital measurement for evaluating the RV function. EF is 

SV divided by EDV, whereas SV as mentioned above, is EDV minus ESV. Shown in the 

following formula: 

𝐸𝐹 =  
𝐸𝐷𝑉 −  𝐸𝑆𝑉

𝐸𝐷𝑉
 =  

𝑆𝑉

𝐸𝐷𝑉
  

In the last 20 years, it has been found that RV ejection fraction (RVEF) and RV volumes in 

PAH patients are related to risk of death (Kawut et al., 2005, van Wolferen et al., 2007). 
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A study was performed by (Campo et al., 2011) to investigate the outcome of 90 patients with 

PAH admitted between 2000 and 2009 at Johns Hopkins Hospital and its affiliate Johns 

Hopkins Bayview Medical Centre. More than half of these hospitalisations were due to right 

heart failure which represents the major cause of admission with 56 percent in this study. 

Among the patients with right heart failure, 14 percent died before hospital discharge. The 1-

year mortality after discharge for all PAH inpatients was 35 percent. This shows that one of the 

main roots of morbidity and mortality in PAH is RV failure. 

Despite the general appearance of the right and left ventricles showing similarities, there are 

some differences. The LV is covered and enfolded by the RV chamber. The RV chamber is 

typically a crescent-shaped chamber on the short axis, whereas the LV is circular on the short 

axis. The challenge of evaluating surface areas and volumes of both ventricles arises from the 

compound shape of the chambers. Hence 2D images are insufficient to explain the anatomy. 

Therefore full volumetric coverage is recommended for RV volume analysis (Bellofiore and 

Chesler, 2013). 

High compliance and low hydraulic impedance are characteristics of the pulmonary vascular 

bed. As a result, the pressure produced by the RV is lower than the LV, which, according to 

Laplace’s law, corresponds to an RV free wall thickness of 3–5 mm (Taverne et al., 2021, 

Basford, 2002). The Law of Laplace is shown in the formula below. 

𝑃 =  
2 ×  𝑊𝑆 ×  𝑇

𝑟
 

Whereas P stands for pressure, WS for wall stress, r for radius and T for wall thickness. 

High pulmonary pressures can negatively affect the heart by decreasing RV function to an 

extent beyond myocardium adaptation. This, consequently, increases RV dilatation and 
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diastolic pressure. This simply explains the mechanism of the main cause of death in PAH, 

right heart failure (Dalonzo et al., 1991). 

From Frank-Starling Law (Kobirumaki-Shimozawa et al., 2014), myocyte stretching and 

contractility of the heart play a major role in cardiac hemodynamics. The idea behind the Frank-

Starling mechanism is when the volume of the ventricle increases for any reason, it will stretch 

the myocyte. As a result, this will increase SV and ultimately increase contractility; therefore, 

CO increases (Holubarsch et al., 1996). As previously stated about CO, it is directly 

proportional to stroke volume. 

One of the reasons for an increase in ventricle filling (preload) would be upright physical 

exercise. The action of the lower extremity muscles will force and increase venous return. This 

will increase EDV and consequently improve SV. All this shows the functional significance of 

the Frank-Starling mechanism and the adaptive intrinsic myocardium features (Weil et al., 

1998). In addition, some hormones such as angiotensin I and II can also regulate CO along with 

neural mechanisms (Holubarsch et al., 1993, Eschenhagen, 1993). 

1.7 Imaging Assessment of the Right Ventricle in PH 

1.7.1 Echocardiography 

The initial imaging tool to assess the RV is transthoracic echocardiography (ECHO). ECHO 

allows the estimation of RV systolic pressure by measuring the tricuspid regurgitant jet velocity 

in addition to an estimation of right atrial pressure. Transthoracic ECHO is the current routine 

non-invasive imaging screening tool for the detection of PH (Galiè et al., 2015, Galiè et al., 

2016).  
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However, due to the RV anterior position in the rib cage, irregular shape and thin wall the trans-

thoracic echocardiography is less capable than MRI to fully evaluate RV size and function 

(Buechel and Mertens, 2012, Puchalski et al., 2007). Evaluation of RV strain can be made using 

echocardiography in PH; typically, a speckle tracking approach is used (Li et al., 2016, Meris 

et al., 2010). 

1.7.2 Cardiac Magnetic Resonance Imaging 

Cardiac MRI is a non-invasive tool that uses radio frequency pulses and strong magnetic fields 

to electronically view the heart and its surrounding organs and blood vessels on an 

unsophisticated screen. 

Balanced steady-state free precession (bSSFP) has replaced gradient echo cardiac imaging. 

bSSFP is a gradient echo imaging adaptation that balances gradient pulses to eliminate 

gradient moment at each repetition time (TR), improving signal and blood to myocardial 

contrast resolution. Therefore, the image contrast is the signal intensity of the square root of 

T2/ T1, not T2 or T1 weighted. Thus, a very bright signal is achieved when T1 and T2 are 

similar, such as fat and liquid, and a very low signal is achieved with tissues having long T1 

and short T2, namely muscle, offering excellent blood to myocardial contrast. In addition, 

steady-state sequences are useful for cardiac imaging due to their short repetition times and 

imaging times. However, off-resonance and field inhomogeneity artefacts make bSSFP 

imaging difficult. Images have dark stripes whenever the local off-resonance frequency is 

multiples of 1/TR. In order to shift the black stripes outside of the field of view, the repetition 

times should be as short as possible (Bieri and Scheffler, 2013). 

Cardiac gating imaging uses an electric trigger sent to the magnetic resonance scanner to 

indicate the heart rate of the patient. Typically, the R component of the QRS complex on the 
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electrocardiogram (ECG) is utilized as the trigger. The R wave from the ECG trace triggers a 

predefined voltage threshold once each cardiac cycle. Ventricular contraction is initiated by the 

electrical impulse of the QRS complex. End-diastole can be represented by the R wave due to 

the delay between electrical and mechanical systole. Over multiple cardiac cycles, cine cardiac 

imaging can capture data for each of the 20 cardiac cycle phases. This method is referred to as 

segmented k-space acquisition (Nacif et al., 2012). 

Cardiac MRI is the non-invasive gold standard imaging tool for volume and functional 

assessment of the RV. Cardiac MRI offers high-quality non-invasive volume measurements of 

the RV when compared to echocardiography. Geometric assumptions are not required when 

measuring the RV with MRI, which improves the accuracy (Bellofiore and Chesler, 2013). 

Cardiac MRI does not include ionizing radiation and the inter- and intraobserver 

reproducibility is high (Mooij et al., 2008). 

Some limitations of cardiac MRI include accessibility, patient acceptance and expense (Kawut 

et al., 2012). Distinguishing the RV from the right atrium in the short axis plane is a challenge 

in some cases (Bonnemains et al., 2012). This is due to the complex nature of the tricuspid 

valve and that it is situated in a more apical location than the mitral valve. The right 

atrioventricular valve consists of 3 leaflets (anterior, posterior and septal leaflet), annulus, 

chordae tendinae and papillary muscles (Rodes-Cabau et al., 2016). 

Cardiac MRI offers a complete assessment of RV function quantification and anatomical 

delineation (Galea et al., 2013). It has a number of different unique advantages that outstand 

other non-invasive tools. Cardiac MRI utilises non-toxic agents for contrast, and produces 

three-dimensional and high-resolution images. Pitfalls, on the other hand, include the necessity 

for expertise, time-consuming analysis and unsuitability with infusion pumps or pacemakers 

(Benza et al., 2008). Table 1.2 summarises the advantages and disadvantages of cardiac MRI. 
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Table 1. 2 Advantages and disadvantages of cardiac MRI 

Advantages Disadvantages 

Accurate Expensive 

Predict PAH Limited availability 

Non-invasive tool Time-consuming 

High-resolution, three-dimensional images Significant technical support and expertise 

Uses non-toxic contrast agents Incompatible with pacemakers 

No ionising radiation Incompatible with infusion pumps 

No geometrical assumptions Difficulty with breath holding 

 

However, from the importance of RV in PAH, the advantages of cardiac MRI may conceal the 

downsides for the purpose of enhancing patient monitoring and improving therapy 

administration (Peacock and Vonk Noordegraaf, 2013). 

1.7.2.1 Prognosis 

Cardiac MRI delivers information on a variety of characteristics related to prognosis and risk 

evaluation. One of the important prognostic cardiac MRI measurements is RVEF. RVEF at 

baseline is a more reliable predictor of mortality than PVR (van de Veerdonk et al., 2011). 

Right ventricular end diastolic volume (RVEDV) and Left ventricular end diastolic volume 

(LVEDV) are independent predictors of prognosis in IPAH, with decreased values being 

associated with an increased risk of mortality (Mauritz et al., 2012). Right ventricular stroke 

volume (RVSV) is another measurement of right ventricular function and a predictive metric. 

A low RVSV is substantially linked with mortality at both baseline and follow-up (Campo et 

al., 2010). Cardiac MRI RVSV measurement correlates well with 6-min walk distance 

(6MWT) distances in patients with PAH (van Wolferen et al., 2011). 
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In addition, cardiac MRI can evaluate secondary cardiac abnormalities associated with PH, 

such as right ventricular dilation (Goerne et al., 2018). Right ventricular hypertrophy results 

from increased and prolonged afterload in PH, which leads to an increase in right ventricular 

mass (RVM). In patients with IPAH, a RVM index greater than 59 g/m2 is associated with an 

increased risk of mortality (van Wolferen et al., 2007). Furthermore, cardiac output in phase 

contrast cardiac MRI has been demonstrated to be an independent predictor of prognosis, with 

slow flow in the main pulmonary artery being associated with a poor prognosis and mortality 

(Swift et al., 2014b). It has been established that pulmonary artery area change and relative 

area change are good predictors of adverse outcome in PH (Swift et al., 2012a). 

1.7.2.2 Follow-up 

Cardiac MRI is an ideal modality for assessing treatment response since it is highly repeatable, 

non-ionizing, and non-invasive (Kiely et al., 2019). Recent research suggests that cardiac MRI 

may be more valuable than RHC due to its capacity to offer a full evaluation of both the right 

ventricle and the pulmonary artery; as a result, an accurate assessment of disease progression 

is provided (Abolmaali et al., 2007, García-Alvarez et al., 2011). In bosentan (Chin et al., 2008) 

and sildenafil (Michelakis et al., 2003) trials, the ability of cardiac MRI to reliably measure 

right ventricular size, mass, and function has been used in endpoints. Moreover, the large 

prospective EURO-MRI study demonstrated that changes in MRI-derived RVEF and cardiac 

index correlated with changes in mortality and World Health Organization functional class; 

and that cardiac MRI variables obtained at baseline and follow-up provide reliable information 

regarding patient response to vasodilator therapy (Peacock et al., 2014). 
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1.8 Cardiac MRI and PAH 

Previously, it has been shown that RV volumes and RVEF could predict the outcome of patients 

with PAH while applying cardiac MRI (Swift et al., 2014a, van de Veerdonk et al., 2011). 

A study of 233 PH patients was done by (Swift et al., 2012b) to assess the diagnostic accuracy 

of different cardiac MRI measurements. Ventricular mass index (VMI) had the strongest 

correlation with RHC mPAP and the highest diagnostic accuracy when compared to 

echocardiography. Therefore, the study suggested applying VMI and other measurements such 

as right heart functional parameters and late gadolinium enhancement, as an alternative routine 

evaluating and diagnostic measurements for PH.  

Another cardiac MRI study by (Swift et al., 2017) recruited and followed up 576 patients with 

PAH for a duration of 3 and a half years to evaluate the prognostic value of numerous cardiac 

MRI measurements in predicting mortality. Almost 40 percent died during this study, and it 

showed that cardiac MRI measurements such as right ventricular end systolic volume index 

(RVESVi) and pulmonary artery relative area change could play an independent significant 

role in the clinical value of PAH mortality (Figure 1.3). 
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Figure 1. 3 Pulmonary artery (PA) relative area change and RV measurements 

A) Shows the maximal PA area whereas   B)   shows the minimal PA area 

C)  Shows the right ventricle at end diastole and  D)   shows the right ventricle at end systole 

Relative area change was calculated as follows: (maximal RA area − minimal RA area)/maximal RA area. 

Reproduced with permission (Swift et al., 2017). 

 

A prognostic meta-analysis study produced by Baggen et al. (2016) delivered evidence by 

completing a summary of all described cardiac MRI findings, which can clinically predict poor 

outcome in patients with PAH. A total of 538 patients from eight different studies included and 

examined 21 cardiac MRI findings. Results at baseline and follow-up showed RVEF (P = 

0.003) is the strongest predictor of mortality in patients with PAH. Additionally, a decrease in 

LV EDV and an increase in RV volumes could as well predict mortality. Searching for 

prognostic cardiac MRI measurements that can predict mortality in patients with PAH will help 

in preventing the deterioration of the condition and prolong life expectancy for patients. This 

shows the importance of identifying reliable and prognostic cardiac MRI parameters. 

Cardiac MRI is considered a well-advanced imaging modality, and it is still expeditiously 

developing in analysing heart and lung diseases. Semi-automated or automated computer 
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methods also have been developing in the past decades to analyse cine magnetic resonance 

images. Currently, the standard measurement for LV function is cine MRI which is commonly 

applied in cardiovascular MRI investigation (Jerosch-Herold and Kwong, 2008, de Roos and 

Higgins, 2014). Quantitative measurements of LV function are driven by multi-section short-

axis cine imaging that can cover the entire LV (Figure 1.4). 

 

 

 

Figure 1. 4 Right and left ventricles on short-axis imaging 

A)  Short-axis view before myocardium tracing 

B)  After tracing, yellow and blue represents right ventricle, and red and green represents left ventricle 

  

Quantifying LV function: (1) needs a well-experienced and educated observer that can 

accurately review various individual images and apply manual segmentation, and (2) is 

relatively time-consuming (Sardanelli et al., 2008). Identifying the LV border of the 

myocardium is the definition of LV segmentation. LV detection (distinguishing the presence 

of LV) and LV segmentation are two steps involved in the practical analysis of LV 
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quantification. The majority of automated or semi-automated methods depend on individual 

images or inadequate training sets. Relying on the local edges and shape models of LV, 

automated methods also try to localize the LV border (Suinesiaputra et al., 2015). Interestingly, 

deep learning techniques are rapidly developing in relation to automated image analysis 

(Dreyer and Geis, 2017). 

A study done by (Tao et al., 2019) aimed to assess and improve a deep learning–based method 

to reach automatic LV segmentation and detection of the myocardium by using cine magnetic 

resonance images. This study was performed on a diverse cohort of patients with cardiovascular 

disease from various centres, and the cine MRI data was obtained by several magnetic 

resonance machines from numerous vendors. This showed that providing a deep learning-based 

method with a multi-centre and multi-vendor data set that is highly variable will attain an 

accurate and fully automated cine MRI analysis. 

1.9 Cardiac MRI and Cardiac Biomarkers 

Although cardiac MRI is the gold standard tool for the RV in PAH, in some situations, it is 

beyond the bounds of possibility to utilise it. For instance, feelings of claustrophobia and 

discomfort are significant problems for several MRI users. Therefore, a substitute independent 

non-invasive method would be clinically helpful in adult and paediatric patients (Lohani et al., 

2015). 

A study done by (Gan et al., 2006) evaluated naïve and follow-up patients with PH by NT-

proBNP and cardiac MRI. They found that cardiac MRI measurements such as RV function 

and structure can be evaluated by changes in NT-proBNP levels. In addition, high levels of 

NT-proBNP correlate with severe RV failure. After that, a different study (Blyth et al., 2007) 

investigated the relationship between NT-proBNP and cardiac MRI-derived measurements 
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(RV volumes and systolic function). It showed that RV systolic dysfunction in a patient with 

PAH could be predicted by an independent and non-invasive cardiac biomarker (NT-proBNP); 

therefore, NT-proBNP could be a useful substitute for cardiac MRI. 

Van de Veerdonk (2017) studied the difference between the effects of combination therapy and 

monotherapy and found a reduction in NT-proBNP levels in both groups, although the 

combination therapy group showed a greater reduction. All patients at baseline and after 1-year 

follow-up were also subjected to cardiac MRI and RHC. The results of this study showed that 

NT-proBNP levels could potentially be used to assess patients with PAH because the reduction 

in NT-proBNP levels after initially receiving combination therapy was also accompanied by 

better clinical outcomes such as improvement in RV wall stress. 

In 2017, a study by (Baillie et al., 2017a) measured the average pulmonary arterial blood flow 

velocity (meanPAvel) using phase-contrast cardiac MRI in patients with PAH during both rest 

and standardised intravenous adenosine infusion to evaluate cardiopulmonary reserve and its 

relation to PAH in an innovative non-invasive fashion. They found that, at peak hyperemia, 

cardiopulmonary reserve had an excellent correlation with meanPAvel. Thus, they concluded 

that this method is achievable, simple and safe. 

The same group conducted a different study (Baillie et al., 2017b) to assess this new non-

invasive method by studying the relationship between meanPAvel (rest and hyperemic) and 

PAH prognostic markers including cardiac MRI-derived RVEF and RVESVi and cardiac 

biomarker (NT-proBNP) at baseline and after six months follow-up. There was an initial 

significant correlation between meanPAvel and RVESVi as well as RVEF at peak hyperemia, 

and these same measurements at peak hyperemia also shared a significant change over time. 

Additionally, NT-proBNP and meanPAvel indicated a statistically significant relationship in 

change overtime during peak hyperemia. However, the cardiac biomarker did not show any 
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correlation with meanPAvel on either hyperemia or resting state. This could be due to several 

limitations in the study. A sample size of 20 patients was not representative of all PAH patients, 

and 6 out of the total patients were at high risk of developing PAH, but their diagnosis was not 

confirmed. Previous articles (Andreassen et al., 2006, Leuchte et al., 2007, Mauritz et al., 2011) 

revealed a relationship between NT-proBNP levels and mortality in PAH over time. Therefore 

there might have been a statistical anomaly in (Baillie et al., 2017b) study that explains why a 

relationship between meanPAvel (rest and hyperemic) and PAH prognostic markers was not 

found. 

1.10 Risk stratification in PAH 

Prognostic evaluation and identification of patients at risk upon diagnosis and during follow-

up to choose the appropriate treatment in a timely manner are essential for ensuring the best 

outcome. Clinical assessment is an important component in evaluating patients with PAH, as 

it includes vital information on disease severity, improvement, deterioration, or stability. 

Furthermore, various baseline and follow-up variables, including clinical, functional, exercise, 

non-invasive, and invasive variables, have been used independently or together in formulas or 

calculators to predict prognosis over time (Galiè et al., 2019). 

The development of risk equations and risk scores has benefited from the use of registries. 

These registries include the PH connection equation (Thenappan et al., 2010, Thenappan et al., 

2012), the Scottish composite score (Lee et al., 2012), the French Pulmonary Hypertension 

Network (FPHN) registry risk equation (Humbert et al., 2010a, Humbert et al., 2010b), the US 

Registry to Evaluate Early and Long-term PAH Disease Management (REVEAL) risk equation 

(Benza et al., 2010) and risk score (Benza et al., 2012, Benza et al., 2015), and the 2015 

ESC/ERS PH guidelines risk table (Galiè et al., 2015, Galiè et al., 2016). 
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Using numerous established risk stratification tools, the clinical status and prognosis of patients 

with PAH can be determined. According to the ESC/ERS risk assessment in PAH, patients at 

1-year mortality are assigned to low-, intermediate-, or high-risk groups based on a 

combination of clinical, functional, exercise, biochemical, imaging, and hemodynamic 

variables with known prognostic importance (Table 1.3). The majority of these variables and 

cut-off values proposed are based on expert opinion (Galiè et al., 2015, Galiè et al., 2016, 

Humbert et al., 2022a). 

 

Table 1. 3 ESC/ERS risk assessment in PAH 

Determinants of prognosis 

(estimated 1-year mortality) 
Low risk <5% 

Intermediate risk 5-

10% 
High risk >10% 

Clinical signs of right heart failure Absent Absent Present 

Progression of symptoms No Slow Rapid 

Syncope No Occasional syncope Repeated syncope 

WHO functional class I, II III IV 

6MWD >440 m 165–440 m <165 m 

Cardiopulmonary exercise testing 

Peak VO2 >15ml/min/kg 

(>65% pred.) 

VE/VCO2 slope <36 

Peak VO2 11–15 

ml/min/kg 

(35–65% pred.) 

