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Abstract
Background: Pulmonary arterial hypertension (PAH) is a currently incurable deadly disease characterized by progressively elevated pulmonary vascular resistance which leads to right heart failure and eventually death. Exercise intolerance is a major manifestation which severely affects the quality of life in patients with PAH. Exercise capacity can be objectively measured by cardiopulmonary exercise testing (CPET), which is also recommended by the latest PAH guideline. CPET also provides additional information on ventilatory efficiency and cardiovascular functions. The prognostic value of several CPET parameters has been demonstrated in patients with idiopathic PAH in previous studies, however, it is insufficiently demonstrated in congenital heart disease associated with PAH (CHD-PAH). Moreover, apart from prognostic evaluation of clinical exercise parameters, the underlying metabolic changes during exercise in PAH has yet to be investigated.
Aims: We mainly aimed to: (1) evaluate the exercise capacity, ventilatory efficiency, and cardiovascular reserve using CPET in patients with CHD-PAH; (2) investigate whether CPET parameters have prognostic implications in these patients; (3) improve the understanding of metabolic perturbations in CHD-PAH through exercise-metabolomics profiling. 
Methods: We prospectively enrolled 171 consecutive patients with CHD-PAH and 30 age- and sex-matched healthy controls and performed CPET. Prognostic evaluation of CPET parameters was performed in the overall patient cohort. Of all the patients, we collected blood samples at baseline, peak exercise, and recovery period during CPET of 29 patients (Exercise metabolic cohort) and 20 age- and sex-matched healthy controls for measurement of 224 metabolites included in 3 targeted panels using liquid chromatography tandem-mass spectrometry.
Results: The median age of patients at enrollment was 27.8 years, and 131 (76.6%) were female. Exercise capacity, ventilatory efficiency, and cardiovascular reserve were severely reduced in patients compared to healthy controls. In multivariate COX regression analysis, peak oxygen uptake (VO2) was identified as an independent predictor for both mortality (Hazard ratio = 0.579, 95% CI: 0.429, 0.781; p < 0.001) and clinical worsening (CW) (Hazard ratio = 0.842, 95% CI: 0.741, 0.958; p = 0.009). Patients with VO2 < 11.1 ml/kg/min were at increased risk of death (log-rank p < 0.001) and patients with peak VO2 < 13.0 ml/kg/min were more likely to have CW events (log-rank p = 0.004) in Kaplan-Meier analysis. Random survival forest analysis supported the prognostic value of peak VO2 for predicting both mortality and CW. Exercise-metabolomics profiling showed patients had significantly different baseline metabolic status and exercise-induced metabolic responses compared to controls. Linear regression analysis indicated that the reserve (difference between baseline and peak exercise) in some metabolites during exercise were significantly related to VO2 reserve in patients. Comprehensive analysis and screening identified spermine and spermidine not only of diagnostic value but also involved in the pathophysiological mechanisms in PAH. 
Conclusions: Patients with CHD-PAH have worse exercise capacity, ventilatory efficiency and cardiovascular reserve compared to healthy controls. Peak VO2 is a strong predictor for both mortality and CW in CHD-PAH. Patients with peak VO2 < 11.1 ml/kg/min are at higher risk of death and patients with peak VO2 < 13.0 ml/kg/min are more likely to have CW events. Altered spermidine/spermine metabolism might be involved in the pathophysiological mechanisms underlying the exercise intolerance in patients with CHD-PAH. 
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[bookmark: _Toc486930982]1.1 Pulmonary hypertension
Pulmonary hypertension (PH) is an uncommon pathophysiological condition in the general population but commonly seen in many cardiovascular and respiratory diseases, like heart failure, valvular disease, chronic obstructive pulmonary disease (COPD), interstitial lung disease, etc1. In the general population, an echocardiographic population-based study from Rotterdam suggests the prevalence of PH is 2.6%, and higher pulmonary artery pressure (PAP) is associated with left ventricular diastolic dysfunction, COPD, and systemic hypertension2. The prevalence of PH can be as high as 80% in patients with heart failure3, 4, and ranges from 30% to 70% in patients with COPD 5-8. When PH occurs in those cardiopulmonary diseases, patients will have severer symptoms, worse exercise tolerance, and poorer outcomes, which makes the management of patients more challenging. Moreover, in the general population, PAP increases with age, and even in those without cardiopulmonary diseases, higher PAP is associated with higher mortality9.  
[bookmark: _Toc486930983]1.1.1 Diagnosis and classification of pulmonary hypertension 
PH is defined as an elevated resting mean pulmonary artery pressure (mPAP) ≥ 25 mmHg measured by right heart catheterization (RHC)1, 10, while more often the diagnosis is suggested by echocardiography especially in non-PH centers. The normal mPAP for healthy people at rest is 14 ± 3 mmHg and the upper limit is about 20 mmHg10. For people with mPAP levels between 21 and 24 mmHg, there is little evidence especially about the natural history, and the term ‘borderline PH’ is not suggested to use for them10. However, a few studies suggest there might be prognostic significance of mildly elevated mPAP in patients with connective tissue disease (CTD) or lung disease10. For these patients it is suggested to have their mPAP carefully monitored during follow-up1. 
PH is consisted of 5 clinical groups according to the latest guideline made in the 5th world symposium on PH in Nice, France, in 2013 (details in Table 1)1, 11:
Group 1: pulmonary arterial hypertension (PAH)
Group 2: PH due to left heart disease (PH-LHD)
Group 3: PH due to lung disease and/or hypoxia (PH-LD)
Group 4: chronic thromboembolic PH (CTEPH)
Group 5: PH with unclear and/or multifactorial mechanisms
[bookmark: _Toc486930984]1.1.2 Diagnosis and classification of pulmonary arterial hypertension
Of the 5 PH groups, PAH is rare but most investigated. PAH is a multifactorial   deadly disease, characterized by progressively elevated pulmonary vascular resistance (PVR) which leads to right heart failure and eventually death. PAH refers to patients with pre-capillary PH (mPAP ≥ 25 mmHg plus pulmonary artery wedge pressure (PAWP) ≤ 15 mm Hg) and an elevated PVR > 3 Wood Units, measured by RHC at rest. PAH is divided into 4 groups as follows 1, 11:
(1) Idiopathic PAH (IPAH)
(2) Heritable PAH (HPAH)
(3) Drug and toxin induced PAH (PAH-DT)
(4) PAH associated with other diseases
[bookmark: _Toc486930985]1.1.3 History of pulmonary arterial hypertension
The study of PAH dates back to 1891, when a German physician described an autopsy as ‘pulmonary vascular sclerosis’12. However, PAH did not get much attention of researchers until the outbreak of aminorex-induced PAH in the late 1960s. The World Health Organization (WHO) then organized the first PH meeting in Geneva in 1973, followed by the U.S. national PAH registry starting from 198113. Since then, investigations on molecular biology, developmental biology, genetics have made significant progress. 
[bookmark: _Toc486941778]Table 1.1 Classification of pulmonary hypertension (PH)
	1. Pulmonary arterial hypertension 