VE/VCO2 slope 36–44.9 

Peak VO2 <11 

ml/min/kg 

(<35% pred.) 

VE/VCO2 slope ≥45 

NT-proBNP plasma levels 
BNP <50 ng/l 

NT-Pro BNP <300 ng/l 

BNP 50-300 ng/l 

NT-Pro BNP 300-1400 

ng/l 

BNP >300 ng/l 

NT-Pro BNP >1400 ng/l 

Imaging (echocardiography, cardiac MRI) 
RA area < 18 cm2 

No pericardial effusion 

RA area 18-26 cm2 

No or minimal, 

pericardial effusion 

RA area >26 cm2 

Pericardial effusion 

Haemodynamics 

RAP <8 mmHg 

CI ≥2.5 I/min/m2 

SvO2 >65% 

RAP 8–14 mmHg 

CI 2.0–2.4 l/min/m2 

SvO2 60–65% 

RAP >14 mmHg 

CI <2.0 l/min/m2 

SvO2 <60% 

Definition of abbreviations: ESC/ERS = European Society of Cardiology and European Respiratory Society; PAH 

= pulmonary arterial hypertension; WHO = World Health Organization; 6MWD = 6-minute walking distance; 

VO2 = oxygen consumption; pred. = predicted; VE/VCO2 = ventilatory equivalents for carbon dioxide; BNP = 

brain natriuretic peptide; NT-proBNP = N-terminal prohormone brain natriuretic peptide; MRI = magnetic 

resonance imaging; RA = right atrial; RAP = right atrial pressure; CI = cardiac index; SvO2 = mixed venous 

oxygen saturation. Reproduced with permission (Galiè et al., 2016). 
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The ESC/ERS risk assessment tool has been validated at diagnosis and during follow-up in 

three registries: the French PH Registry (Boucly et al., 2017), the Comparative, Prospective 

Registry of Newly Initiated Therapies for PH (COMPERA) (Hoeper et al., 2017), and the 

Swedish Pulmonary Arterial Hypertension Registry (Kylhammar et al., 2018). All three 

registries proved the value of achieving a low-risk profile.  

In addition, validation cohorts from the US showed that the REVEAL 2.0 risk score calculator 

and an abridged version (REVEAL Lite 2), as well as the equation of the French registry, were 

accurate and well-calibrated, confirming its generalizability (Benza et al., 2019, Benza et al., 

2021, Humbert et al., 2010a). In 2022, the comprehensive ESC/ERS risk assessment table for 

PAH was updated and included cardiac MRI variables such as RVEF, RVESVi and stroke 

volume index (Humbert et al., 2022a, Humbert et al., 2022b). 
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Chapter 2: Research Questions, 

Aims, Objectives and Hypotheses 
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2.1 Research questions 

This PhD thesis sought to address the following important questions: 

- What is the role of cardiac MRI RA and RV parameters in prognostic evaluation of 

patients with PAH? 

- Can a quantitative cardiac MRI-based automated artificial intelligence (AI) analysis be 

used to measure RA and RV in PAH? 

- How reproducible are automated cardiac MRI analysis of the RA and surrogate markers 

of disease severity in PAH? 

- How do manual and automated cardiac MRI RA measurements relate to invasively 

derived haemodynamic indices? 

- Can the reference standard for assessment of cardiac structure and function of AI RV 

and AI RA be used to risk stratify patients with PAH? 

- What is the role of automated cardiac MRI and NT-proBNP in prognostic evaluation 

of patients with PAH? 

 

2.2 Aims 

The aim of this body of work was to evaluate severity and prognosis of PAH using manual and 

automatic cardiac MRI measurements along with NT-proBNP. 
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2.3 Objectives 

● To evaluate the prognostic importance of manual RA and RV parameters measured by 

cardiac MRI. This objective was achieved during the first year of my PhD and was 

measured by (1) assessing the likelihood of 1-year mortality of RA and RV 

measurements using univariate binary logistic regression, (2) testing the prognostic 

significance of RA area thresholds using Kaplan-Meier analysis, (3) assessing the 

prognostic significance of RA area predictors of mortality with area under the curve 

using receiver operating characteristic analysis, and (4) identifying optimal thresholds 

for low, intermediate, and high-risk patients using locally weighted scatterplot 

smoothing regression analysis. 

● To develop a quantitative cardiac MRI-based automated AI analysis of the RA and RV 

in a large cohort of patients with heart failure and PAH. This objective was achieved 

during the second year of my PhD and was measured by (1) determining the failure rate 

of the model in a large clinical registry, and (2) assessing the inter-rater reliability of 

the two observers grading of segmentation quality as satisfactory, suboptimal or failure 

using Cohen’s kappa testing in a subcohort. 

● To evaluate interstudy repeatability and agreement of contours of a quantitative cardiac 

MRI-based automated AI analysis of the RA and evaluate the repeatability of surrogate 

markers of disease severity in PAH such as NT-proBNP. This objective was achieved 

during the second year of my PhD and was measured by assessing the repeatability of 

manual and AI metrics using intraclass correlation coefficients and Bland–Altman 

plots. 

● To compare the association of manual RA area and AI RA area with invasive 

haemodynamics, and evaluate manual and automated RA measurements as predictors 

of mortality. This objective was achieved during the third year of my PhD and was 
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measured by (1) comparing RHC measurements to RA area measurements using 

Pearson’s correlation coefficient, and (2) assessing the accuracy of RA measurements 

to predict RA thresholds performed using receiver operating characteristic analysis.  

● To compare AI RV and AI RA area measurements and their utility to risk stratify 

patients with PAH, using the reference standard for assessment of cardiac structure and 

function. This objective was achieved during the third year of my PhD and was 

measured by (1) comparing published thresholds for RV metrics with 2015 ESC/ERS 

thresholds for RA area using bar chart figures, (2) testing the prognostic significance of 

RA area and RV thresholds using Kaplan-Meier analysis, and (3) assessing predictors 

of 1-year mortality using binary logistic regression analysis. 

● To evaluate the prognostic role of automated cardiac MRI and NT-proBNP together in 

PAH. This objective was achieved during the third year of my PhD and was measured 

by (1) assessing the prognostic value of cardiac MRI parameters and NT-proBNP levels 

using univariate Cox regression hazard ratios, and (2) comparing continuous log10 

(NT-proBNP) to continuous cardiac MRI parameters using Pearson’s correlation 

coefficient analysis. 
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2.4 Hypotheses 

● Manual cardiac MRI-derived RA and RV measurements have prognostic value 

independent in patients with PAH. 

● Cardiac MRI RA and RV measurements can be fully automated using AI with a low 

failure. 

● Automated cardiac MRI RA and NT-proBNP parameters are highly repeatable. 

● Manual and automated cardiac MRI RA measurements estimate invasive 

haemodynamics at RHC. 

● Automated cardiac MRI RV and RA metrics have prognostic value and can risk stratify 

patients with PAH. 

● NTpro-BNP has prognostic value independently of cardiac MRI measurements. 
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Chapter 3: Materials & Methods 
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This chapter describes the methods used throughout the thesis. In the following chapters, each 

chapter describes study-specific methods. The related methods are repeated in the chapter-

specific methods section to allow the following chapters to be read in isolation. 

3.1 The ASPIRE PH MRI Database 

Sheffield is one of the main tertiary referral centres for pulmonary hypertension in adults in the 

United Kingdom. The Sheffield Pulmonary Vascular Disease Unit (PVDU) is one of Europe's 

largest Pulmonary Hypertension treatment centres, with a referral population of over 15 million 

patients. In 2016/17, the Sheffield PVDU evaluated over 2300 patients and received over 800 

new referrals (Sheffield Academic Directorate of Respiratory Medicine, 2014). From January 

2008 to October 2019, all patients who had cardiac MRI at the Sheffield PVDU were included 

into an anonymized database. Each patient was assigned a unique identifier.  

For statistical analysis, the anonymised data was subsequently transferred to Excel and SPSS 

formats. These were then combined to build a database containing incident cardiac MRI data, 

the nearest right heart catheter, N-terminal prohormone brain natriuretic peptide test, and 

exercise test data, as well as diagnostic and demographic information. A similar strategy was 

used to identify the scan closest to the 1-year follow-up. The local ethics committee provided 

ethical approval for this retrospective investigation, and written consent was waived (ASPIRE, 

ref: c06/Q2308/8). 

3.2 Inclusion and Exclusion Criteria 

The inclusion criteria required subjects diagnosed with PAH (Group 1 pulmonary 

hypertension), including idiopathic PAH, heritable PAH, and PAH in association with 

connective tissue disease, congenital heart disease, portal hypertension, human 
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immunodeficiency virus infection, and drugs and toxins. PAH was defined by the features of 

right heart catheterization (RHC) with a cut-off point of mean pulmonary arterial pressure 

(mPAP) ≥ 25 mmHg and pulmonary arterial wedge pressure (PAWP) ≤ 15 mmHg (Galiè et al., 

2015, Galiè et al., 2016). Patients with a history of certain conditions such as contraindication 

to cardiac MRI, allergy to contrast medium, hepatitis B, C, HIV or pregnancy were excluded. 

3.3 Image Acquisition 

Cardiac MRI studies of 1.5T (HDx, General Electric Healthcare, Chicago, Illinois, USA) and 

1.5T (Ingenia, Philips Healthcare, Best, the Netherlands) were included. Moreover, Cardiac 

MRI studies were performed using an 8-channel cardiac coil on a whole-body scanner at 1.5T 

HDx (General Electric Healthcare) (Lewis et al., 2020). Cine cardiac MRI acquisitions were 

made using a balanced steady state free precession (bSSFP) sequence. Following planning 

sequences, 4-chamber cine images were acquired. A stack of short axis images was acquired 

covering apex to base. Slice thickness and number of cardiac phases were 8 mm with 20 phases. 

The cardiac MRI protocol of multisection short-axis cine images has been previously explained 

(Alabed et al., 2022). 

Other cardiac MRI studies were performed on a 1.5 T system (Ingenia, Philips Healthcare) 

equipped with a 28-channel flexible torso coil and digitization of the cardiac MRI signal in the 

receiver coil. Vertical long-axis, horizontal long-axis, 3-chamber (left ventricular (LV) outflow 

tract-views), and the LV volume contiguous short axis stack cine imaging were defined using 

survey. All cines were acquired with a bSSFP, single-slice breath-hold sequence. Typical 

parameters for bSSFP cine were as follows: SENSE factor 2, flip angle 60°, echo time (TE) 1.5 

ms, TR 3 ms, field of view 320–420 mm according to patient size, slice thickness 8 mm and 

30 phases per cardiac cycle. 
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3.4 Image Analysis 

3.4.1 Manual Measurements 

Image analysis was performed on GE Reportcard software with the observer blinded to the 

patient clinical information, cardiac catheter parameters and outcome data. Right ventricular 

endocardial and epicardial surfaces were manually traced from the stack of short-axis cine 

images to obtain right ventricular end diastolic volume (RVEDV) and right ventricular end 

systolic volume (RVESV). Based on RVEDV and RVESV, right ventricular ejection fraction 

(RVEF) was calculated.  

Right atrial area at systole (maximal area) and diastole (minimal area) were manually traced 

on 4 chamber views. Pulmonary veins were manually excluded during contouring. Maximum 

RA area and minimal RA area were measured, and RA relative area change (RAC) was defined 

as follows: 

 𝑅𝐴 𝑅𝐴𝐶 =  
𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎 – 𝑚𝑖𝑛𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎

𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎
 

 

3.4.2 Training Measurements for Artificial Intelligence Development  

Four observers, SA, FA, KK and AJS (with 2, 3, 13 and 11 years of cardiac MRI experience, 

respectively) manually drew LV and RV and atrial contours in 4-chamber cine cardiac MRI 

views on all cardiac phases for the training cohort. All contours were drawn with observers 

blinded to the patient's clinical information. All manual contours were reviewed by an expert 

cardiac MRI reader (AJS). Biventricular endocardial and epicardial surfaces were also 

manually traced from the stack of short-axis cine images to obtain RV volumetric and 

functional measurements as previously described (Alabed et al., 2022). MASS software 
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(research version 2020; Leiden University Medical Center, Leiden, the Netherlands) was used 

for the manual contouring for developing the artificial intelligence algorithm. 

3.5 Artificial Intelligence Development 

Cardiac MRI studies including a random selection of patients from different cohorts were used 

for deep learning training of 4-chamber contours. The training process was performed in two 

stages. We trained two CNN models with different numbers of manually annotated 4-chamber 

view images in the training set. The validation set and test set used were the same for both of 

the CNN models. Since no hyper parameter tuning was performed in the current experiments, 

a relatively small validation set of 6 subjects (180 images) was deemed sufficient to confirm 

model convergence during training and to confirm that the models did not suffer from 

overfitting. The test set consisting of 20 cases was used to compare the model performance of 

the initial model with the final model. Following this strategy, we maximised the number of 

studies available for training. The initial model was trained on a combination of Philips 

(Leeds/LUMC, n = 80) and GE (Sheffield, n = 184) data (total n = 264). The contours used for 

training were all generated without the use of a CNN. For the final model, 183 additional 

Sheffield GE scans were added. The contours for these additional cases were generated by 

reviewing and editing the contours generated using the base model. On average, 50% of the 

contours generated by the initial model were manually edited for this set of cases. These cases 

were separate from the test cohorts. 

The CNNs used for the experiments had an UNET-like architecture with 16 convolutional 

layers including residual learning units and were implemented using Python and TensorFlow. 

Input images were resampled to a fixed pixel spacing of 1 mm and cropped to a 256 × 256 

image matrix size and zero filled when required. During training, data augmentation was 

performed on the fly by creating new training samples by randomly rotating, flipping, shifting 
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and modifying image intensities of the original images. A total of 447 manually annotated 4-

chamber cine series were used for training, corresponding to 10,045 images. The AI model 

development and training process of short-axis cine images have been previously explained 

(Alabed et al., 2022). A detailed description of artificial intelligence development can be found 

in chapter 5, sub-section 5.2.4. 

3.6 Statistical analysis 

3.6.1 Data Presentation and Normality Test 

Continuous variables are presented as proportions and mean ± standard deviation, and 

categorical data are displayed as absolute values. Normal distribution was assessed by visual 

inspection of histograms and/or using the Shapiro–Wilk test. 

3.6.2 Relationships between Cardiac MRI, NT-proBNP and RHC Measurements  

Locally weighted scatterplot smoothing (LOESS) regression is a nonparametric technique that 

makes use of local weighted regression to fit a smooth curve through points in a scatter plot. 

LOESS analysis was carried out using RStudio (version 1.2.5033, RStudio, Boston, 

Massachusetts, USA). LOESS curves can highlight trends and cycles in data that may be 

challenging to model using a parametric curve. LOESS regression analysis was carried out to 

observe the relationship between RA area measurements and 1-year mortality, and to identify 

optimal thresholds for low, intermediate, and high-risk patients. Pearson’s correlation 

coefficient was used to assess the strength of the relationships between continuous variables. 

3.6.3 Diagnostic Accuracy 

In clinical research, receiver operating characteristic (ROC) analysis measures the 

discrimination accuracy of medical diagnostic tests (or systems) between two patient states. 
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Therefore, ROC analysis was used to assess prognostic significance of RA area predictors of 

mortality with the area under the curve (AUC). AUC less than or equal to 0.5 indicates no 

value. The closer the area is to 1.0, the greater the predictive accuracy and significance of the 

test. 

3.6.4 Regression Analysis 

Linear regression analysis was used to estimate the relationship between continuous log10 

(NT-proBNP) and continuous cardiac MRI parameters that showed a strong correlation with 

continuous log10 (NT-proBNP). A Scatter plot was constructed for percentage predicted right 

ventricular end-systolic volume index versus continuous log10 (NT-proBNP). 

3.6.5 Prognosis 

Binary logistic regression was used to assess predictors of 1-year mortality. Kaplan-Meier 

analysis assessed the prognostic value of RA area measurements using ESC/ERS thresholds. 

Groups were compared using the log-rank (Mantel-Cox) test. The interval from evaluation with 

MRI and RHC until all-cause death or census was regarded as the follow-up period. The 

prognostic value of demographic, MRI and NT-proBNP were also assessed using univariate 

Cox proportional hazards regression analysis. The results are Hazard ratios (HR) which can be 

described as the risk of adverse outcome of one population of patients versus another.  

3.6.6 Agreement Statistics 

Bland–Altman plots were used to assess the repeatability of cardiac MRI measurements (Bland 

and Altman, 1986). The bias, standard deviation and 95% limits of the agreement have been 

presented. In addition, reproducibility was assessed using intraclass correlation coefficient 

(ICC) analysis, assuming a normal distribution of continuous data (Mooij et al., 2008). The 
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ICC represents agreements between two or more observers or method evaluations for the same 

subjects. ICC is superior to a correlation coefficient for the assessment of consensus between 

observers, as it determines the scale of the variable and not just the relationship. Furthermore, 

inter-rater reliability of the two observers' grading of segmentation quality as satisfactory, 

suboptimal or failure was assessed using Cohen's kappa testing. 

3.6.7 Software 

Statistical analysis was carried out using SPSS (version 26, Statistical Package for the Social 

Sciences, International Business Machines, Inc., Armonk, New York, USA) and RStudio 

(version 1.2.5033, RStudio, Boston, Massachusetts, USA). GraphPad Prism (version 9.1.0, 

GraphPad Software, San Diego, California, USA) software was used for data presentation. A 

p-value < 0.05 was considered statistically significant. 
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Chapter 4: The Prognostic 

Significance of Manual RA and 

RV Measurements in PAH 
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My contribution to this work was in the generation of the idea, image analysis, data collection, 

statistical analysis, tables, figures and the writing. 

4.1 Introduction 

Pulmonary arterial hypertension (PAH) is a progressive, life-threatening condition that is 

characterised by pulmonary vascular resistance and associated with devastating consequences 

due to remodelling of the distal pulmonary arteries which can eventually result in right heart 

failure and premature death (Galiè et al., 2015, Galiè et al., 2016, Kiely et al., 2013). This rare 

condition has an average survival of less than three years without treatment (Dalonzo et al., 

1991). However, 5-year survival is beyond 60% in patients with idiopathic PAH receiving 

pulmonary vascular therapy (Thenappan et al., 2010, Ling et al., 2012). Pulmonary vascular 

therapies target three well-known pathways with well-established treatments in clinical 

practice: phosphodiesterase type 5 inhibitors, endothelin receptor antagonists and prostanoids 

(Galiè and Ghofrani, 2013). Although most existing therapies are expensive and have adverse 

effects, predicting and assessing the severity of this serious condition aids in therapy response 

evaluation. This has directed scholars to search for non-invasive prognostic markers to assess 

treatment response in PAH.  

Therapy assessment as a result drives to enhance the management plan for patients with PAH 

in terms of medications as well as listing for transplantation (Lythgoe et al., 2016, Khan and 

Rich, 2015). An important part when assessing PAH severity and prognosis is to obtain the 

precise measurement of right ventricular (RV) function (Lewis et al., 2020, Swift et al., 2017, 

Baggen et al., 2016, Swift et al., 2014b, van de Veerdonk et al., 2011, van Wolferen et al., 

2007). 
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Based on a comprehensive risk assessment and prognostic evaluation of several modifiable 

variables including clinical worsening signs, the European Society of Cardiology and European 

Respiratory Society (ESC/ERS) guidelines stratified patients with PAH into three groups: low-

risk (<5%), intermediate-risk (5-10%) and high-risk (>10%) mortality at 1-year. These 

modified variables and cut-off values which are mainly based on expert opinion may serve as 

a prognostic marker and help drive therapeutic decisions (Galiè et al., 2015, Galiè et al., 2016, 

Lewis et al., 2020). 

Right atrial (RA) area is a well-established imaging measurement that has been shown to have 

prognostic significance in PAH (Raymond et al., 2002). Typically the RA is measured at the 

maximal area (ventricular systole); however, studies that have indicated alternative atrial 

measurements may be more prognostic (Darsaklis et al., 2016). The ESC/ERS guidelines 

provide RA thresholds indicative of low, intermediate and high risk based on RA size, and 

indicate that the RA area thresholds can be applied to both echocardiography and cardiac 

magnetic resonance imaging (MRI). There is limited data to support these thresholds, 

particularly on cardiac MRI, and there is a need to validate the thresholds in clinical registries 

to confirm or refute their prognostic significance and identify the optimal approach to the 

measurement of the RA. The aim of this study was to validate the ESC/ERS guideline 

thresholds of the RA and identify optimal approaches.  

4.2 Methods 

4.2.1 Patients 

Consecutive patients with PAH underwent at least two cardiac MRI studies, baseline and 

follow-up, which took place between April 2012 and March 2017. The interval period between 

the first and second scans was a maximal of 2 years with a mean of 1 year and a standard 
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deviation of 5 months. All patients were referred from the ASPIRE registry, after completing 

a standard systematic diagnostic assessment as previously reported (Hurdman et al., 2012, 

Johns et al., 2019). The inclusion criteria required subjects diagnosed with PAH (Group 1 

pulmonary hypertension), including idiopathic pulmonary arterial hypertension (IPAH), 

connective tissue disease (CTD), and PAH associated with portal hypertension, human 

immunodeficiency viruses (HIV), or drugs and toxins. PAH was defined by the features of 

right heart catheterization (RHC) with a cut-off point of mean pulmonary arterial pressure 

(mPAP) ≥ 25 mmHg and pulmonary arterial wedge pressure (PAWP) ≤ 15 mmHg (Galiè et al., 

2015, Galiè et al., 2016). Patients with a history of certain conditions such as contraindication 

to cardiac MRI, allergy to contrast medium, hepatitis B, C, HIV or pregnancy were excluded. 

4.2.2 Cardiac MRI Acquisition 

All cardiac MRI studies were completed using an 8 channel cardiac coil on a whole body 

scanner at 1.5T GE HDx (GE healthcare, Milwaukee, USA). Short axis cine imaging was 

acquired using a cardiac gated multi slice balanced steady state free precession (SSFP) 

sequence (20 frames/cardiac cycle; slice thickness 8 mm; field of view 48; matrix 256 x 256; 

band width 125 kHz/pixel; repetition time/echo time TR/TE, 3.7/1.6 ms). Standard CINE 

cardiac views were performed including 4 chamber and right heart and left heart long axis 

views. In the short-axis plane, images were acquired having 8 mm slice thickness with an inter-

slice gap of 2 mm. These images covered both ventricles (right and left) from the base to the 

apex. The smallest cavity area was regarded to be the end-systole. However, the R-wave 

triggered acquisition of the largest volume’s first cine phase was taken to be the end-diastole. 

The plane phase contrast imaging was performed in an orthogonal manner on the main 

pulmonary trunk. The parameters of the phase contrast imaging were given as indicated here: 

repetition time, TR 5.6 ms; echo time, TE 2.7 ms; slice thickness, 10 mm; field of view, 48 cm, 
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bandwidth, 62.5 kHz; matrix, 256 3128; 20 reconstructed cardiac phases; and velocity encoding 

of flow, 150 cm/s. When performing this, all patients were in the supine position with a surface 

coil as well as retrospective electrocardiographic (ECG) gating. 

4.2.3 Cardiac MRI Image Analysis 

Baseline and follow-up MRI-derived measurements were recorded, and image analysis was 

performed on GE Reportcard software with the observer blinded to the patient clinical 

information, cardiac catheter parameters and outcome data. Right ventricular endocardial and 

epicardial surfaces were manually traced from the stack of short-axis cine images to obtain 

right ventricular end diastolic volume (RVEDV) and right ventricular end systolic volume 

(RVESV). Based on RVEDV and RVESV, right ventricular ejection fraction (RVEF) was 

calculated.  

Right atrial area at systole (maximal area) and diastole (minimal area) were manually traced 

on 4 chamber views (Figure 4.1). Pulmonary veins were manually excluded during contouring. 

Maximum RA area and minimal RA area were measured, and RA relative area change (RAC) 

was defined as follows: 

 𝑅𝐴 𝑅𝐴𝐶 =  
𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎 – 𝑚𝑖𝑛𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎

𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑅𝐴 𝑎𝑟𝑒𝑎
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Figure 4. 1 RA area measurement 

Four-chamber cardiac MRI for the measurement of (A) maximal RA area (ventricle systole) and (B) minimal RA 

area (ventricular diastole). MRI = magnetic resonance imaging; RA = right atrial. 

  

4.2.4 Right Heart Catheterization 

When performing the right heart catheterization, a balloon-tipped 7.5F thermodilution catheter 

is used (Becton-Dickson, Franklin, NJ). This operation (right heart catheterization) is usually 

executed using a Swan-Ganz Catheter via the internal jugular vein. Cardiac output was 

determined by thermodilution technique. Pulmonary vascular resistance (PVR) was measured 

by this equation: PVR = (mPAP – PAWP)/cardiac output. After multiprofessional assessment, 

the diagnostic classification form of PAH was obtained using the standard criteria (Hurdman 

et al., 2012). This data was generated previously by Swift et al (2017). 

4.2.5 Statistical Analysis 

The interval from evaluation with MRI until all-cause death or census date was considered as 

the follow-up period. The census was performed on 20th February 2019. Data for continuous 

variables are displayed as mean ± standard deviation (SD), and categorical data are presented 
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as absolute values. Histograms for continuous variables were visually inspected for normality. 

All right ventricle volumetric and right atrial area parameters were adjusted for body surface 

area (BSA) and recorded as index variables. 

To assess the likelihood of 1-year mortality of all right ventricle volumetric and right atrial area 

measurements the univariate odds ratio was calculated for both scaled and unscaled MRI 

metrics. Scaled univariate binary logistic regression data are presented as a forest plot graph. 

Variable scaling was performed to allow a direct comparison of odds ratios of all cardiac MRI 

continuous variables by dividing individual values by the SD of the variable. The odds ratio 

was scaled to better understand the magnitude of the effect being measured. The scaled odds 

ratio can help to better interpret the effect size of the predictor variable on the outcome variable. 

The units for the odds ratio depend on the units of the predictor variables used in the logistic 

regression model. When the predictor variable is a continuous variable, the odds ratio 

represents the change in the odds of the outcome variable associated with a one-unit increase 

in the predictor variable. When the predictor variable is a continuous variable that has been 

scalded, the odds ratio is interpreted as the change in the odds of the outcome variable 

associated with a one-SD increase in the predictor variable. 

Locally weighted scatterplot smoothing (LOESS) regression analysis was carried out to 

observe the relationship between RA area measurements and 1-year mortality, and to identify 

optimal thresholds for low, intermediate, and high-risk patients. 

Kaplan-Meier analysis was performed to test the prognostic significance of RA area thresholds. 

Groups were compared using the log-rank (Mantel-Cox) test.  
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Receiver operating characteristic (ROC) analysis was used to assess prognostic significance of 

RA area predictors of mortality with area under the curve (AUC), data presented at 1-year 

mortality.  

Statistical analysis was performed using SPSS 25 (SPSS, Chicago, IL) and for presentation of 

the data GraphPad Prism 8 (GraphPad Software, San Diego, CA) software was used. A P value 

less than 0.05 was considered statistically significant. 

4.3 Results 

4.3.1 Patients 

A total of 226 patients with PAH were identified. The study group involved 130 patients with 

IPAH; 77 patients with pulmonary arterial hypertension associated with connective tissue 

disease (PAH-CTD); and 19 patients with PAH associated with portal hypertension, HIV, or 

drugs and toxins. Table 4.1 shows the demographics, PAH subtype percentage and right heart 

catheterization data for all patients, both alive and deceased, in terms of overall mortality. The 

majority of patients were female (72%), IPAH (57.3%) and had a mean age of 53 years. Cardiac 

MRI RA area and RV volumetric measurements for all patients, alive and dead at 1-year 

mortality, are shown in Table 4.2. 
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Table 4. 1 Baseline Demographics 

 
All patients 

(n=226) 

Alive 

(n=154) 

Dead 

(n=72) 

Demographics 

   Age, yr 53 ± 15.8 49.6 ± 15.6 60.2 ± 13.6 

   Sex, F/M (F %) 163/63 (72) 119/35 (77) 44/28 (61) 

  WHO FC I/II/III/IV 1/12/187/25 1/10/128/14 0/2/59/11 

PAH subtype, n (%) 

   IPAH 57.3% 62.3% 47.2% 

   CTD 33.9% 30.5% 41.7% 

   Other (portal, HIV, and drugs) 8.4% 7.1% 11.1% 

Haemodynamics 

   mRAP, mm Hg 10 ± 5 10 ± 5 11 ± 6 

   mPAP, mm Hg 49 ± 14 50 ± 14 47 ± 12 

   PAWP, mm Hg 10 ± 3 11 ± 3 10 ± 3 

   Cardiac index, L/min/m2 3 ± 1 3 ± 1 3 ± 1 

   PVR, dynes/m2 714 ± 424 744 ± 472 652 ± 297 

   MvO2, % 64 ± 9 65 ± 9 63 ± 9 

Definition of abbreviations: WHO FC = world health organisation functional class; PAH = pulmonary arterial hypertension; 

IPAH = idiopathic pulmonary arterial hypertension; PAH-CTD = pulmonary arterial hypertension associated with connective 

tissue disease; mRAP = mean right atrial pressure; mPAP = mean pulmonary arterial pressure; PAWP = pulmonary arterial 

wedge pressure; CI = cardiac index; PVR = pulmonary vascular resistance; SvO2 = mixed venous oxygen saturation. Apart 

from gender, WHO FC, and PAH subtypes, values are presented as mean and standard deviation. 
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Table 4. 2 Cardiac MRI measurements 

Metrics 
All patients 

(n=226) 

Alive 

(n=206) 

Dead 

(n=20) 

Right atrial and right ventricle at baseline 

      Max RA area (cm2) 24 ± 9 24 ± 9 25 ± 9 

      Max RA area index (cm2/m2) 14 ± 5 14 ± 5 14 ± 5 

      Min RA area (cm2) 18 ± 9 17 ± 9 20 ± 9 

      Min RA area index (cm2/m2) 10 ± 5 10 ± 5 11 ± 5 

      RA RAC (%) 30 ± 13 31 ± 13 22 ± 10 

      RVESV (ml) 55 ± 28 54 ± 28 67 ± 31 

      RVESV index (ml/m2) 32 ± 17 30 ± 16 41 ± 25 

      RVEDV (ml) 159 ± 62 157 ± 62 173 ± 57 

      RVEDV index (ml/m2) 88 ± 33 87 ± 32 99 ± 32 

      RVEF (%) 40 ± 13 40 ± 13 34 ± 12 

Right atrial and right ventricle at follow-up 

      Max RA area (cm2) 23 ± 9 23 ± 9 28 ± 10 

      Max RA area index (cm2/m2) 13 ± 5 13 ± 5 15 ± 5 

      Min RA area (cm2) 16 ± 9 15 ± 8 21 ± 10 

      Min RA area index (cm2/m2) 9 ± 5 9 ± 5 11 ± 5 

      RA RAC (%) 33 ± 12 34 ± 11 26 ± 11 

      RVESV (ml) 54 ± 33 53 ± 33 70 ± 32 

      RVESV index (ml/m2) 28 ± 15 27 ± 15 40 ± 18 

      RVEDV (ml) 158 ± 63 155 ± 62 186 ± 65 

      RVEDV index (ml/m2) 87 ± 34 85 ± 33 104 ± 34 

      RVEF (%) 44 ± 13 45 ± 12 35 ± 14 

Right atrial at change 

      Max RA area (%) -12 ± 35 -12 ± 35 4 ± 34 

      Min RA area (%) -19 ± 51 -20 ± 51 -7 ± 54 

      RA RAC (%) - 49 ± 646 -52 ± 676 -16 ± 112 

Definition of abbreviations: MRI = magnetic resonance imaging; RA = right atrial; max = maximal; min = minimal; RAC = relative area 

change; RVESV = right ventricular end systolic volume; RVEDV = right ventricular end diastolic volume; RVEF = right ventricular ejection 

fraction. Values are presented as mean and standard deviation. 
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4.3.2 One-Year Mortality 

During the entire period of this study, an outcome of 72 patients (31.7%) died overall, and 20 

patients (8.8%) died at 1-year mortality. Table 4.3 presents the univariate odds ratio data of the 

binary logistic regression analysis for RA areas and RV volumes measurements at 1-year 

mortality. At follow-up, cardiac MRI metrics of maximal RA area (P = 0.032), minimal RA 

area (P = 0.015) and minimal RA area index (P = 0.023) increase the likelihood of 1-year 

mortality at univariate logistic regression analysis. A reduction in RA RAC at baseline (P = 

0.009) and at follow-up (P = 0.015) increases the probability of 1-year mortality. This means 

that a reduction in RA RAC at two time points (baseline and follow-up MRI) was associated 

with an increased probability of 1-year mortality. 
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Table 4. 3 Univariate analysis at 1-year mortality in the full cohort  

Metrics 
Univariate 

Odds Ratio 

Scaled Univariate 

Odds Ratio 
P value 

Right Atrial and right ventricle at baseline 

Max RA area (cm2) 1.000 (1.000–1.001) 1.072 (0.646–1.779) 0.787 

Max RA area index (cm2/m2) 1.000 (0.999–1.001) 1.116 (0.677–1.841) 0.667 

Min RA area (cm2) 1.000 (1.000–1.001) 1.328 (0.832–2.120) 0.234 

Min RA area index (cm2/m2) 1.001 (1.000–1.002) 1.352 (0.851–2.148) 0.202 

RA RAC (%) 0.003 (0.000–0.236) 0.480 (0.277–0.833) 0.009 

RVESV (ml) 1.014 (1.000–1.028) 1.479 (1.001–2.186) 0.049 

RVESV index (ml/m2) 1.027 (1.005–1.048) 1.581 (1.097–2.280) 0.014 

RVEDV (ml) 1.004 (0.997–1.010) 1.250 (0.822–1.901) 0.297 

RVEDV index (ml/m2) 1.010 (0.998–1.022) 1.375 (0.923–2.049) 0.117 

RVEF (%) 0.966 (0.932–1.001) 0.628 (0.391–1.010) 0.055 

Right atrial and right ventricle at follow-up 

Max RA area (cm2) 1.001 (1.000–1.001) 1.668 (1.044–2.665) 0.032 

Max RA area index (cm2/m2) 1.001 (1.000–1.002) 1.584 (0.996–2.519) 0.052 

Min RA area (cm2) 1.001 (1.000–1.001) 1.694 (1.107–2.594) 0.015 

Min RA area index (cm2/m2) 1.001 (1.000–1.002) 1.648 (1.071–2.536) 0.023 

RA RAC (%) 0.004 (0.000–0.352) 0.533 (0.320–0.886) 0.015 

RVESV (ml) 1.011 (1.000–1.022) 1.450 (1.013–2.075) 0.042 

RVESV index (ml/m2) 1.040 (1.015–1.066) 1.835 (1.261–2.669) 0.001 

RVEDV (ml) 1.007 (1.000–1.014) 1.537 (1.021–2.314) 0.039 

RVEDV index (ml/m2) 1.013 (1.002–1.025) 1.559 (1.062–2.288) 0.023 

RVEF (%) 0.940 (0.906–0.976) 0.453 (0.280–0.734) 0.001 

Right atrial at change 

Max RA area change (%) 1.019 (0.998–1.041) 1.946 (0.937–4.045) 0.074 

Min RA area change (%) 1.006 (0.994–1.019) 1.378 (0.721–2.633) 0.332 

RA RAC change (%) 1.000 (0.999–1.001) 1.094 (0.459–2.608) 0.840 

Definition of abbreviations: RA = right atrial; max = maximal; min = minimal; RAC = relative area change; 

RVESV = right ventricular end systolic volume; RVEDV = right ventricular end diastolic volume; RVEF = right 

ventricular ejection fraction. Data in parentheses are 95% confidence intervals.  



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  69 
 

For the right ventricle cardiac MRI metrics, at baseline, an increase in RVESV (P = 0.049) and 

RVESV index (P = 0.014) increases 1-year mortality at univariate logistic regression analysis. 

In addition, at follow-up, an increase in RVESV (P = 0.042), RVESV index (P = 0.001), 

RVEDV (P = 0.039), RVEDV index (P = 0.023) and a decrease in RVEF (P = 0.001) increases 

1-year mortality at univariate logistic regression analysis. No other measurements in this study 

showed a statistically significant relationship with mortality at 1-year. Figure 4.2 demonstrates 

the odds ratio in a forest plot with 95% confidence interval (CI) for each variable. 

 

 

Figure 4. 2 Forest plot of RA area and RV volumes 

Showing scaled univariate odds ratio with 95% confidence interval at 1-year mortality of RA area measurements 

(top) at baseline MRI, follow-up MRI and change between baseline and follow-up MRI, and RV volume 

measurements (bottom) at baseline MRI and follow-up MRI. RA = right atrial; max = maximal; min = minimal; 

RAC = relative area change; RV = right ventricle; EF = ejection fraction; ESV = end systolic volume; EDV = end 

diastolic volume. 
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Figure 4.3 shows Kaplan-Meier plots at baseline and follow-up for maximal RA area thresholds 

based on ESC/ERS guidelines which are split into three groups (low-risk, intermediate-risk and 

high-risk). The cut-off point for maximal RA area thresholds based on ESC/ERS guidelines is 

less than 18 cm2 for low-risk (<5%); between 18 and 26 cm2 for intermediate-risk (5–10%); 

and greater than 26 cm2 for high-risk (>10%). Stratification of maximal RA area at follow-up 

(Log Rank = 13.82, P = 0.001) out of these thresholds showed greater survival curves than at 

baseline. This means that patients at follow-up showed a higher likelihood of mortality over 

time compared to when they were first observed (baseline MRI) 

 

 

Figure 4. 3 Kaplan–Meier survival curves for max RA area thresholds based on ESC/ERS 

Showing three risk groups (low, intermediate and high) at baseline (left) and at follow-up (right). Numbers at risk 

are presented below each plot. MRI = magnetic resonance imaging; RA = right atrial; max = maximal; ESC/ERS 

= European Society of Cardiology and European Respiratory Society. 
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Figure 4.4 shows Kaplan-Meier plots for maximal RA area, minimal RA area and RA RAC 

thresholds, respectively, based on LOESS analysis which splits into three groups (low-risk, 

intermediate-risk and high-risk) at 3 points: baseline, follow-up and change. 

During the follow-up period, maximal RA area, minimal RA area and RA RAC LOESS 

analysis thresholds all showed well-stratified splits than baseline and change on Kaplan-Meier 

survival curves with a Log Rank of 13.96, 19.49 and 15.15 and a P-value of 0.001, less than 

0.0001 and 0.001 respectively. In this study, minimal RA area at follow-up showed the most 

stratified RA area risk groups 
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Figure 4. 4 Kaplan–Meier survival curves for RA area measurements based on LOESS analysis 

Max RA area at baseline MRI (A), max RA area at follow-up MRI (B), change between baseline and follow-up 

MRI for max RA area (C), min RA area at baseline MRI (D), min RA area at follow-up MRI (E), change 

between baseline and follow-up MRI for min RA area (F), RA RAC at baseline MRI (G), RA RAC at follow-up 

MRI (H), and change between baseline and follow-up MRI for RA RAC (I). Numbers at risk are presented 

below each plot. MRI = magnetic resonance imaging; RA = right atrial; max = maximal; min = minimal: RAC= 

relative area change. 
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For ROC analysis, an AUC value greater than 0.6 is considered a proper explanatory mortality 

predictor. In the full cohort of PAH patients at follow-up, minimal RA area, maximal RA area 

and RA RAC showed an AUC of 0.714, 0.686 and 0.672 respectively (Figure 4.5). 

  

 

Figure 4. 5 Receiver operating curves of RA area measurements 

Showing AUC of max RA area, min RA area and RA RAC based on LOESS analysis at 3 time points; baseline 

MRI (left), follow-up MRI (middle) and change between baseline and follow-up MRI (right). AUC = area under 

the curve; RA = right atrial; max = maximal; min = minimal; RAC = relative area change. 
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4.4 Discussion 

4.4.1 Summary of results 

There is a need to test the effectiveness of the ESC/ERS guideline thresholds of the RA area to 

enhance and confirm their use for prognosis and treatment response in PAH. To our knowledge, 

this is the first cardiac MRI study that has evaluated the ESC/ERS guideline thresholds of the 

RA area at baseline and follow-up. The findings from this study validate the ESC/ERS 

guideline thresholds of the RA and suggest that, at follow-up, minimal RA area is potentially 

a stronger predictor of mortality than maximal RA area and RAC in patients with PAH. In this 

cohort, all follow-up LOESS-derived thresholds including minimal RA, maximal RA and RAC 

showed good mortality stratification with some differences; however, this was not the case at 

baseline or at change in cardiac MRI metrics.  