	1.1 Idiopathic 

	1.2 Heritable 

	1.2.1 BMPR2 

	1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3

	1.2.3 Unknown 

	1.3 Drug and toxin induced 

	1.4 Associated with 

	1.4.1 Connective tissue diseases 

	1.4.2 HIV infection 

	1.4.3 Portal hypertension 

	1.4.4 Congenital heart diseases 

	1.4.5 Shistosomiasis 

	1’. Persistent pulmonary hypertension of the newborn 

	1’’. Pulmonary venoocclusive disease 

	2. Pulmonary hypertension due to left heart disease 

	2.1 Left ventricular systolic dysfunction 

	2.2 Left ventricular diastolic dysfunction 

	2.3 Valvular disease 

	2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies

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

	3.1 Chronic obstructive pulmonary disease

	3.2 Interstitial lung disease 

	3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern

	3.4 Sleep-disordered breathing

	3.5 Alveolar hypoventilation disorders 

	3.6 Chronic exposure to high altitude 

	3.7 Development abnormalities 

	4. Chronic thromboembolic pulmonary hypertension 

	5. Pulmonary hypertension with unclear multifactorial mechanisms 

	5.1 Hematologic disorders: chronic haemolytic amenia, myeloproliferative disorders, splenectomy 

	5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis 

	5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 

	5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental pulmonary hypertension