To date, there are no studies that demonstrate the prognostic importance of minimal RA area 

thresholds in PAH. On the other hand, our data suggest that, at follow-up, minimal RA area 

LOESS-derived thresholds are more prognostic and identify thresholds of <10 cm2 for low-

risk, 10–17 cm2 for intermediate-risk, and >17 cm2 for high-risk. Maximum RA area LOESS-

derived thresholds show similar survival curves when compared to ESC/ERS guidelines, 

especially at follow-up period shown in Figure 2.7. Follow-up maximal RA area LOESS-

derived thresholds are shown to be <16 cm2, 16–26 cm2 and >26 cm2 for low, intermediate, 

and high risk, respectively. Despite the fact that RA area is typically measured at the maximal 

area, research has shown that RA RAC can be more prognostic than other atrial measurements 

(Darsaklis et al., 2016). Our LOESS-derived thresholds for RA RAC at follow-up was <30% 

for low-risk, 30-38% for intermediate-risk, and >38% for high-risk. 
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4.4.2 Adjustment for BSA 

There is uncertainty as to the best approach to measure RA area. From the literature, we know 

that the RA is commonly adjusted for BSA (Maceira et al., 2013), but the ESC/ERS guidelines 

do not adjust for BSA, and we do not know what is the optimal approach overall. RA 

parameters have not been widely studied using cardiac MRI, and in particular, not many studies 

have adjusted for independent factors such as age, gender and BSA, but few studies on RA 

reference values have been published (Mohiaddin and Hasegawa, 1995, Anderson et al., 2005, 

Sievers et al., 2007). A study of 120 patients underwent cardiac MRI for clinical reasons and 

showed that the RA area indexed for BSA was the most independent indicator for RA 

enlargement (Maceira et al., 2013). However, index RA area parameters in our data showed 

less significant results. 

4.4.3 Relationship between RA size and RV function 

Right atrial area and pressure mirror RV function, and the contraction of the RA accounts for 

one-third of the normal RV output (Gaynor et al., 2005b). From the thin wall and oval nature 

of the RA, a marginally high RV pressure will cause stretching and enlargement of the RA as 

a compensatory mechanism for RV overload (Gaynor et al., 2005a). Reduced contractility, 

remodelling and hypertrophy of the RA presents as a clinical picture in chronic PAH (Cioffi et 

al., 2007). Hence, an increase in RA area and pressure indicates early signs of diastolic RV 

dysfunction and is strongly associated with severe outcomes and risk of mortality in PAH 

(Raymond et al., 2002, Bustamante-Labarta et al., 2002, Cogswell et al., 2014). Atrial 

remodelling is precisely measured by atrial volume; however, this is not commonly used in 

today’s clinical practice. Cardiac MRI can accurately measure RV dimensions (Maceira et al., 

2013), has a high prognostic value in PAH (Swift et al., 2017) and is the gold standard for 

measuring RV mass, volume and function including RVEF, which is a well-known prognostic 
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marker (Swift et al., 2012b, Swift et al., 2014a, Driessen et al., 2014, Grothues et al., 2004, 

Vonk-Noordegraaf and Souza, 2012, van de Veerdonk et al., 2011, van Wolferen et al., 2007). 

A recent study compared RA area and RVEF with other established prognostic markers in PAH 

using cardiac MRI and showed that RA area and RVEF have a significant association with 

clinical prognosis (Mello et al., 2019). In our present study, RVESV index and RVEF, at 

follow-up, both have a strong relationship with 1-year mortality. 

4.4.4 Multiple prognostic markers 

One of the observed measurements in the ESC/ERS guidelines for risk assessment is the RA 

area. However, multiple variables evaluation of other prognostic factors is recommended to 

help with risk and therapy assessment (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 

2022a). The North American Registry to Evaluate Early and Long-term PAH Disease 

Management (REVEAL) produced a quantitative equation and simplified risk score for 

predicting survival at 1-year mortality. Mortality risk predictors of PAH were included such as 

WHO FC, demographics, haemodynamic and echocardiographic measurements and other 

factors (Benza et al., 2012, Benza et al., 2010). In 2015, a collaborative analysis independently 

validated the French registry risk equation and the simplified REVEAL risk score and 

suggested that both (equation and risk score) are prognostic in different PAH populations 

(Raina and Humbert, 2016). It is important for future research to consider that different 

variables may have different risk groups and that the treatment decisions should be guided by 

the comprehensive risk assessment of individual patients. 

4.5 Limitations and Future Work 

This research has raised several questions in need of further investigation. The study did not 

evaluate the use of cardiac MRI-derived RV mass, right atrial volume and reservoir function 
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(reservoir, conduit, and contractile functions) which have been previously indicated prognostic 

value in patients with PAH (Swift et al., 2017) and in patients with clinically worsening 

pulmonary hypertension (Sato et al., 2015, Sato et al., 2013). This would be a fruitful area for 

further work.  

RA area measured in the apical four-chamber view by echocardiography has shown to be a 

highly reliable parameter and plays an important role in risk stratification and follow-up 

assessment in patients with pulmonary hypertension (Rudski et al., 2010, Galiè et al., 2015, 

Galiè et al., 2016). In addition, advancement in cardiac MRI has warranted reproducible and 

precise assessment of RA area and function (Jarvinen et al., 1996, Jarvinen et al., 1994). This 

study was limited by the absence of reproducibility analysis. A natural progression of this work 

would be to test for inter-observer and intra-observer reliability to show the consistency of our 

data.  

Since this study was conducted in a retrospective fashion and all of the patients were previously 

diagnosed with PAH, it was not possible to exclude selection bias. Ideally, prospective studies 

involving a large number of patients are needed in order to confirm and validate the findings 

of this study. Therefore, further studies are required to help us establish a greater degree of 

accuracy on the RA area risk stratification at 1-year mortality and to elucidate the potential of 

cardiac MRI to assess severity and treatment response in PAH. 

4.6 Conclusion 

This study validates the ESC/ERS guideline thresholds of the RA and suggests that follow-up 

minimal RA area is a stronger predictor of mortality than maximal RA area and RAC in patients 

with PAH. All follow-up LOESS-derived thresholds including minimal RA, maximal RA and 
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RAC showed good mortality stratification. In addition, follow-up RVESV index and follow-

up RVEF both have a strong relationship with 1-year mortality.  

The results of this study could potentially have clinical implications for the management of 

patients with PAH. By identifying which measures of RA and RV function are most predictive 

of mortality, clinicians may be able to better assess the severity of a patient’s condition and 

tailor their treatment accordingly. 
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Chapter 5: Radiological Quality 

Control of Automated RA and 

RV Measurements 
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This chapter is mainly based on a published paper for which I was the first author (Alandejani 

et al., 2022a). My contribution to this work was in the generation of the idea, image analysis, 

data collection, statistical analysis, tables, figures and the writing. Co-authors have interpreted 

the data and assisted in writing the paper. In addition, the result presented in sub-section 5.3.2, 

paragraph 2 (page 85) is from work by a different researcher (Alabed et al., 2022), which I 

contributed to the image analysis and right ventricle contouring.  

5.1 Introduction 

Right atrial (RA) and right ventricle (RV) measurements are often made manually on images 

viewed on picture archive and communication systems (PACS) or dedicated software packages 

with potential for observer variability. Image analysis tools differ between packages, and the 

analysis does take a small but significant amount of time. With the advent of artificial 

intelligence (AI), deep learning using convolutional neural networks (CNNs), accurate cardiac 

chamber segmentations are possible (Chen et al., 2020, Tao et al., 2019, Suinesiaputra et al., 

2018, Bai et al., 2018, Bernard et al., 2018). Reference ranges for cardiac structure and function 

in healthy Caucasian adults from the UK Biobank population cohort were described for all four 

cardiac chambers using cardiac magnetic resonance imaging (MRI) (Petersen et al., 2017).  

Automated quality control (QC) in image segmentation was applied to the UK Biobank cardiac 

MRI study via the reverse classification accuracy (RCA) approach to categorize between 

successful and failed segmentations. This previous work showed that RCA has the potential 

for accurate and fully automatic segmentation QC on a per-case basis (Robinson et al., 2019). 

A deep learning based framework for automated, quality-controlled characterization of cardiac 

function from cine cardiac MRI has been established, and reference values for cardiac function 

metrics were automatically derived from the UK Biobank cohort (Ruijsink et al., 2020).  
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Fully automated cardiac MRI derived biventricular evaluation of function and morphology in 

a real-world setting has achieved good results without any operator interaction (Backhaus et 

al., 2019). However, in the case of unseen anatomic variations, such as severe cardiac chamber 

shape changes and dilatation as in pulmonary artery hypertension (PAH), or significant 

artefact, then deep learning measurements may fail or be suboptimal (Thrall et al., 2018). 

Automation of RA area measurements may assist clinicians in reaching fast and robust clinical 

decisions. However, there are currently no studies that have automated cardiac MRI RA area 

metrics in the setting of PAH in which patients have varying degrees of right ventricular failure, 

and the success/failure rate in clinical populations remains unknown. 

The aim of this study was to develop a quantitative cardiac MRI-based automated AI analysis 

of the RA and RV in a large cohort of patients with heart failure and PAH with varying 

aetiology and disease severity, and determine the failure rate of the model in a large clinical 

registry. 

5.2 Methods 

5.2.1 Study Population 

A cohort of 365 subjects with 4-chamber cine images was used for training. This number was 

felt to be adequate for machine learning training based of prior knowledge (Tao et al., 2019). 

This included a random selection of cardiac MRI studies from 285 patients in the ASPIRE 

registry (several ASPIRE follow-up scans were included with a total number of studies of 367). 

Sixty-six subjects from Leeds, including 29 healthy subjects and 37 patients with myocardial 

infarction of which 19 were acute and 18 were old. Fourteen healthy subjects from Leiden 

University Medical Centre (LUMC) were also included. The total number of cardiac MRI 

studies included in the training cohort of 4-chamber cine images was 447.  
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The demographics of the Leeds and Leiden subjects have been previously described (Garg et 

al., 2018, Crandon et al., 2018). To test the model of 4-chamber cine images for quality control 

and failure rate we included 3795 patients (5756 studies, as follow-up studies were included) 

from the ASPIRE registry (Figure 5.1). Baseline characteristics of the retrospective training 

data set (611 studies) and testing data set (5316 studies) of the AI model of short-axis cine 

images have been previously described (Alabed et al., 2022). Consent was waived for analysis 

of retrospective cases. 

 

 

Figure 5. 1 Study flow chart for the training set of 4-chamber cine images 

Max = maximal; Min = minimal. Reproduced with permission (Alandejani et al., 2022a). 

 

5.2.2 Cardiac MRI Protocol 

The training cohort included 1.5T (HDx, General Electric Healthcare, Chicago, Illinois, USA) 

and 1.5T (Ingenia, Philips Healthcare, Best, the Netherlands) studies. Cardiac MRI studies in 

the testing cohort were performed using a whole-body scanner at 1.5T (HDx (General Electric 

Healthcare) (Lewis et al., 2020). Cine cardiac MRI acquisitions were made using a balanced 
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steady state free precession (bSSFP) sequence. Following planning sequences, 4-chamber cine 

images were acquired. A stack of short axis images were acquired covering apex to base. Slice 

thickness and number of cardiac phases were 8 mm with 20 phases. The cardiac MRI protocol 

of multisection short-axis cine images has been previously explained (Alabed et al., 2022). 

Leeds and Leiden cardiac MRI studies were performed on a 1.5 T system (Ingenia, Philips 

Healthcare) equipped with a 28-channel flexible torso coil and digitization of the cardiac MRI 

signal in the receiver coil. Vertical long-axis, horizontal long-axis, 3-chamber (left ventricular 

(LV) outflow tract-views), and the LV volume contiguous short axis stack cine imaging were 

defined using survey. All cines were acquired with a bSSFP, single-slice breath-hold sequence. 

Typical parameters for bSSFP cine were as follows: SENSE factor 2, flip angle 60°, TE 1.5 

ms, TR 3 ms, field of view 320–420 mm according to patient size, slice thickness 8 mm and 

30 phases per cardiac cycle. 

5.2.3 Image Analysis 

Four observers, SA, FA, KK and AJS (with 2, 3, 13 and 11 years of cardiac MRI experience, 

respectively) manually drew LV and RV and atrial contours in 4-chamber cine cardiac MRI 

views on all cardiac phases for the training cohort. All contours were drawn with observers 

blinded to the patient's clinical information. All manual contours were reviewed by an expert 

cardiac MRI reader (AJS). Biventricular endocardial and epicardial surfaces were also 

manually traced from the stack of short-axis cine images to obtain RV volumetric and 

functional measurements as previously described (Alabed et al., 2022). MASS software 

(research version 2020; Leiden University Medical Center, Leiden, the Netherlands) was used 

for the manual contouring for developing the algorithm). 
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5.2.4 Deep Learning Training 

The AI model development and training process of short-axis cine images have been previously 

explained (Alabed et al., 2022). Cardiac MRI studies including a random selection of patients 

from the ASPIRE registry, subjects from Leeds, and from LUMC were used for deep learning 

training of 4-chamber contours. The training process was performed in two stages. We trained 

two CNN models with different numbers of manually annotated 4-chamber view images in the 

training set. The validation set and test set used were the same for both of the CNN models. 

Since no hyper parameter tuning was performed in the current experiments, a relatively small 

validation set of 6 subjects (180 images) was deemed sufficient to confirm model convergence 

during training and to confirm that the models did not suffer from overfitting. The test set 

consisting of 20 cases was used to compare the model performance of the initial model with 

the final model. Following this strategy, we maximised the number of studies available for 

training. The initial model was trained on a combination of Philips (Leeds/LUMC, n = 80) and 

GE (Sheffield, n = 184) data (total n = 264). The contours used for training were all generated 

without the use of a CNN. For the final model, 183 additional Sheffield GE scans were added. 

The contours for these additional cases were generated by reviewing and editing the contours 

generated using the base model. On average, 50% of the contours generated by the initial model 

were manually edited for this set of cases. These cases were separate from the test cohorts. 

The CNNs used for the experiments had an UNET-like architecture with 16 convolutional 

layers including residual learning units and were implemented using Python and TensorFlow. 

Input images were resampled to a fixed pixel spacing of 1 mm and cropped to a 256 × 256 

image matrix size and zero filled when required. During training, data augmentation was 

performed on the fly by creating new training samples by randomly rotating, flipping, shifting 

and modifying image intensities of the original images. Modifying image intensities of the 
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original images refers to adjusting the brightness, contrast, and colour balance of the images. 

This is done to increase the diversity of the training data and make the model more robust. For 

example, by increasing or decreasing the brightness, the computer can create images that are 

lighter or darker than the original, which can help the model recognize objects in different 

lighting conditions 

A total of 447 manually annotated 4-chamber cine series were used for training, corresponding 

to 10,045 images. Whilst the patient/scan unique identifier is inputted with the image into the 

CNN. That information is not used in the deep learning, just the image and the paired contour 

are processed to learn the contouring. For training, the Adam optimizer method was used, the 

learning rate was selected as 0.001 and cross-entropy was used as loss function. The Adam 

optimizer is a widely used algorithm for optimising the parameters of a neural network during 

training. A learning rate of 0.001 was selected, indicating a gradual and careful training process. 

Cross-entropy was used as the loss function to measure the difference between predicted 

probabilities and actual probabilities of target class labels, with the goal of minimising this 

function to improve model accuracy on the training data. 

Each training batch included a random selection of 20 images. The number of epochs was set 

at a fixed number of 50, with all images used once in every epoch. The raw output of the CNNs 

is a labeled image, with the six possible label values corresponding to either one of the four 

cardiac cavities, the LV myocardium, or background. For each cardiac label, the largest 

connected component was extracted and a closed spatially smoothed contour around the 

extracted region generated. The area of the cardiac cavities was subsequently derived as the 

area surrounded by the generated contours. All experiments were executed on a standard PC 

with Intel Core i7 CPU with 64 GB of internal RAM memory equipped with an Nvidia GTX 

1080 TI GPU with 12 GB of memory. 
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5.2.5 Quality Control 

All automatically AI-segmented 4-chamber and biventricular contours across all cardiac phases 

and resultant volume-time curves were evaluated by AJS and scored as satisfactory, suboptimal 

or failure. In addition, the quality of the image acquisition was assessed for artefacts and slice 

position errors. The definitions for QC were assigned prior to image review. Satisfactory was 

defined as either perfect contouring or minor errors that were not thought to affect the 

volumetric results. Suboptimal was defined as contours with errors deemed significant enough 

to affect the volumetric results. Failure defined as either absent contours or gross failure of the 

algorithm to segment the cardiac structures. 

5.2.6 Statistical Analysis 

Continuous variables are presented as proportions and mean ± standard deviation. Inter-rater 

reliability of the two observers grading of segmentation quality as satisfactory, suboptimal or 

failure was assessed using Cohen's kappa testing in a subcohort. Statistical analysis was carried 

out using SPSS (version 26, Statistical Package for the Social Sciences, International Business 

Machines, Inc., Armonk, New York, USA), and a P value of 0.05 or less was considered 

statistically significant. 

5.3 Results 

5.3.1 Patients 

The ASPIRE registry in the training model included patients with left heart disease (15%), lung 

disease (12%), chronic thromboembolic PAH (21%), PAH (29%), other PAH (2%) and non-

PAH (21%). The mean and standard deviation (SD) of the main haemodynamics of the 

ASPIRE registry in the training model is 10.4 ± 6.2 mmHg for mean RAP, 41.0 ± 15.5 mmHg 
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for mean pulmonary arterial pressure, 13.4 ± 6.0 mmHg for pulmonary arterial wedge pressure, 

and 561 ± 466 dynes/m2 for pulmonary vascular resistance. The characteristics of the ASPIRE 

test set of 4-chamber cine images are presented in Table 5.1. 
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Table 5. 1 Demographics, MRI and haemodynamics for the ASPIRE test set of 4-ch cine images 

  

ASPIRE  

Test Set 

 (n = 3795) 

Demographics 

      Age, yr 62.8 ± 15.3 

      Sex, F/M (F %) 2355/1440 (62) 

      BSA (m2) 1.8 ± 0.2 

      WHO FC I, n (%) 47 (1) 

      WHO FC II, n (%) 441 (12) 

      WHO FC III, n (%) 2743 (77) 

      WHO FC IV, n (%) 336 (10) 

Diagnosis, n (%) 

      Left Heart Disease 611 (16) 

      Lung Disease 632 (17) 

      CTEPH 728 (19) 

      PAH 1040 (28) 

      Other PH 84 (2) 

      Other (not PH) 677 (18) 

Haemodynamics 

      mRAP, mmHg 10.1 ± 6.0 

      mPAP, mmHg 40.8 ± 14.2 

      PAWP, mmHg 12.8 ± 5.9 

      Cardiac output L/min 4.9 ± 1.9 

      Cardiac index, L/min/m2 2.7 ±1.0 

      PVR, dynes/m2 561.5 ± 418.6 

      MvO2, % 65.2 ± 9.3 

Cardiac MRI volumetric measurements 

      RVESVi, ml/m2 37.3 ± 27.1 

      RVEDVi, ml/m2 62.6 ± 35.5 

      RVSVi, ml/m2 25.3 ± 15.4 

      RVEF, % 44.6 ± 16.1 

Cardiac MRI area measurements 

      Automatic max RA area, cm2 25.8 ± 10.6 

      Automatic min RA area, cm2 18.5 ± 10.3 

Definition of abbreviations: MRI = magnetic resonance imaging; 4-ch = 4-chamber; BSA = body surface area; WHO FC = 

World Health Organisation functional class; CTEPH = chronic thromboembolic pulmonary hypertension; PAH = pulmonary 

arterial hypertension; PH = pulmonary hypertension; RHC = right heart catheterization; mRAP = mean right atrial pressure; 

mPAP = mean pulmonary arterial pressure; PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular 

resistance; MvO2 = mixed venous oxygen saturation; RVESVi = right ventricular end-systolic volume index; RVEDVi = right 

ventricular end-diastolic volume index; RVSVi = right ventricular stroke volume index; RVEF = right ventricular ejection 

fraction; max = maximal; min = minimal; RA = right atrial. Data presented as mean ± standard deviation. Reproduced with 

permission (Alandejani et al., 2022a). 
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5.3.2 Quality Control 

Of the automatic 4-chamber segmentation of 3795 patients (5756 studies) analysed by the AI 

model, 16 (0.3%) failed (Figure 5.2A). 108 (1.9%) had suboptimal contours significant enough 

to be thought to affect the area measurements. In 72/108 patients, the 4-chamber slice was off-

plane, with the most frequent error being inclusion of the LV outflow tract and suboptimal view 

of the RA (Figure 5.2B). In 36/108 severe image artefact, typically breathing artefact or poor 

cardiac gating led to suboptimal RA contours. In a randomly selected subcohort of 1018 

studies, the scoring of satisfactory, suboptimal and failure showed excellent agreement between 

observer 1 and observer 2, with a high kappa statistic of 0.84. 

 

Figure 5. 2 Examples of failed and suboptimal AI 4-chamber segmentations 

(A) Major failure because of missing/failed contours. (B) Minor failure mainly because of inclusion of the LV 

outflow tract and suboptimal view of the RA. The turquoise, violet, red, and yellow circles indicate the RA 

endocardial, LA endocardial, LV endocardial, and RV endocardial contours, respectively. AI = artificial 

intelligence; RA = right atrial; LA = left atrial; LV = left ventricle; RV = right ventricle. 
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The overall failure rate of the automatic short-axis segmentation was 1.0% (53 of 5316 studies). 

This was mainly caused by congenital heart diseases such as ventricular septal defect (Figure 

3A) or technical issues and artefacts affecting image quality. Other segmentation errors mostly 

affecting the heart apex (Figure 5.3B) were considered minor failures (1.7%, 91 of 5316 

studies). 

 

Figure 5. 3 Examples of failed and suboptimal AI short-axis segmentations 

(A) Major failure because of congenital heart disease causing the LV contours to extend into the right ventricle 

(RV; red box). (B) Minor failure at the apex where the RV was incorrectly labelled as LV (red box). The red, 

green, yellow, and blue circles indicate the LV endocardial, LV epicardial, RV endocardial, and RV epicardial 

contours, respectively. AI = artificial intelligence; LV = left ventricle; RV = right ventricle. Reproduced with 

permission (Alabed et al., 2022). 
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5.4 Discussion 

This study shows that cardiac MRI RA area and RV volumetric measurements can be fully 

automated using AI with a very low failure rate in a large clinical cohort with varying RA and 

RV size, and deformity. This study shows that fully automated Al-based contouring of the RA 

and RV has a very low AI failure rate of 2.2% and 2.7%, respectively, in a large clinical 

population of patients with varying degrees of breathlessness, exercise limitation and aetiology 

of cardiac and pulmonary disease. The main reasons for failure were ventricular septal defect, 

and severe artefact, in particular poor cardiac gating, image noise and acquisition issues such 

as poor slice positioning of the 4-chamber slice, the latter the most common scenario. Such 

images cannot yield accurate RA area or RV volumetric measurements by an observer or AI. 

Using cardiac MRI, reference ranges for cardiac structure and function in healthy adults were 

previously described for all four cardiac chambers (Petersen et al., 2017). Automation of the 

QC process can potentially assist in validating AI algorithms. The potential for accurate and 

fully automatic segmentation QC has been demonstrated and applied to the UK Biobank 

cardiac MRI study using the RCA approach (Robinson et al., 2019). Reference values for 

cardiac function metrics were automatically derived from the UK Biobank, and a deep learning 

based framework for automated, quality-controlled characterization of cardiac function from 

cine cardiac MRI has been confirmed (Ruijsink et al., 2020). Although, we advocate the use of 

observer review in the QC process to maintain oversight of the segmented contours. 

5.5 Limitations and Future Work 

This is a single centre clinical testing of an AI algorithm developed in a multi-vendor 

multicentre cohort, with the clinical testing in the setting of a tertiary referral centre for patients 

with PAH. The imaging appearances and patient populations are likely representatives of other 
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PAH referral centres. The algorithm was generated in a multicentre setting, with single centre 

testing. Multicentre testing would be the next step to determine wider applicability of the 

algorithm. The current approach uses manual QC which is advantageous from a regulatory 

standpoint and maintains expert oversight of the AI. Future work to automate QC is of interest; 

however, we consider manual review an important component of the system. To enhance the 

accuracy of the model, failed AI segmentation will be regularly recognised and combined in 

future training rounds. Furthermore, future work will include evaluation of the utility of such 

automatic QC approaches in clinical populations. 

5.6 Conclusion 

In this study, we have developed and tested an AI model to fully automate cardiac MRI RA 

area and RV volumetric measurements; the AI model has a low failure rate in a diverse 

population of suspected pulmonary hypertension. 

  



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  93 
 

Chapter 6: Agreement and 

Repeatability of Manual and 

Automatic RA Measurements 
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This chapter is mainly based on a published paper for which I was the first author (Alandejani 

et al., 2022a). My contribution to this work was in the generation of the idea, image analysis, 

data collection, statistical analysis, tables, figures and the writing. Co-authors have interpreted 

the data and assisted in writing the paper. 

6.1 Introduction 

Accurate and repeatable measurements of cardiac chamber size and function are important for 

patient management (Kiely et al., 2019). A number of studies have revealed the prognostic 

significance of cardiac magnetic resonance imaging (MRI) measurements in various 

cardiopulmonary diseases such as cardiomyopathies, pulmonary arterial hypertension (PAH), 

heart failure and ischaemic heart disease (Klem et al., 2011, Mordi et al., 2015, Swift et al., 

2017, Rodriguez-Palomares et al., 2019, Alabed et al., 2020). RA size and function measured 

by cardiac MRI can predict mortality (Ivanov et al., 2017, Sato et al., 2015, Sallach et al., 2009) 

and the European Society of Cardiology (ESC) and European Respiratory Society (ERS) 

guidelines advocate the use of maximal (systolic) right atrial (RA) area, 6-minute walk distance 

(6MWD) and N-terminal prohormone brain natriuretic peptide (NT-proBNP) for stratification 

of PAH patients (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 2022a). 

Cardiac MRI can track changes occurring in the heart by direct visualisation and repeatable 

volumetric analysis of RV morphology and function, an advantage over existing methods. 

Fully automated cardiac MRI-derived biventricular evaluation of function and morphology in 

a real-world setting has achieved good results without any operator interaction (Backhaus et 

al., 2019). Automation of RA area measurements may result in lower variability; however, the 

repeatability of automated cardiac MRI RA area metrics in the setting of PAH remains 

unknown. The aim of this study was to (i) evaluate interstudy repeatability and agreement of 

contours of a quantitative cardiac MRI-based automated artificial intelligence (AI) analysis of 
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the RA, and (ii) evaluate the repeatability of surrogate markers of disease severity in PAH such 

as 6MWD and NT-proBNP in a prospective cohort of patients with PAH. 

6.2 Methods 

6.2.1 Study Population 

This study included 36 patients with cardiac MRI studies for prospective repeatability testing 

from the RESPIRE study (ClinicalTrials.gov Identifier: NCT03841344) (Swift et al., 2021). 

Patients were diagnosed with Group 1 pulmonary arterial hypertension, including IPAH, 

heritable and CTD, and PAH associated with portal hypertension; mean pulmonary arterial 

pressure ≥ 25 mmHg and pulmonary arterial wedge pressure ≤ 15 mmHg. Prospectively 

recruited patients provided written informed consent. 

6.2.2 Cardiac MRI Protocol 

The RESPIRE prospective cohort consisted of GE studies (Swift et al., 2021). Cardiac MRI 

studies were performed using a whole-body scanner at 1.5T (HDx (General Electric 

Healthcare) (Lewis et al., 2020). Cine cardiac MRI acquisitions were made using a balanced 

steady state free precession (bSSFP) sequence. Following planning sequences, 4-chamber cine 

images were acquired. A stack of short axis images were acquired covering apex to base. Slice 

thickness and number of cardiac phases were 8 mm with 20 phases. 

6.2.3 Image Analysis 

Four observers, SA, FA, KK and AJS (with 2, 3, 13 and 11 years of cardiac MRI experience, 

respectively) manually drew LV and RV and atrial contours in 4-chamber cine cardiac MRI 

views on all cardiac phases for the training and testing cohorts. All contours were drawn with 

observers blinded to the patient's clinical information. All manual contours were reviewed by 
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an expert cardiac MRI reader (AJS). RV endocardial and epicardial surfaces were also 

manually traced from the stack of short-axis cine images to obtain RV volumetric and 

functional measurements as previously described (Alabed et al., 2022). MASS software 

(research version 2020; Leiden University Medical Center, Leiden, the Netherlands) was used 

for the manual contouring for developing the algorithm and repeatability testing). 

6.2.4 Deep Learning Training 

Cardiac MRI studies including a random selection of patients from the ASPIRE registry, 

subjects from Leeds, and from Leiden University Medical Centre were used for deep learning 

training. The deep learning training process as described in chapter 5, sub-section 5.2.4. 

6.2.5 Repeatability and Agreement of the Deep Learning Contours 

To evaluate inter-study agreement, two cardiac MRI scans were performed on the same day in 

two separate sittings as part of the RESPIRE study (Swift et al., 2021) for AI and manual 

measurements. In addition, interobserver agreement assessments, manual (AS) vs manual 

(FA), AI vs (AJS) and AI versus (FA) were made. Agreement of the machine learning 

contouring model was evaluated by DSC. The DICE similarity for all cardiac cavities was 

computed in the 20 subjects in the test set. This was both for the baseline model as well as the 

final model. 

6.2.6 Repeatability of Walk Test and NT-proBNP 

A field walk test (6MWD) was performed by a fully qualified respiratory physiologist, and the 

walk test distance was recorded. Blood was taken for NT-proBNP prior to the walk test where 

possible. NT-proBNP analysis was performed on patient plasma samples using the Luminex 
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100/200 multiplex analyser utilising the cardiovascular marker kit (HCVD1MAG-67K 

Millipore). 

A blood draw and a 6-minute walk distance test were carried out in the morning. These 

investigations were repeated in the afternoon in the same way and in the same order. Patients 

were to refrain from exercise, caffeinated drinks and alcohol between investigations. The 

6MWD and NT-ProBNP of tests 1 and 2 were individually compared for agreement. 

6.2.7 Statistical Analysis 

Continuous variables are presented as proportions and mean ± standard deviations. Intraclass 

correlation coefficients and Bland–Altman plots were used to assess the repeatability of manual 

and AI cardiac MRI metrics. Statistical analysis was carried out using SPSS (version 26, 

Statistical Package for the Social Sciences, International Business Machines, Inc., Armonk, 

New York, USA) and RStudio (version 1.2.5033, RStudio, Boston, Massachusetts, USA), and 

p-value of 0.05 was considered statistically significant. For data presentation, GraphPad Prism 

(version 9.1.0, GraphPad Software, San Diego, California, USA) software was used. 

6.3 Results 

6.3.1 Patients 

A total of 36 patients with PAH were identified in this study. 60% of patients were diagnosed 

with either idiopathic PAH or heritable PAH, and 24% were PAH in association with 

connective tissue disease. Patients had a mean age of 49.5 ± 15.9 years, and 83% were female. 

Table 6.1 presents the demographic, walk and blood test, cardiac MRI measurements, and right 

heart catheter data for all patients with PAH. 

  



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  98 
 

Table 6. 1 Demographics, haemodynamics, walk and blood test, and MRI measurements 

  
RESPIRE repeatability 

(n = 36) 

Demographics 

      Age, yr 49.5 ± 15.9 

      Sex, F/M (F %) 30/6 (83) 

      BSA (m2) 1.9 ± 0.2 

      WHO FC I, n (%) 0 (0) 

      WHO FC II, n (%) 2 (6) 

      WHO FC III, n (%) 30 (83) 

      WHO FC IV, n (%) 4 (11) 

Diagnosis, n (%) 

      PAH 36 (100) 

Haemodynamics 

      mRAP, mmHg 11 ± 7 

      mPAP, mmHg 52 ± 13 

      PAWP, mmHg 10 ± 3 

      Cardiac output L/min 4.5 ± 1.7 

      Cardiac index, L/min/m2 2.5 ± 0.9 

      PVR, dynes/m2 899 ± 512 

      MvO2, % 65.0 ± 9.1 

Walk test 

      6MWD (m) 375 ± 167 

Blood test 

      NT-proBNP 561 ± 648 

Cardiac MRI volumetric measurements 

      RVESVi, ml/m2 25.4 ± 9.2 

      RVEDVi, ml/m2 63.3 ± 27.6 

      RVSVi, ml/m2 37.9 ± 20.7 

      RVEF, % 43.3 ± 10.0 

Cardiac MRI area measurements 

      Automatic max RA area, cm2 22.6 ± 6.3  

      Manual max RA area, cm2 22.5 ± 6.3 

      Automatic min RA area, cm2 15.0 ± 5.5 

      Manual min RA area, cm2 15.3 ± 5.7 

Definition of abbreviations: MRI = magnetic resonance imaging; BSA = body surface area; WHO FC = World Health 

Organisation functional class; CTEPH = chronic thromboembolic pulmonary hypertension; PAH = pulmonary arterial 

hypertension; PH = pulmonary hypertension; RHC = right heart catheterization; mRAP = mean right atrial pressure; mPAP = 

mean pulmonary arterial pressure; PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular resistance; MvO2 

= mixed venous oxygen saturation; 6MWD = 6-minute walk distance; NT-ProBNP = N-terminal prohormone brain natriuretic 

peptide; RVESVi = right ventricular end-systolic volume index; RVEDVi = right ventricular end-diastolic volume index; 

RVSVi = right ventricular stroke volume index; RVEF = right ventricular ejection fraction; max = maximal; min = minimal; 

RA = right atrial. Data presented as mean ± standard deviation. Reproduced with permission (Alandejani et al., 2022a). 
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6.3.2 Segmentation Agreement 

Manual and automatic AI segmentation were assessed in the same day repeat studies from the 

prospective RESPIRE study. DSC showed high agreement (Figure 6.1) comparing automatic 

AI and manual cardiac MRI readers, with a minimal bias towards either reader, validating 

similarity in the resulting contours. Manual contours made by observer 1 and observer 2 were 

closely related for both maximal RA area and minimal RA area. The mean and SD DSC metric 

for observer 1 vs observer 2, AI measurements vs observer 1 and AI measurements vs observer 

2 is 92.4 ± 3.5, 91.2 ± 4.5 and 93.2 ± 3.2 for maximal RA area. The mean and SD DSC metric 

for observer 1 vs observer 2, AI measurements vs observer 1 and AI measurements vs Observer 

2 is 89.8 ± 3.9, 87.0 ± 5.8 and 91.8 ± 4.8 for minimal RA area. The DSC for all four cardiac 

chambers before and after refinement for the 20 subjects in the test set are shown in Table 6.2. 

 

 

Figure 6. 1 RA measurements and DICE similarity coefficient 

Maximal and minimal RA area DICE similarity coefficient results for (i) observer 1 vs observer 2 contour 

agreement, (ii) automatic vs observer 1 and (iii) automatic vs observer 2. RA = right atrial. Reproduced with 

permission (Alandejani et al., 2022a). 
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Table 6. 2 DSC values before and after refinement for all four cardiac chambers area 

 DICE Baseline model (SD) Final model (SD) 

LV Endo ED 93.93 2.58 94.37 2.31 

LV Endo ES 89.71 4.26 90.47 3.61 

LV Epi ED 93.78 2.52 95.12 1.44 

LV Epi ES 92.53 3.50 93.26 2.37 

RV Endo ED 91.68 3.66 94.30 2.33 

RV Endo ES 88.26 4.59 91.35 3.09 

LA Endo ED 91.05 4.45 92.04 3.56 

LA Endo ES 86.87 7.75 90.03 4.67 

RA Endo ED 92.63 5.84 93.56 3.26 

RA Endo ES 92.37 4.82 93.10 3.50 

AVG 91.28 4.40 92.76 3.01 

Definition of abbreviations: DSC = DICE similarity coefficient; SD = standard deviation; LV = left ventricular; 

Endo = endocardial; ED = end-diastolic; ES = end-systolic; Epi = epicardial; RV = right ventricular; LA = left 

atrial; RA = right atrial; AVG = average. Reproduced with permission (Alandejani et al., 2022a). 

 

6.3.3 Repeatability and Agreement Assessment 

All AI RA measurements showed higher interstudy (scan-rescan) repeatability ICC 0.91 to 

0.95, compared to manual measurements (observer 1 ICC 0.82 to 0.88, observer 2 ICC 0.88 to 

0.91). Similar repeatability was also found comparing both observers with AI RA contours 

compared to observer 1 vs observer 2 ICC 0.96 to 0.98, see Tables 6.3, 6.4. Minimal bias was 

found for AI RA measurements, Figure 6.2. The 6MWD test had excellent repeatable ICC 0.99, 

while NT-proBNP was of moderate repeatability 0.72. 
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Table 6. 3 Scan-rescan variability of automatic and manual cardiac MRI RA measurements 

Interstudy (scan-rescan) variability 

(n = 36) 

  
Automatic Observer 1 Observer 2 

ICC 95% CI ICC 95% CI ICC 95% CI 

Max RA area 0.91 0.82, 0.96 0.82 0.65, 0.91 0.88 0.76, 0.94 

Min RA area 0.95 0.89, 0.97 0.88 0.75, 0.94 0.91 0.84, 0.96 

Definition of abbreviations: AI= artificial intelligence; MRI = magnetic resonance imaging; max = maximal; min 

= minimal; RA=right atrial. Reproduced with permission (Alandejani et al., 2022a). 

 

Table 6. 4 Interobserver variability of automatic and manual cardiac MRI RA measurements 

Interobserver variability 

(n = 36) 

  

  

Automatic vs Observer 1 Automatic vs Observer 2 Observer 1 vs Observer 2 

ICC 95% CI ICC 95% CI ICC 95% CI 

Max RA area 0.99 0.97, 0.99 0.98 0.95, 0.99 0.98 0.94, 0.99 

Min RA area 0.99 0.98, 0.99 0.97 0.92, 0.99 0.96 0.95, 0.99 

Definition of abbreviations: AI= artificial intelligence; MRI = magnetic resonance imaging; max = maximal; min 

= minimal; RA=right atrial. Reproduced with permission (Alandejani et al., 2022a). 
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Figure 6. 2 Bland–Altman plots and RA measurements 

Bland–Altman plots showing cardiac MRI RA measurements scan-rescan results for (left) deep learning automatic 

AI measurements, (middle) observer 1 manual measurements, and (right) observer 2 manual measurements. 

MRI = magnetic resonance imaging; AI = artificial intelligence; RA = right atrial. Reproduced with permission 

(Alandejani et al., 2022a). 

 

6.4 Discussion 

This study shows that both cardiac MRI RA area measurements and walk test data have 

excellent repeatability in patients with PAH as judged by excellent test-test ICC repeatability, 

while NT-proBNP was of moderate repeatability. Walk test was highly repeatable with near 

perfect agreement. NT-proBNP failed to reach the excellent ICC threshold. The variability of 

AI-derived RA area measurements is lower than manual measurements in a scan-rescan cohort 

of patients with varying severities of RA size and function, and PAH.  

Assessment of interstudy (scan-rescan) repeatability is crucial to evaluate the utility of imaging 

measurements (Grothues et al., 2004). Interstudy repeatability is especially important for the 

comparison of automatic AI measurements with manual measurements (Augusto et al., 2021). 
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We utilised a prospective scan-rescan study with rigorous study design (Swift et al., 2021) and 

show AI measurements are highly repeatable with marginally higher repeatability than manual 

measurements. Lower variability has advantages for more precise evaluation of changes in the 

RA following therapeutic intervention in trials and clinical practice, where treatment decisions 

are impacted by progressive structural and functional changes in the heart. 

6.5 Limitations and Future Work 

This is a single centre study of an AI algorithm developed in a multi-vendor multicentre cohort. 

This study developed an AI model for RA area estimation rather than volume. The rationale 

was to automate measurements made clinically and consistent with the ESC/ERS guidelines in 

PAH. Further research regarding the role of RA volume would be worthwhile. 

NT-proBNP blood tests were performed in a university laboratory and were not clinical-grade 

test kits. Therefore further work is to repeat the NT-proBNP samples on trust-grade sample kits 

in Sheffield Teaching Hospitals NHS Foundation Trust.  