BMPR2 = bone morphogenetic protein receptor, type 2; EIF2AK4 = eukaryotic translation initiation factor 2 alpha kinase 4; HIV = human immunodeficiency virus. 
Reproduced from 1 with permission from the publisher.
[bookmark: _Toc486930986]1.1.4 Epidemiology of PAH
The epidemiology data is available from several registries from different countries, including France14, US15, Spain16, and UK and Ireland17. In general, the incidence and prevalence are 2.3~ 3.7 and 12.4 ~ 16 cases per million per year for PAH (Table 1.2). In contrast, the incidence and prevalence are 1.1~ 1.2 and 5.9 ~ 6.6 cases per million per year for IPAH/HPAH (Table 1.2). The population in different registries are slightly different, for example, in the UK and Ireland registry IPAH, HPAH, and Anorexign induced PAH are combined together. 
[bookmark: _Toc486941779]Table 1.2 Pulmonary arterial hypertension (PAH) registries of different countries
	PAH registry
	PAH
	IPAH/HPAH

	
	Incidence (cpm/yr)
	Prevalence
(cpm/yr)
	Incidence
(cpm/yr)
	Prevalence
(cpm/yr)

	French
	2.4
	15
	NA
	5.9

	US-REVEAL
	2.3
	12.4
	1.1
	NA

	Spanish
	3.7
	16
	1.2
	5.6

	UK and Ireland
	NA
	NA
	1.1
	6.6


PAH = pulmonary arterial hypertension; IPAH = idiopathic pulmonary arterial hypertension; HPAH = heritable pulmonary arterial hypertension; NA= not available.
Reproduced from 18 with permission from the publisher.
[bookmark: _Toc486930987]1.1.5 Pathophysiology and pathogenesis in pulmonary arterial hypertension (PAH)
The elevated PVR in PAH results from luminal stenosis of distal pulmonary arteries, which is mainly due to pulmonary vascular modeling, vasoconstriction, and in situ thrombosis19. Endothelial dysfunction, although whether it is the cause or the effect of pulmonary vascular remodeling is unclear, it plays an important role in the pathogenesis of PAH19. It also leads to an imbalance of vasodilators and vasoconstrictors in the pulmonary vasculature and results in abnormal vasoconstriction in the pulmonary arteries19. Vasodilators like prostacyclin (PGI2) and nitric oxide (NO) are found to be reduced while the vasoconstrictor endothelin-1 (ET-1) is elevated in patients with PAH 20-22. This is part of the theoretical basis of the current PAH targeted therapies (Figure 1.1).
Research in the past decades has identified multiple cellular and molecular abnormalities related to pulmonary vascular remodeling19. In the remodeling arteries, the increased proliferation of pulmonary artery smooth muscle cells (PASMCs) with medial hypertrophy and arteriolar muscularization, and excessive pulmonary artery endothelial cells (PAECs) proliferation with intimal thickening are the key alterations23. The hallmark of severe pulmonary vascular remodeling, the plexiform lesion, is formed by proliferation of PAECs and migration of PASMCs23. Other abnormalities include perivascular inflammation, mitochondrial dysfunction, dysregulated calcium signaling, and abnormal angiogenesis (Figure 1.2)19. These pathophysiological changes together promote the pulmonary vascular remodeling and lead to the development and worsening of PAH.
The genetic abnormalities also contribute to the pathogenesis of PAH. The most important mutations in patients with PAH is in bone morphogenetic protein receptor 2 (BMPR2), which accounts for the majority of HPAH19. BMPR2 pathway is significantly related to pulmonary vascular remodeling but the precise mechanisms are unknown19. The other mutations responsible for other patients with HPAH are activin receptor-like kinase 1 (ALK-1), endoglin (ENG), and KCNK31.