The respiratory physiologist was not blinded to 6MWD data of visit 1 at visit 2. Blood tests 

were analysed in bulk, and visit 1 and visit 2 blood tests were analysed at the same time to limit 

the possibility of observer bias. One limitation of the study is that the morning versus afternoon 

sampling may be limited in terms of reproducibility due to interval fluid intake and lunchtime 

diuretic doses. In addition, the blood tests were analysed in bulk, which may affect the accuracy 

and precision of the results. 
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6.6 Conclusion 

In this study, we have tested a fully automated AI model and showed that AI cardiac MRI RA 

area measurements are highly repeatable, and 6MWD showed excellent repeatability whereas 

NT-proBNP was of moderate repeatability. 
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Chapter 7: Clinical Testing of 

Manual vs Automatic RA Area 

Measurements  
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This chapter is based on a published paper for which I was the first author (Alandejani et al., 

2022a). My contribution to this work was in the generation of the idea, image analysis, data 

collection, statistical analysis, tables, figures and the writing. Co-authors have interpreted the 

data and assisted in writing the paper. 

7.1 Introduction 

Changes in the right atrium (RA) are important to recognise in the evaluation of patients with 

right ventricular (RV) failure (Austin et al., 2015, Raymond et al., 2002, Roca et al., 2015, 

Fukuda et al., 2014, Fukuda et al., 2016). Right atrial pressure (RAP) measured at right heart 

catheterisation is fundamental to the haemodynamic assessment of RV failure (Damman et al., 

2009, Drazner et al., 2001) and predicts mortality in patients with pulmonary artery 

hypertension (PAH) (Lichtblau et al., 2020, Dalonzo et al., 1991). 

Automation of RA area measurements may assist clinicians to reach fast and robust clinical 

decisions. However, there are currently no studies that have automated cardiac magnetic 

resonance imaging (MRI) RA area metrics in the setting of PAH in which patients have varying 

degrees of RV failure, and the correlation with invasive haemodynamics and prediction of 

mortality in clinical populations remains unknown. 

As described in Chapter 5 and Chapter 6, we developed a quantitative cardiac MRI-based 

automated artificial intelligence (AI) analysis of the RA in a large cohort of patients with heart 

failure and PAH with varying aetiology and disease severity, and (i) determined the failure rate 

of the model in a large clinical registry and (ii) evaluated interstudy repeatability. The aim of 

this study was to directly compare the association of manual RA area and AI RA area with 

invasive haemodynamics and evaluate RA measurements as predictors of mortality. 
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7.2 Methods 

7.2.1 Study Population 

The study included 400 patients with cardiac MRI studies for clinical testing from the ASPIRE 

registry (ASPIRE, ref: c06/Q2308/8). The inclusion criteria require that the patients must have 

undergone MRI between January 2008 and July 2016 and must have met the haemodynamic 

criteria for PAH. On the other hand, the exclusion criteria require that patients who could not 

tolerate MRI were not included in the study. In addition, patients whose MRI images were not 

of diagnostic quality for analysis were also excluded from the study. This means that only 

patients who could undergo MRI and whose images were of sufficient quality for analysis were 

included in the study. Consent was waived for analysis of retrospective cases. 

7.2.2 Cardiac MRI Protocol 

This cohort consisted of GE studies acquired in a clinical setting in the ASPIRE registry. 

Cardiac MRI studies in this cohort were performed using a whole-body scanner at 1.5T (HDx 

(General Electric Healthcare) (Lewis et al., 2020). Cine cardiac MRI acquisitions were made 

using a balanced steady state free precession (bSSFP) sequence. Following planning sequences, 

4-chamber cine images were acquired. A stack of short axis images was acquired covering apex 

to base. Slice thickness and number of cardiac phases were 8 mm with 20 phases. 

7.2.3 Image Analysis 

Four observers, SA, FA, KK and AJS (with 2, 3, 13 and 11 years of cardiac MRI experience, 

respectively) manually drew LV and RV and atrial contours in 4-chamber cine cardiac MRI 

views on all cardiac phases for the training and testing cohorts. All contours were drawn with 

observers blinded to the patient's clinical information. All manual contours were reviewed by 
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an expert cardiac MRI reader (AJS). RV endocardial and epicardial surfaces were also 

manually traced from the stack of short-axis cine images to obtain RV volumetric and 

functional measurements as previously described (Alabed et al., 2022). MASS software 

(research version 2020; Leiden University Medical Center, Leiden, the Netherlands) was used 

for the manual contouring for developing the algorithm and repeatability testing). 

7.2.4 Deep Learning Training 

Cardiac MRI studies including a random selection of patients from the ASPIRE registry, 

subjects from Leeds, and from Leiden University Medical Centre were used for deep learning 

training. The deep learning training process as described in chapter 5, sub-section 5.2.4. 

7.2.5 Association of Cardiac MRI with Invasive Haemodynamics 

Correlations with invasive haemodynamics were performed in patients in the ASPIRE registry 

clinical testing cohort who underwent right heart catheterisation within 48 h of cardiac MRI. 

The accuracy of RA cardiac MRI measurements to predict ESC/ERS mean RAP low and high-

risk thresholds of 8 mmHg and 14 mmHg, respectively, was assessed. 

7.2.6 Statistical Analysis 

Continuous variables are presented as proportions and mean ± standard deviation. Normal 

distribution assessed by visual inspection of histograms and using the Shapiro–Wilk test. 

Pearson's correlation coefficient was used to compare RHC to RA area measurements. 

Univariate Cox regression Hazard ratios were calculated for AI and manual RA measurements 

to estimate the prognostic significance. Accuracy of RA measurements to predict RA 

thresholds performed using receiver operating characteristic analysis. Statistical analysis was 

carried out using SPSS (version 26, Statistical Package for the Social Sciences, International 



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  109 
 

Business Machines, Inc., Armonk, New York, USA), and a P value of 0.05 or less was 

considered statistically significant. For data presentation, GraphPad Prism (version 9.1.0, 

GraphPad Software, San Diego, California, USA) software was used. 
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7.3 Results 

7.3.1 Patients 

The characteristics for the clinical testing cohort are presented in Table 7.1. In this cohort, 218 

of the 400 patients had died (54.5%) during a mean follow-up period of 1-year. 

 

Table 7. 1 Demographics, MRI and haemodynamics measurements 

  
Clinical testing 

(n = 400) 

Demographics 

      Age, yr 55.4 ± 16.4 

      Sex, F/M (F %) 283/117 (71) 

      BSA (m2) 1.8 ± 0.2 

      WHO FC I, n (%) 2 (1) 

      WHO FC II, n (%) 21 (5) 

      WHO FC III, n (%) 338 (85) 

      WHO FC IV, n (%) 36 (9) 

Diagnosis, n (%) 

      PAH 400 (100) 

Haemodynamics 

      mRAP, mmHg 10.4 ± 6.0 

      mPAP, mmHg 48.0 ± 13.7 

      PAWP, mmHg 10.3 ± 2.9 

      Cardiac output L/min 4.9 ± 1.5 

      Cardiac index, L/min/m2 2.8 ± 0.9 

      PVR, dynes/m2 720.0 ± 419.4 

      MvO2, % 63.5 ± 9.1 

Cardiac MRI volumetric measurements 

      RVESVi, ml/m2 46.8 ± 28.2  

      RVEDVi, ml/m2 72.7 ± 35.5 

      RVSVi, ml/m2 25.9 ± 12.7 

      RVEF, % 39.1 ± 14.1 

Cardiac MRI area measurements 

      Automatic max RA area, cm2 25.5 ± 9.8 

      Manual max RA area, cm2 26.0 ± 10.3 

      Automatic min RA area, cm2 18.4 ± 9.4 

      Manual min RA area, cm2 19.3 ± 10.1 

Definition of abbreviations: MRI = magnetic resonance imaging; BSA = body surface area; WHO FC = World Health Organisation functional 

class; CTEPH = chronic thromboembolic pulmonary hypertension; PAH = pulmonary arterial hypertension; PH = pulmonary hypertension; 

RHC = right heart catheterization; mRAP = mean right atrial pressure; mPAP = mean pulmonary arterial pressure; PAWP = pulmonary arterial 

wedge pressure; PVR = pulmonary vascular resistance; MvO2 = mixed venous oxygen saturation; RVESVi = right ventricular end-systolic 

volume index; RVEDVi = right ventricular end-diastolic volume index; RVSVi = right ventricular stroke volume index; RVEF = right 

ventricular ejection fraction; max = maximal; min = minimal; RA = right atrial. Data presented as mean ± standard deviation. Reproduced 

with permission (Alandejani et al., 2022a). 
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7.3.2 Clinical Testing Cohort 

In the clinical testing cohort (n = 400), RA area measurements made by AI and observers were 

comparable (Table 7.1). In the clinical testing cohort, both manual and AI maximal RA area 

predicted overall all-cause mortality with similar predictive values, (hazard ratio 1.02 (95% 

confidence interval 1.01 to 1.03) and 1.02 (95% confidence interval 1.01 to 1.03) respectively, 

both p < 0.01). Manual and AI minimal RA area also showed a similar predicted mortality 

hazard ratio of 1.03 (95% confidence interval 1.01 to 1.02) and 1.02 (95% confidence interval 

1.01 to 1.03), respectively, both p < 0.01. 

Of the 400 patients identified for the clinical testing cohort, 212 patients underwent cardiac 

MRI and right heart catheterization (RHC) within 48-hr. Moderate positive correlations were 

found between RA area measurements and mean RAP (mRAP) (AI, r = 0.64 and manual, 

r = 0.57). Moderate correlations of AI maximal RA area measurements with all invasive 

haemodynamics were found, see Table 7.2. The strongest correlation was found between 

minimal RA area and mRAP, r = 0.66), see Table 7.3. 

 

Table 7. 2 Pearson correlation for the relation of max RA measurements with RHC parameters 

RHC parameters 

Manual max RA area 

(n = 212) 

Automatic max RA area 

(n = 212) 

r p r p 

mRAP 0.57 <0.001 0.64 <0.001 

mPAP 0.38 <0.001 0.46 <0.001 

Cardiac index -0.36 <0.001 -0.45 <0.001 

PVR 0.36 <0.001 0.47 <0.001 

SvO2 -0.41 <0.001 -0.48 <0.001 

Definition of abbreviations: RA = right atrial; max = maximal; RHC = right heart catheterization; mRAP = mean right atrial 

pressure; mPAP = mean pulmonary arterial pressure; PVR = pulmonary vascular resistance; MvO2 = mixed venous oxygen 

saturation. Reproduced with permission (Alandejani et al., 2022a). 
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Table 7. 3 Pearson correlation for the relation of min RA measurements with RHC parameters 

RHC parameters 

Manual min RA area 

(n = 212) 

Automatic min RA area 

(n = 212) 

r p r p 

mRAP 0.57 <0.001 0.66 <0.001 

mPAP 0.40 <0.001 0.50 <0.001 

Cardiac index -0.39 <0.001 -0.50 <0.001 

PVR 0.40 <0.001 0.54 <0.001 

SvO2 -0.44 <0.001 -0.55 <0.001 

Definition of abbreviations: RA = right atrial; min = minimal; RHC = right heart catheterization; mRAP = mean right atrial 

pressure; mPAP = mean pulmonary arterial pressure; PVR = pulmonary vascular resistance; MvO2 = mixed venous oxygen 

saturation. Reproduced with permission (Alandejani et al., 2022a). 

 

Maximal RA area could accurately predict mRAP low and high ESC/ERS risk thresholds (area 

under the receiver operating characteristic curve AI = 0.82 vs manual = 0.78 to identify low-

risk patients with mRAP ≤ 8 mmHg and AI = 0.87 vs manual = 0.83 to identify high-risk 

patients with mRAP > 14 mmHg). Minimal RA area had a marginally highest accuracy for 

prediction of elevated mRAP, the strongest prediction was for mPAP > 14, area under the curve 

(AUC) 0.90, see Figure 7.1. In comparison with manual measurements, automatic maximal RA 

area was not more accurate for detection of patients with mRAP > 8 mmHg and mRAP > 14 

mmHg, (p = 0.11) and (p = 0.13), respectively. Automatic contouring of minimal RA area 

trended to suggest higher accuracy for predicting elevated mRAP > 8 mmHg and mRAP > 14 

mmHg than manual measurements (p = 0.05) (p = 0.06), respectively; however, these results 

are not of statistical significance. 
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Figure 7. 1 ROC curves and RA area measurements 

ROC curves showing the accuracy of RA area measurements to predict mRAP at ESC/ERS guidelines risk 

thresholds. ROC = receiver operating characteristic; RA = right atrial; mRAP = mean right atrial pressure; 

ESC/ERS = European Society of Cardiology and European Respiratory Society; AUC = area under the curve. 

Reproduced with permission (Alandejani et al., 2022a). 
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7.4 Discussion 

RA area measurements moderately correlate with invasive haemodynamics, AI measurements 

can identify mRAP prognostic thresholds with more confidence than manual measurements, 

and RA area measurements predict mortality with similar accuracy to manual measurements. 

The ASPIRE registry includes a wide range of pathology including PAH, left heart failure, lung 

disease, chronic thromboembolic disease and patients found to have normal invasive 

haemodynamics. The AI 'seeing' a wider range of pathology is of paramount importance (Chen 

et al., 2020). This is the first study to compare AI and manual measurements with invasive 

haemodynamic measurements of RAP.  

Here in this diverse population we identify a close correlation of AI RA area measurements 

with invasive mRAP, this combined with the low scan-rescan variability supports its potential 

use as a clinical tool. We show that RA area measurements using AI are prognostic to a similar 

level as manual measurements. Further work to evaluate AI metrics in risk stratification is 

required, as has been achieved for RV measurements (Lewis et al., 2020). In addition, further 

work will be to clinically evaluate the range of physiological parameters that can be extracted 

from the AI segmentations, such as RA strain (Maceira et al., 2016, Xie et al., 2020) and 

potentially reservoir and conduit function (Truong et al., 2020, Qu et al., 2021). RHC 

measurements correlated moderately with AI RA measurements, indicating AI metrics may 

provide physiologically accurate measures of pathophysiological changes in the heart, given 

their high consistency and repeatability. 

7.5 Limitations and Future Work 

This is a single centre clinical testing of an AI algorithm developed in a multi-vendor 

multicentre cohort, with the clinical testing in the setting of a tertiary referral centre for patients 
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with PAH. The imaging appearances and patient populations are likely representatives of other 

PAH referral centres.  

This study clinically tested an AI model for RA area estimation rather than volume. The 

rationale was to automate and evaluate measurements made clinically and consistent with the 

ESC/ERS guidelines in PAH. Further work to develop and clinically test a 3-dimensional or 

multislice RA volumetric model would be of value and work to extract physiological 

parameters previously suggested to be important (Sato et al., 2015) may be of benefit in future 

studies. 

7.6 Conclusion 

In this study, we have clinically validated an AI model to fully automate cardiac MRI RA area 

measurements. The data suggest AI-derived RA measurements are moderately related to mean 

right atrial pressure. 

  



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  116 
 

Chapter 8: Imaging and Risk 

Stratification in Pulmonary 

Arterial Hypertension: Time to 

Include Right Ventricular 

Assessment 
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This chapter is based on a published paper for which I was the first author (Alandejani et al., 

2022b). My contribution to this work was in the generation of the idea, image analysis, data 

collection, statistical analysis, tables, figures and the writing. Co-authors have interpreted the 

data and assisted in writing the paper. 

8.1 Introduction 

Pulmonary arterial hypertension (PAH) is a progressive life-shortening condition. The 

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

stratified patients with PAH into three groups; low-risk (<5%), intermediate-risk (5-10%), and 

high-risk (>10%) of 1-year mortality (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 

2022a). Variables used in risk assessment include symptoms, exercise capacity, 

haemodynamics and imaging metrics. In PAH, failure of the right ventricle to cope with 

increased afterload results in haemodynamic changes with rises in right ventricular (RV) end 

diastolic pressure and right atrial (RA) pressure. An extensive body of literature has shown that 

cardiac magnetic resonance imaging (MRI) derived RV measurements are prognostic, predict 

clinical worsening (van de Veerdonk et al., 2011, Alabed et al., 2020, Goh et al., 2020), are 

sensitive to treatment effect (Swift et al., 2021) and have utility in risk stratification in PAH 

(Lewis et al., 2020); however, there are limited data on RA area measurements (Darsaklis et 

al., 2016, Liu et al., 2020). To our knowledge, no study has assessed the accuracy of RA area 

thresholds to assess risk of 1-year mortality. This study compares RV and RA area 

measurements as derived from the artificial intelligence tool and their utility to risk stratify 

patients with PAH, using the reference standard for assessment of cardiac structure and 

function, by comparing published thresholds for RV metrics (Lewis et al., 2020) with current 

ESC/ERS thresholds for RA area (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 2022a). 
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8.2 Methods 

8.2.1 Patients 

Consecutive patients with PAH (idiopathic PAH, heritable PAH, and PAH in association with 

connective tissue disease, congenital heart disease, portal hypertension, human 

immunodeficiency virus infection, and drugs and toxins) who underwent cardiac MRI between 

January 2008 and March 2017 were identified from the ASPIRE registry, after a standardised 

systematic assessment (Hurdman et al., 2012). Patients were required to have mean pulmonary 

artery pressure ≥25 mmHg and pulmonary arterial wedge pressure ≤15 mmHg at right heart 

catheter. Incident treatment naïve patients who underwent a cardiac MRI at baseline and who 

had a further cardiac MRI after a minimum of 3 months and before 31 March 2017 were 

included in the follow-up cohort. Ethical approval for this single centre study was obtained 

(ASPIRE, c06/Q2308/8). 

8.2.2 Cardiac MRI Acquisition and Image Analysis 

Cardiac magnetic resonance imaging studies were completed using an 8-channel cardiac coil 

on a whole-body scanner at 1.5T GE HDx (GE Healthcare, Milwaukee, WI, United States), as 

previously described (Lewis et al., 2020). Image analysis was performed on MASS software 

(MASS, research version 2020; Leiden University Medical Center, Leiden, Netherlands) with 

the observer blinded to the patient’s clinical information, cardiac catheter parameters and 

outcome data. RA endocardial, and RV endocardial and epicardial surfaces were identified 

using artificial intelligence software. RA area, and RV volumetric and functional 

measurements were obtained from the 4-chamber cine images and the stack of short-axis cine 

images, respectively. RV trabeculations were included in the blood pool. In addition, RA 
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endocardial surfaces were manually traced to measure manual maximal RA area at RV end 

systole. The RA appendage was manually excluded during contouring. 

8.2.3 Statistical Analysis 

Data for continuous variables are displayed as mean ± standard deviation. Survival data were 

censored on 30 September 2020. Kaplan–Meier survival curves were evaluated using the log 

rank (Mantel–Cox) test. Locally weighted scatterplot smoothing (LOESS) regression analysis 

was performed to understand relationships between variables. Binary logistic regression was 

used to assess predictors of 1-year mortality. A p-value < 0.05 was considered statistically 

significant. 

8.3 Results 

8.3.1 Patients 

A total of 311 consecutive treatment-naïve patients were identified, and 121 patients underwent 

follow-up cardiac MRI at a mean interval of 1.9 ± 1.8 years. The mean age was 56.7 ± 16.1 

years, and 72% of patients were female. The majority (82%) had idiopathic/heritable PAH 

(33%), and PAH in association with connective tissue disease (49%) including 117 patients 

with systemic sclerosis (38%). Data for demographics, haemodynamics and cardiac MRI 

metrics at baseline are shown in Table 8.1. The mean interval between the date of diagnosis 

and baseline cardiac MRI (n = 311) was 1.2 ± 6.5 months, and between the date of diagnosis 

and follow-up cardiac MRI (n = 121) was 1.8 ± 1.7 years. 
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Table 8. 1 Baseline demographics, haemodynamics and cardiac MRI Metrics 

 
Baseline 

(n = 311) 

IPAH/HPAH 

(n = 101) 

PAH-CTD 

(n = 154) 

PAH-CHD 

(n = 24) 

PoPH 

(n = 22) 

Other PAH 

(n = 10) 

Demographics 

   Age, yr 56.7 ± 16.1 50.9 ± 17.6 63.2 ± 13.0 48.0 ± 18.1 53.5 ± 11.0 43.3 ± 6.1 

   Sex, F/M (F %) 223/88 (72) 70/31 (69) 119/35 (77) 20/4 (83) 12/10 (55) 2/8 (20) 

   WHO FC I, n (%) 1 (1) 0 (0) 0 (0) 1 (4) 0 (0) 0 (0) 

   WHO FC II, n (%) 14 (4) 5 (5) 4 (3) 2 (8) 2 (9) 1 (10) 

   WHO FC III, n (%) 261 (84) 76 (75) 137 (89) 20 (87) 19 (86) 9 (90) 

   WHO FC IV, n (%) 34 (11) 20 (20) 13 (8) 0 (0) 1 (5) 0 (0) 

PAH subtype, n (%) 

   IPAH/HPAH 101 (33)           

   PAH-CTD 154 (49)           

   PAH-CHD 24 (8)           

   PoPH 22 (7)           

   Other 10 (3)           

Haemodynamics 

   mRAP, mm Hg 10 ± 6 12 ± 6 9 ± 6 11 ± 5 11 ± 7 15 ± 8 

   mPAP, mm Hg 48 ± 14 57 ± 12 41 ± 12 55 ± 8 46 ± 8 52 ± 6 

   PAWP, mm Hg 10 ± 3 11 ± 3 10 ± 3 11 ± 3 11 ± 3 13 ± 2 

   Cardiac output L/min 4.8 ± 1.5 4.3 ± 1.3 5.0 ± 1.5 6.0 ± 1.4 5.6 ± 1.7 5.5 ± 0.6 

   Cardiac index, L/min/m2 2.7 ± 0.9 2.4 ± 0.8 2.9 ± 0.8 3.0 ± 0.6 3.1 ± 1.6 2.8 ± 0.5 

   PVR, dynes/m2 728 ± 420 976 ± 404 596 ± 393 640 ± 214 540 ± 189 593 ± 87 

   MvO2, % 63.4 ± 9.2 59.8 ± 8.0 65.1 ± 8.9 73.3 ± 10.9 67.8 ± 7.0 56.8 ± 12.8 

Right atrial measurement 

   Manual RA area, cm2 25.6 ± 9.5 27.2 ± 10.2 24.2 ± 8.4 28.3 ± 10.7 24.3 ± 9.7 28.4 ± 11.4 

   Automatic RA area, cm2 25.3 ± 9.3 26.5 ± 10.3 24.0 ± 8.5 26.2 ± 8.6 24.7 ± 9.6 31.6 ± 8.9 

Automatic right ventricle measurements 

   RVESVi, ml/m2 73.6 ± 34.0 84.9 ± 31.7 63.6 ± 31.4 85.7 ± 43.9 66.7 ± 28.4 100.2 ± 27.5 

   RVESVi %pred 301.8 ± 141.5 69.5 ± 22.4 75.7 ± 21.6 103.2 ± 63.6 81.0 ± 28.3 76.8 ± 31.3 

   RVEDVi, ml/m2 110.8 ± 37.1 119.4 ± 34.7 99.9 ± 33.6 135.9 ± 43.5 107.4 ± 35.1 141.3 ± 38.8 

   RVSVi, ml/m2 37.2 ± 13.8 34.5 ± 10.6 36.3 ± 10.2 50.2 ± 28.8 40.8 ± 14.3 41.0 ± 16.8 

   RVEF, % 35.8 ± 12.8 30.1 ± 9.6 39.2 ± 12.7 38.1 ± 17.6 39.2 ± 12.2 28.8 ± 7.5 

   RVEF %pred 53.3 ± 18.5 45.6 ± 14.6 57.3 ± 18.3 57.8 ± 25.3 59.0 ± 18.0 44.7 ± 11.4 

Definition of abbreviations: MRI = magnetic resonance imaging; WHO FC = World Health Organisation functional class; PAH = 

pulmonary arterial hypertension; IPAH = idiopathic pulmonary arterial hypertension; HPAH = heritable pulmonary arterial 

hypertension; PAH-CTD = pulmonary arterial hypertension associated with connective tissue disease; PAH-CHD = pulmonary 

arterial hypertension associated with congenital heart disease; PoPH = portopulmonary hypertension; mRAP = mean right atrial 

pressure; mPAP = mean pulmonary arterial pressure; PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular 

resistance; MvO2 = mixed venous oxygen saturation; RA = right atrial; %pred = percentage predicted for age and sex; RVESVi = right 

ventricular end-systolic volume index; RVEDVi = right ventricular end-diastolic volume index; RVSVi = right ventricular stroke 

volume index; RVEF = right ventricular ejection fraction. Data are shown as mean ± standard deviation unless otherwise stated. 

Adapted with permission (Alandejani et al., 2022b). 
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8.3.2 Survival 

One-year following the baseline cardiac MRI, 29 of 311 incident treatment-naïve patients had 

died (9.3%). Of 121 patients who underwent repeat cardiac MRI, 13 (10.7%) died within 1-

year of follow-up cardiac MRI. Using ESC/ERS RA area risk thresholds for 1-year mortality, 

both manual and automatic RA area stratified patients into intermediate and high-risk at 

baseline and follow-up, but was not able to identify a low-risk group either at baseline or at 

follow-up (Figure 8.1). In contrast, using previously published thresholds (Lewis et al., 2020) 

for automatic RV measurements, right ventricular end systolic volume index (RVESVi), 

percentage predicted RVESVi and percentage predicted right ventricular ejection fraction 

(RVEF) low and high-risk groups were identified at baseline and follow-up. RVEF was able to 

identify low, intermediate and high-risk patients at baseline and intermediate and high-risk 

patients at follow-up. 

 

 

Figure 8. 1 Bar charts displaying cardiac MRI RA area and RV metrics 

cardiac MRI RA area thresholds based on ESC/ERS guidelines and RV metrics based on published thresholds, 

and percentage mortality at 1-year for treatment naïve patients at (top) baseline (n=311) and (bottom) follow-up 

(n=121). MRI = magnetic resonance imaging; RA = right atrial; ESC/ERS = European Society of Cardiology and 

European Respiratory Society; RV = right ventricular; %pred = percentage predicted for age and sex; 

RVESVi = right ventricular end-systolic volume index; RVEF = right ventricular ejection fraction. Adapted with 

permission (Alandejani et al., 2022b). 
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Kaplan–Meier analysis showing survival at baseline and follow-up and risk transition at 

follow-up are shown in Figure 8.2. Baseline patients with manual RA area <18 cm2 (23% of 

patients) and 18–26 cm2 (34% of patients) had 1-year survival of 92.5% and 90.6%, 

respectively, while patients with manual RA area of >26 cm2 (43% patients) had 1-year survival 

of 87.7%. Moreover, baseline patients with percentage predicted RVESVi <227 (35% of 

patients) had 1-year survival of 97.5%, while patients with percentage predicted RVESVi ≥227 

(65% of patients) had 1-year survival of 87.2%. Using manual RA area at follow-up for low 

risk (29% of patients) and intermediate risk (40% of patients), 1-year survival was 91.3 and 

90.1%, respectively, while for high risk (31% patients), 1-year survival was 85.5%. 

Additionally, using percentage predicted RVESVi at follow-up low risk (52% of patients), 1-

year survival was 96.9%, while for high risk (48% patients), 1-year survival was 83.5%. 

 

 

Figure 8. 2 Kaplan–Meier survival curves for RA area measurements 

(A–F) Kaplan–Meier survival curves for treatment naïve patients for manual RA area at baseline (A), manual RA 

area at follow-up cardiac MRI (B), transition of risk between baseline and follow-up cardiac MRI for manual RA 

area (C), RVESVi %pred at baseline (D), RVESVi %pred at follow-up cardiac MRI (E), transition of risk between 

baseline and follow-up cardiac MRI for RVESVi %pred (F). MRI = magnetic resonance imaging; RA = right 

atrial; %pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index. 

Adapted with permission (Alandejani et al., 2022b). 
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A multi-variable binary logistic regression was carried out to assess the effect of age, sex, 

World Health Organisation functional class, percentage predicted RVESVi, RVEF, and manual 

RA area on the likelihood of 1-year mortality. It was found that age (Wald = 114.11, p < 0.01, 

odds ratio = 1.07 [95% confidence interval (CI): 1.03, 1.10]) as well as RVEF (Wald = 8.05, p 

< 0.01, odds ratio = 0.95 [95% CI: 0.92, 0.98]), but not manual RA area, were independent 

predictors of 1-year mortality. 

8.4 Discussion 

Using cardiac MRI, we have shown that AI measures of RV function and RA area have 

prognostic value; however, only AI measures of RV function but not ESC/ERS RA area 

thresholds identify patients at low-risk of 1-year mortality. 

The ESC/ERS guidelines recommend that treatment is aimed at achieving and maintaining a 

low-risk of 1-year mortality (Galiè et al., 2015, Galiè et al., 2016, Humbert et al., 2022a) with 

patients remaining in an intermediate or high-risk group having significantly higher mortality. 

Our study using cardiac MRI has shown that although manual and automatic RA measurements 

can be used to identify intermediate and high-risk patients, the current RA area thresholds do 

not allow for identification of a low-risk group. Moreover, LOESS analysis shows that the 

confidence intervals for mortality are large in patients who have a manual measurement of RA 

area within the normal range (Figure 8.3). Recent publications have highlighted other imaging 

parameters including measures of RV function that can identify patients at low-risk of 1-year 

mortality (Alabed et al., 2020, Goh et al., 2020, Lewis et al., 2020). In this study, we have 

shown that AI RV measurements acquired with inclusion of trabeculations in the blood pool, 

can also be used to risk stratify patients. Including trabeculations in the blood pool is the most 

commonly used approach and is less timing consuming as it does not necessitate tracing around 

trabeculations. A further publication using echocardiography has shown that combining 
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echocardiographic measures including those that assess RV function (TAPSE, tricuspid 

regurgitant jet grade and inferior vena cava area), stratified the risk of all-cause mortality in 

PAH. Inclusion of parameters such as RA area and pericardial effusion did not provide 

additional prognostic value (Ghio et al., 2020). 

 

 

Figure 8. 3 LOESS regression analysis for treatment naïve patients for manual RA area 

Manual RA area at baseline (top) and follow-up (bottom). RA = right atrial; LOESS = locally weighted scatterplot 

smoothing. Reproduced with permission (Alandejani et al., 2022b). 
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8.5 Limitations and Future Work  

This study is limited by its single centre design, nonetheless, it is one of the largest cohorts of 

patients with PAH to have undergone cardiac MRI. As per ESC/ERS pulmonary hypertension 

guidelines, we measured RA area. However, we did not evaluate the use of cardiac MRI-

derived RV mass, right atrial volume and reservoir function (reservoir, conduit, and contractile 

functions). Whether other measures of RV mass, and RA volume and/or function provide 

additional prognostic value requires further study. 

In addition, this study does not include a comparison with left ventricular parameters as they 

are less established in patients with PAH as a prognostic marker, although recent studies have 

demonstrated that left ventricular parameters have prognostic value (Knight et al., 2015, 

Alabed et al., 2020, Anton Vonk Noordegraaf et al., 2022) and may have a potential role in the 

risk stratification of patients with PAH (Lewis et al., 2020). 

8.6 Conclusion 

In conclusion, this study confirms the prognostic value of AI RA and RV metrics using the 

reference standard for measures of cardiac structure and function in PAH. However, with 

respect to risk stratification of PAH, this study highlights the need for guidelines to include 

measures of RV function rather than relying on RA area alone. 
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Chapter 9: The Prognostic Role 

of N-terminal Prohormone Brain 

Natriuretic Peptide and Cardiac 

Magnetic Resonance Imaging in 

Pulmonary Arterial Hypertension 
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My contribution to this work was in the generation of the idea, image analysis, data collection, 

statistical analysis, tables, figures and the writing. 

9.1 Introduction 

Pulmonary arterial hypertension (PAH) is a rare, progressive life-threatening condition which 

is known to cause endothelial dysfunction and vascular remodelling on branches of the 

pulmonary arteries, and eventually right ventricular (RV) failure. Two of the main 

characteristics of PAH at right heart catheterization (RHC) are increased mean pulmonary 

artery pressure (mPAP) and increased pulmonary vascular resistance (PVR) (Hoeper et al., 

2017, Simonneau et al., 2004). The survival of patients with PAH is mainly associated with the 

progression of RV dysfunction (Kiely et al., 2013). Present-day approaches to evaluate and risk 

stratify patients depend on assessments of symptoms, haemodynamics, exercise capacity and 

RV function (Humbert et al., 2022a, Galiè et al., 2019, Benza et al., 2019). 

Cardiac magnetic resonance imaging (MRI) is the gold standard test to assess RV function 

(Swift et al., 2017, Lewis et al., 2020). However, there are a few drawbacks of cardiac MRI as 

it is expensive, not widely available, some patients feel discomfort during the procedure, and 

it is contraindicated in patients with internal metallic devices. On the contrary, N-terminal 

prohormone brain natriuretic peptide (NT-proBNP) is a non-invasive clinical biomarker, a 

widely available blood test, cost-effective and commonly used in hospitals as an alternative 

marker of cardiac function (Fu et al., 2018). NT-proBNP is secreted by cardiomyocytes 

following ventricular stretch and is used as a marker of RV dysfunction (Lador et al., 2014) 

and is also used to risk assess and manage patients with PAH (Humbert et al., 2022a). However, 

using both cardiac MRI measurements and NT-proBNP together as a bivariate prognostic 

marker in PAH has not yet been determined. The aim of this study was to evaluate the 

prognostic role of cardiac MRI and NT-proBNP simultaneously in patients with PAH. 
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9.2 Methods 

9.2.1 Patients 

Consecutive patients with PAH who underwent cardiac MRI and NT-proBNP test between 

August 2011 and October 2019 were identified from the ASPIRE registry, after a standardised 

systematic evaluation (Hurdman et al., 2012). Several PAH subtypes included in this study 

(idiopathic PAH, heritable PAH, PAH in association with connective tissue disease, PAH in 

association with congenital heart disease, and portopulmonary hypertension). All patients had 

a right heart catheter and were required to have mean pulmonary artery pressure ≥25 mmHg 

and pulmonary arterial wedge pressure ≤15 mmHg. Ethical approval for this single centre study 

was obtained (ASPIRE, c06/Q2308/8). 

9.2.2 Cardiac MRI Acquisition 

Cardiac MRI studies were performed using a whole-body scanner at 1.5T (Avanto, Siemens 

Solutions; Signa HDx, GE Healthcare; and Achieva, Philips Healthcare) (Alabed et al., 2022). 

Cine Cardiac MRI acquisitions were made using a balanced steady state free precession 

(bSSFP) sequence. Following planning sequences, 4-chamber cine images were acquired. A 

stack of short axis images was acquired covering apex to base. Slice thickness and number of 

cardiac phases were 8 mm with 20 phases (Alandejani et al., 2022b).  

9.2.3 Image Analysis 

Image analysis was performed on MASS software (MASS, research version 2020; Leiden 

University Medical Center, Leiden, Netherlands) with the observer blinded to the patient’s 

clinical information, cardiac catheter parameters and outcome data. Right atrial (RA) 

endocardial, and RV endocardial and epicardial surfaces were identified using artificial 

intelligence software with manual correction as required. RA area, and RV volumetric and 



Dr FA Alandejani                        Cardiac MRI and NT-proBNP in PAH  129 
 

functional measurements were obtained from the 4-chamber cine images and the stack of short-

axis cine images, respectively. RV trabeculations were included in the blood pool. The RA 

appendage was excluded during contouring. 

9.2.4 Plasma NT-proBNP Levels 

A blood specimen was taken from a peripheral vein whilst the patient was at rest, within an 

average of 43 days of MRI measurements. NT-proBNP plasma levels were analysed on 

Luminex 100/200 multiplex analyser utilising the cardiovascular marker kit (HCVD1MAG-

67K Millipore). 

9.2.5 Right Heart Catheterization 

When performing the right heart catheterization, a balloon-tipped 7.5F thermodilution catheter 

is used (Becton-Dickson, Franklin, NJ). This operation (right heart catheterization) is usually 

executed using a Swan-Ganz Catheter via the internal jugular vein. Cardiac output was 

determined by thermodilution technique. PVR was measured by this equation: PVR = (mPAP 

– PAWP)/cardiac output. 

9.2.6 Statistical Analysis 

Continuous variables are presented as proportions and mean ±  standard deviation. Cardiac 

MRI volumetric parameters were adjusted for body surface area (BSA) and recorded as index 

variables. Then, indexed measurements for body surface area were corrected for age and sex, 

and presented as index percentage predicted. Both cardiac MRI and NT-proBNP measurements 

were referred to as continuous or categorical variables when needed. Categorical classifications 

were based on published thresholds (Lewis et al., 2020, Humbert et al., 2022a). 
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Pearson's correlation coefficient was used to compare continuous log10 (NT-proBNP) to the 

continuous cardiac MRI parameters. Linear regression analysis was used to estimate the 

relationship between continuous log10 (NT-proBNP) and continuous cardiac MRI parameters 

that showed a strong correlation with continuous log10 (NT-proBNP).  

Univariate Cox regression hazard ratios were carried out to assess the prognostic value of 

categorical and continuous cardiac MRI parameters and categorical NT-proBNP levels. 

Univariate parameters that showed a P value of less than 0.2 were entered into the bivariate 

Cox regression analysis. Survival data were censored on 21 June 2021. Statistical analysis was 

carried out using SPSS (version 28, Statistical Package for the Social Sciences, International 

Business Machines, Inc., Armonk, New York, USA). A P value less than 0.05 was considered 

statistically significant. 

9.3 Results 

9.3.1 Patients 

One hundred twenty-one patients were identified with PAH and underwent cardiac MRI and 

NT-proBNP test. The mean interval between the date of cardiac MRI and NT-proBNP test was 

1.4 ± 3.5 months. The mean age was 58.9 ± 15.6 years, and 76% of patients were female. The 

majority (94%) of patients had PAH in association with connective tissue disease (57%) and 

idiopathic/heritable PAH (37%). Data for demographics, haemodynamics, NT-proBNP and 

cardiac MRI metrics are shown in Table 9.1. 
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Table 9. 1 Baseline demographics, haemodynamics, NT-proBNP and MRI measurements 

 
Patients with PAH 

(n = 121) 

Survivors 

(n = 92) 

Nonsurvivors 

(n = 29) 

Demographics 

   Age, yr 58.9 ± 15.6 56.6 ±15.5 66.4 ± 13.6 

   Sex, F/M (F %) 92/29 (76) 68/24 (74) 24/5 (83) 

   WHO FC I, n (%) 0 (0) 0 (0) 0 (0) 

   WHO FC II, n (%) 7 (6) 6 (7) 1 (3) 

   WHO FC III, n (%) 107 (89) 81 (88) 26 (90) 

   WHO FC IV, n (%) 6 (5) 4 (5) 2 (7) 

PAH subtype, n (%) 

   IPAH/HPAH 37 (31) 31 (34)  6 (21) 

   PAH-CTD 57 (47) 38 (41) 19 (66) 

   PAH-CHD 21 (17) 18 (20) 3 (10) 

   PoPH 6 (5) 5 (5) 1 (3) 

Haemodynamics 

   mRAP, mm Hg 8 ± 5 8 ± 5 8 ± 6 

   mPAP, mm Hg 48 ± 16 49 ± 18 44 ± 12 

   PAWP, mm Hg 9 ± 3 9 ± 3 8 ± 3 

   Cardiac output L/min 4.6 ± 1.7 4.6 ± 1.8 4.6 ± 1.6 

   Cardiac index, L/min/m2 2.6 ±1.0 2.6 ± 1.1 2.7 ± 1.0 

   PVR, dynes/m2 797.5 ± 475.3 825.0 ± 509.1 724.5 ± 66.8 

   MvO2, % 66.6 ± 10.16 66.6 ± 11.2 66.8 ± 7.2 

NT-proBNP levels  

   NT-proBNP 1951.9 ± 3610.0 1313.5 ± 2164.4 3977.0 ± 5919.6 

   Log10 (NT-proBNP) 2.8 ± 0.7 2.6 ± 0.7 3.1 ± 0.7 

Cardiac MRI measurements 

   RVESVi 70.5 ± 34.4 69.2 ± 35.6 74.8 ± 30.3 

   RVESVi %pred 298.5 ±140.9 280.2 ± 131.7 356.6 ± 155.3 

   RVEDVi 112.2 ± 41.2 111.3 ± 42.7 114.9 ± 36.4 

   RVEDVi %pred 154.2 ± 54.9 149.7 ± 53.4 168.3 ± 57.9 

   RVEF 39.1 ± 12.3 40.1 ± 12.3 35.7 ± 11.9 

   RVEF %pred 57.8 ± 18.4 59.8 ± 18.5 51.6 ± 17.0 

   LVEDVi 72.5 ± 22.5 73.5 ± 24.0 69.2 ± 16.8 

   LVEDVi %pred 99.1 ± 29.9 99.4 ± 31.5 98.2 ± 24.6 

   LVSV 72.5 ± 29.8 73.8 ± 31.7 68.6 ± 22.7 

   RA area 24.2 ± 9.4 24.2 ± 9.8 24.1 ± 8.2 

   RAEF 0.5 ± 0.2 0.5 ± 0.2 0.4 ± 0.1 

Definition of abbreviations: PAH = pulmonary arterial hypertension; WHO FC = World Health Organisation functional class; IPAH 

= idiopathic pulmonary arterial hypertension; HPAH = heritable pulmonary arterial hypertension; PAH-CTD = pulmonary arterial 

hypertension associated with connective tissue disease; PAH-CHD = pulmonary arterial hypertension associated with congenital heart 

disease; PoPH = portopulmonary hypertension; mRAP = mean right atrial pressure; mPAP = mean pulmonary arterial pressure; PAWP 

= pulmonary arterial wedge pressure; PVR = pulmonary vascular resistance; MvO2 = mixed venous oxygen saturation; NTpro-BNP 

= N-terminal prohormone brain natriuretic peptide; log10 = logarithm with a base equal to 10; MRI = magnetic resonance imaging; 

%pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index; RVEDVi = right ventricular 

end-diastolic volume index; RVEF = right ventricular ejection fraction; LVEDVi = left ventricular end-diastolic volume index; LVSV 

= left ventricular stroke volume; RA = right atrial; RAEF = right atrial ejection fraction. 
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9.3.2 Correlations 

Strong correlation was found between continuous log10 (NT-proBNP) and continuous 

percentage predicted right ventricular end systolic volume index (RVESVi) (r = 0.65, P < 

0.001), see Figure 9.1. Moderate correlations of continuous log10 (NT-proBNP) with 

continuous left ventricular stroke volume, continuous RA measurements and all continuous 

RV measurements included in this study, apart from continuous percentage predicted RVESVi, 

were found. Weak correlation was found between continuous log10 (NT-proBNP) and 

continuous left ventricular end diastolic volume index (r = -0.26, P = 0.003), see Table 9.2. 

 

 

Figure 9. 1 Scatter plot of NTpro-BNP and RV measurement 

Showing the relationship of continuous log10 (NTpro-BNP) versus continuous percentage predicted RVESVi. 

Log10 = logarithm with a base equal to 10; NTpro-BNP = N-terminal prohormone brain natriuretic peptide; 

%pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index. 
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Table 9. 2 Relationships between continuous MRI and continuous log10 (NTpro-BNP) 

Cardiac MRI parameters 

Log10 (NTpro-BNP) 

(n = 121) 

r p 

RVESVi 0.53 <0.001 

RVESVi %pred 0.65 <0.001 

RVEDVi 0.42 <0.001 

RVEDVi %pred 0.52 <0.001 

RVEF -0.54 <0.001 

RVEF %pred -0.59 <0.001 

LVEDVi -0.26 0.003 

LVEDVi %pred -0.19 0.041 

LVSV -0.41 <0.001 

RA area 0.42 <0.001 

RAEF -0.50 <0.001 

Definition of abbreviations: MRI = magnetic resonance imaging; log10 = logarithm with a base equal to 10; NTpro-BNP = N-

terminal prohormone brain natriuretic peptide; %pred = percentage predicted for age and sex; RVESVi = right ventricular end-

systolic volume index; RVEDVi = right ventricular end-diastolic volume index; RVEF = right ventricular ejection fraction; 

LVEDVi = left ventricular end-diastolic volume index; LVSV = left ventricular stroke volume; RA = right atrial; RAEF = 

right atrial ejection fraction. 

 

A simple linear regression was carried out to test if continuous percentage predicted RVESVi 

significantly predicted continuous log10 (NTpro-BNP). The results of the regression indicated 

that the model explained 42% of the variance and that the model was significant, F(1,119) = 

86, p<.001. It was found that continuous percentage predicted RVESVi significantly predicted 

continuous log10 (NTpro-BNP) (β1 = 0.003, p<.001). 
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9.3.3 Survival 

During the mean follow-up period (2.9 years), 29 of 121 (24%) patients died. Categorical NT-

proBNP (P = 0.016) and continuous percentage predicted right ventricular end diastolic volume 

index (P = 0.044) were associated with adverse outcome at univariate Cox regression analysis. 

Continuous percentage predicted RVESVi (P = 0.004) was the strongest predictor of mortality 

from univariate Cox regression analysis (Table 9.3 and 9.4). 

 

Table 9. 3 Univariate Cox regression hazard ratios for categorical parameters 

Categorical parameters 
Overall mortality (29 deaths), n = 121 

Hazard ratio (95% confidence interval) P value 

NT-proBNP 1.175 (1.110–2.763) 0.016 

RVESVi 1.392 (0.836–2.319) 0.203 

RVESVi %pred 2.062 (0.879–4.841) 0.096 

RVEF 1.615 (0.893–2.923) 0.113 

RVEF %pred 1.734 (0.913–3.293) 0.093 

LVEDVi 0.710 (0.288–1.749) 0.456 

LVEDVi %pred 0.796 (0.399–1.591) 0.519 

RA area 0.967 (0.625–1.496) 0.880 

Definition of abbreviations: MRI = magnetic resonance imaging; NTpro-BNP = N-terminal prohormone brain natriuretic 

peptide; %pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index; RVEF = right 

ventricular ejection fraction; LVEDVi = left ventricular end-diastolic volume index; RA = right atrial. 
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Table 9. 4 Univariate Cox regression hazard ratios for continuous MRI parameters 

Continuous parameters 
Overall mortality (29 deaths), n = 121 

Hazard ratio (95% confidence interval) P value 

RVESVi 1.005 (0.994–1.015) 0.378 

RVESVi %pred 1.004 (1.001–1006) 0.004 

RVEDVi 1.003 (0.994–1.012) 0.486 

RVEDVi %pred 1.006 (1.000–1.013) 0.044 

RVEF 0.978 (0.950–1.006) 0.125 

RVEF %pred 0.981 (0.962–1.000) 0.054 

LVEDVi 0.999 (0.981–1.017) 0.874 

LVEDVi %pred 1.004 (0.992–1.017) 0.524 

LVSV 0.997 (0.983–1.011) 0.643 

RA area 0.996 (0.958–1.035) 0.848 

RAEF 0.083 (0.005–1.428) 0.086 

Definition of abbreviations: MRI = magnetic resonance imaging; %pred = percentage predicted for age and sex; RVESVi = 

right ventricular end-systolic volume index; RVEDVi = right ventricular end-diastolic volume index; RVEF = right ventricular 

ejection fraction; LVEDVi = left ventricular end-diastolic volume index; LVSV = left ventricular stroke volume; RA = right 

atrial; RAEF = right atrial ejection fraction. 

 

 

Tables 9.5 and 9.6 present the results of bivariate analysis of categorical NTpro-BNP on 

categorical and continuous covariate predictors of mortality. The prognostic value of 

categorical NTpro-BNP was not independent of any of the categorical or continuous RV 

volumetric measurements, or continuous right atrial ejection fraction. 
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Table 9. 5 Bivariate Cox regression hazard ratios for categorical NT-proBNP vs categorical MRI 

Categorical 

parameters 

Hazard ratio of covariate 

with categorical NT-

proBNP  

P value 
Hazard ratio of categorical 

NT-proBNP with covariate  
P value 

RVESVi %pred 1.081 (0.343–3.406) 0.894 1.702 (0.920–3.150) 0.090 

RVEF 1.076 (0.522–2.218) 0.842 1.691 (0.956–2.990) 0.071 

RVEF %pred 1.088 (0.482–2.459) 0.838 1.683 (0.928–3.049) 0.086 

Definition of abbreviations: MRI = magnetic resonance imaging; NTpro-BNP = N-terminal prohormone brain natriuretic 

peptide; %pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index; RVEF = right 

ventricular ejection fraction. 

 

 

Table 9. 6 Bivariate Cox regression hazard ratios for categorical NT-proBNP vs continuous MRI 

Continuous 

parameters 

Hazard ratio of covariate 

with categorical NT-

proBNP  

P value 
Hazard ratio of categorical 

NT-proBNP with covariate  
P value 

RVESVi %pred 1.003 (0.999–1.006) 0.107 1.329 (0.748–2.361) 0.332 

RVEDVi %pred 1.003 (0.996–1.011) 0.407 1.580 (0.940–2.656) 0.084 

RVEF 1.002 (0.965–1.041) 0.910 1.790 (0.987–3.248) 0.055 

RVEF %pred 0.995 (0.968–1.002) 0.717 1.623 (0.879–2.996) 0.122 

RAEF 0.347 (0.012–9.695) 0.534 1.510 (0.875–2.606) 0.139 

Definition of abbreviations: MRI = magnetic resonance imaging; NTpro-BNP = N-terminal prohormone brain natriuretic 

peptide; %pred = percentage predicted for age and sex; RVESVi = right ventricular end-systolic volume index; RVEDVi = 

right ventricular end-diastolic volume index; RVEF = right ventricular ejection fraction; RAEF = right atrial ejection fraction. 
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9.4 Discussion 

This study evaluated the prognostic value of cardiac MRI and NT-proBNP simultaneously in 

patients with PAH. The most obvious findings to emerge from this study are that (i) continuous 

log10 (NT-proBNP) was found to be most strongly correlated with an established RV function 

prognostic marker, namely, continuous percentage predicted RVESVi, and (ii) the prognostic 

value of categorical NTpro-BNP was not independent of any of the categorical or continuous 

RV volumetric measurements. 

Our study shows a strong and significant relationship between continuous log10 (NT-proBNP) 

and continuous percentage predicted RVESVi in patients with PAH. Forty-two percent of the 

variance in the dependent variable continuous log10 (NTpro-BNP) is explained by the 

independent variable continuous percentage predicted RVESVi. In other words, continuous 

percentage predicted RVESVi significantly predicts continuous log10 (NTpro-BNP) as we 

have measured both variables by explaining 42% of the variance. This finding supports 

previous research which observed an association between NT-proBNP and RVESV (Fenster et 

al., 2014, Blyth et al., 2007). 

The results have shown that the strongest predictors of mortality from univariate Cox 

regression analysis were categorical NT-proBNP and continuous percentage predicted 

RVESVi. Contrary to expectations, the prognostic value of categorical NTpro-BNP was not 

independent of the continuous percentage predicted RVESVi at bivariate analysis. These 

factors may explain the strong correlation between NTpro-BNP and the percentage predicted 

RVESVi and might suggest an approach where clinicians can either use cardiac MRI 

measurements or NT-proBNP test to assess and risk stratify patients with PAH. Another 

possible explanation for this unexpected result is that high concentrations of NT-proBNP can 

be influenced by other pathologies such as acute/chronic heart failure, anaemia, acute coronary 
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syndrome, pulmonary embolism, type 2 diabetes mellitus and chronic renal failure (Fu et al., 

2018, Santaguida et al., 2014, Nayer et al., 2014, Kiely et al., 2005); however, this study did 

not control for this. 

9.5 Limitations and Future Work 

Several limitations to this pilot study need to be acknowledged. First, this study is limited by 

its single centre design. Second, with a small sample size, caution must be applied, as the 

findings might not be transferable at this stage. Further work with a larger number of patients 

is required to establish this work. Third, other factors that elevate NT-proBNP levels must be 

considered when conducting a research study or clinically assessing patients with PAH 

(Nishimura et al., 2018, Humbert et al., 2022a). Fourth, the retrospective nature of this study 

and the time gap between blood specimen collection and MRI measurements may have 

limitations, as any interval changes in treatment could affect the BNP levels. Future studies on 

the current topic are therefore recommended. 

9.6 Conclusion 

Categorical NT-proBNP is strongly related to the continuous percentage predicted RVESVi 

and has prognostic significance in patients with PAH. This opens up the need for further study 

to assess the added value of different approaches for the assessment of the right ventricle. 
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Chapter 10: Discussion, 

Limitations and Further Work 
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10.1 Research Design 

All cohorts in this PhD thesis are limited by their single referral centre design, even though this 

thesis includes one of the largest cohorts of patients with PAH who underwent cardiac MRI. In 

addition, this thesis incorporates a single-centre clinical evaluation of an AI algorithm created 

in a multi-vendor, multi-centre cohort, with the clinical evaluation taking place in a tertiary 

referral centre for patients with PAH. Imaging characteristics and patient populations are 

probably indicative of other PAH referral centres. The AI algorithm was developed in a 

multicentre setting and tested at a single centre. Multicentre testing would be the next stage in 

determining the algorithm's applicability to a broad community. 

Since the majority of this thesis was completed retrospectively and all patients had already 

been diagnosed with PAH, selection bias could not be ruled out. Ideally, prospective studies 

with a substantial number of patients are required to confirm and validate the results of this 

research. Therefore, more research is required to develop a higher degree of precision in RA 

area risk stratification at 1-year mortality and to highlight the potential of cardiac MRI for 

assessing PAH severity. 

10.2 Artificial Intelligence and Reproducibility 

One of the main goals of this PhD thesis was to develop a quantitative cardiac MRI-based 

automated artificial intelligence (AI) analysis of the RA in a large cohort of patients with heart 

failure and PAH of diverse aetiology and disease severity; and to determine the failure rate of 

the model in a large clinical registry, evaluate interstudy repeatability of the RA and NTpro-

BNP, directly compare the association of manual RA area and AI RA area with invasive 

haemodynamics, and assess RA measurements as predictors of mortality. However, the current 

AI methodology utilises manual quality control, which is favourable from a regulatory 
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perspective and preserves expert supervision of the AI. Future developments to automate 

quality control are promising, but we consider manual review an essential component of the 

system. In order to improve the accuracy of the model, unsuccessful AI segmentation will be 

routinely identified and implemented into subsequent training rounds.  

The findings from this research make several contributions to the current literature. Cardiac 

MRI RA area measurements can be fully automated utilising AI with a very low failure rate in 

a large clinical cohort with varied RA size and deformity. In a scan-rescan cohort of patients 

with different severities of RA size and function, and PAH, the variability of AI-derived RA 

area measurements was excellent and lower than manual measurements, while NT-proBNP 

was of moderate repeatability. Furthermore, the correlation between RA area measurements 

and invasive haemodynamics was moderate, and AI measurements can identify mRAP 

prognostic thresholds with greater certainty than manual measurements. In addition, AI RA 

area measurements predict mortality with similar accuracy to manual measurements. Future 

research will assess the efficacy of such automatic QC techniques in clinical populations. 

However, artificial intelligence has downsides: constantly improving algorithms, time-

consuming and enormous amounts of data required to train. For example, if you feed a model 

inaccurate data, it will only produce inaccurate results. To reduce generalisation error and 

determine broader applicability of the algorithm, multicentre setting and multicentre testing are 

recommended for future research. 

10.3 Prognostic Value and Risk Stratification 

An initial objective of this PhD work was to validate the ESC/ERS guideline thresholds of 

manual RA area and identify optimal approaches. The findings from this study validate the 

ESC/ERS guideline thresholds of the RA and suggest that, at follow-up, minimal RA area is 

potentially a stronger predictor of mortality than maximal RA area and RAC in patients with 
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PAH. In addition, the work of this PhD thesis was designed to compare AI RV and AI RA area 

measurements and their utility to risk stratify patients with PAH, using the reference standard 

for assessment of cardiac structure and function. This was performed by comparing published 

thresholds for RV metrics (Lewis et al., 2020) with ESC/ERS thresholds for RA area (Humbert 

et al., 2022a, Humbert et al., 2022b). The results of this study confirm the prognostic value of 

RA and RV metrics using the reference standard for measures of cardiac structure and function 

in PAH. However, in regard to PAH risk stratification, this study highlights the necessity for 

guidelines to include RV function measurements in addition to RA area. 

According to ESC/ERS pulmonary hypertension guidelines, we mainly measured the RA area. 

The predictive relevance of cardiac MRI-derived right atrial volume and reservoir function 

(reservoir, conduit, and contractile functions) in patients with clinically deteriorating 

pulmonary hypertension has been previously established (Sato et al., 2013, Sato et al., 2015). 

Further research is required to determine whether alternative measures of RA volume and/or 

function provide further prognostic value. In addition, this research work presents an AI model 

for RA area estimation rather than volume estimation. The objective was to automate clinical 

measurements done in accordance with ESC/ERS guidelines for PAH. Future investigations 

could benefit from the development and clinical evaluation of a 3-dimensional or multislice 

RA volumetric model, as well as the extraction of physiological data previously reported to be 

essential (Sato et al., 2015). 

10.4 Cardiac MRI and NT-proBNP 

This PhD thesis set out with the aim of evaluating the prognostic role of automated cardiac 

MRI and NT-proBNP in PAH. The most remarkable findings to arise from this study is that 

NT-proBNP was found to be most strongly correlated with an established RV function 

prognostic marker; specifically, percentage predicted RVESVi, and the prognostic value of 
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NTpro-BNP was not independent of any of the RV volumetric measurements. This necessitates 

additional research to evaluate the added value of different approaches when assessing the right 

ventricle. 

In addition, the work of this PhD thesis does not include a comparison with left ventricular 

parameters because they are less established in patients with PAH as a prognostic marker, 

despite recent studies demonstrating that left ventricular parameters have prognostic value 

(Knight et al., 2015, Alabed et al., 2020, Anton Vonk Noordegraaf et al., 2022) and may play 

a role in risk stratification of patients with PAH (Lewis et al., 2020). Further clinical research 

is needed, and it is essential to understand what is happening with the left ventricle as well. 

Furthermore, this thesis has not solved how to integrate the information for the right atrial and 

right ventricle. We would use advanced modelling and dynamic measurements such as strain 

parameters to analyse cardiac structure and function in future research. 

MRI has some disadvantages, including the fact that it is noisy, pricey, limited availability and 

contraindicated for patients with metallic devices. In addition, feelings of claustrophobia and 

discomfort are significant problems for several MRI users. Most hospitals have an MRI 

scanner; however, physicians do not always have access to an MRI scanner to use for 

pulmonary hypertension. Further work is to compare cardiac MRI against three-dimensional 

echocardiography (3DE), identify the optimal measurements and investigate the incremental 

value of MRI over 3DE. 

In regards to the serological biomarker, high concentrations of NT-proBNP can be influenced 

by other pathologies, such as acute/chronic heart failure, anaemia, acute coronary syndrome, 

pulmonary embolism, type 2 diabetes mellitus, and chronic renal failure (Kiely et al., 2005, 

Nayer et al., 2014, Santaguida et al., 2014, Fu et al., 2018), but this was not accounted for in 

this thesis. When performing a research study or clinically evaluating patients with PAH, it is 
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important to assess the factors that increase NT-proBNP levels (Nishimura et al., 2018, 

Humbert et al., 2022a, Humbert et al., 2022b). Therefore, further research on this area is 

recommended. Moreover, NT-proBNP blood tests were carried out in university laboratories 

using test kits that were not clinical-grade. For future work, the NT-proBNP samples will be 

repeated using trust-grade sample kits at Sheffield Teaching Hospitals NHS Foundation Trust. 

10.5 Conclusions 

Using manual and automated cardiac MRI, this work demonstrated that RV function and RA 

area measurements had predictive significance; however, only RV function measurements, and 

not the current ESC/ERS RA area thresholds, identify patients with a low risk of 1-year 

mortality. Furthermore, cardiac MRI RV and RA area measurements can be fully automated 

using AI with a very low failure rate. In a scan-rescan cohort of patients with PAH, the 

variability of AI-derived RA area measures was lower than manual measurements. The 

correlation between manual and automated RA area measurements and invasive 

hemodynamics is moderate. In addition, NT-proBNP showed a moderate correlation with 

automated RV function. Recommendations have been made for additional research 

investigating larger cohorts with NT-proBNP and cardiac MRI measures to determine the 

added value of alternative techniques for measuring the right ventricle. 
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