[image: ]
[bookmark: _Toc486941722]Figure 1.1 Current targeted pathways of pulmonary arterial hypertension (PAH)
ET = endothelin; ETA = endothelin type A; IP = prostaglandin I2; NO = nitric oxide; PAH = pulmonary arterial hypertension; PDE-5 = phosphodiesterase type 5; sGC = soluble guanylate cyclase. 
Reproduced from 19 with permission from the publisher
[image: ]
[bookmark: _Toc486941723]Figure 1.2 Dysregulated pathways in the pathogenesis of pulmonary arterial hypertension (PAH)
EC = endothelial cell, SMC = smooth muscle cell
[bookmark: _Toc486930988]1.1.6 Treatment in pulmonary arterial hypertension
1.1.6.1 Approved treatment in pulmonary arterial hypertension
There were no targeted drugs for patients with PAH until the 1990s. The current approved drugs mainly target on pulmonary vascular tone regulating through three different pathways, endothelin pathway, NO pathway, and PGI2 pathway (Table 1.3). These drugs are only approved in patients with WHO Group 1 PAH (Riociguat is also approved for CTEPH), and there is no evidence for their use in Group 2 PH-LHD and Group 3 PH-LD1. In patients with CTEPH, other targeted drugs apart from Riociguat are used off-label1. For a minority of patients (approximately 10%) with IPAH/HPAH/PAH-DT who have acute response to vasodilators (NO or iloprost), high dose of calcium channel blockers could be used instead of targeted drugs1. 
Endothelial receptor antagonists (ERAs) and phosphodiesterase type 5 inhibitors (PDE-5is) are the most commonly used oral compounds for patients with PAH especially those in WHO functional class (WHO-FC) II and III1. Beraprost is mainly used in Asian countries, and the use of inhaled iloprost is limited by its delivery method. For patients with WHO-FC IV, intravenous epoprostenol is strongly suggested1. However, in China epoprostenol is still not available, and the best choice for these patients is subcutaneous treprostenil. New drugs like Macitentan, Riociguat, and Selexipag have been approved by FDA, EMA, and many other developed countries including Canada, New Zealand, Australia, South Korea, and Japan, but not in China yet1.
1.1.6.2 Novel approaches in pulmonary arterial hypertension
In the recent years, there are also advances in new strategies for PAH, and some of them are very promising19, 24 (Table 1.4).
Several drugs targeting inflammation response are being investigated in animal and clinical studies in PAH, including rituximab25,bardoxolone methyl, and tacrolimus26-28. Rituximab is an immunotherapy modulating the immune system and has been studied in systemic sclerosis (SSc) -associated lung diseases, which is now being determined in a phase II randomized clinical trial (RCT) in patients with SSc-PAH (NCT01086540). Bardoxolone methyl suppresses activation of multiple proinflammatory mediators and its efficacy and safety are being evaluated in patients in WHO Group I, III, and V PH (NCT02036970). Tacrolimus is an immunosuppressive drug mainly used for patients after organ transplantation and also a potent BMPR2 activator. Research showed it could activate BMPR2, rescue endothelial function, and reverse PH in animal models26. A RCT evaluating the safety and efficacy of tacrolimus in Group 1 PAH has been completed (NCT01647954). 
Drugs targeting metabolic disturbance such as dichloroacetate29-33and trimetazidine34, 35 also have good results in animal studies and are being investigated in clinical trials. Dichloroacetate, and inhibitor of the mitochondrial enzyme pyrute dehydrogenase kinase, has been widely used in mitochondrial disorders for decades, and a phase I clinical study in IPAH/HPAH/PAH-DT has been completed (NCT01083542). Trimetazidine inhibits fatty acid oxidation and indirectly increases glucose oxidation, which could restore mitochondrial function and improve right ventricle function. It is now being evaluated in a crossover study in Group 1 PAH (NCT02102672).
Tyrosine kinase inhibitors (TKIs) are of interest because of the proproliferative and antiapoptotic phenotype of several key pulmonary vasculature cells in PAH, including PASMCs and PAECs19. Data from several studies showed that although imatinib was well tolerated in patients with PAH, improved exercise capacity and hemodynamics were accompanied with severe adverse events and high rate of discontinuation36-41. The unsatisfied risk-benefit ratio limited its application in PAH. Nilotinib, a similar compound like imatinib, was also investigated in a phase II RCT in patients with PAH, but was terminated due to severe adverse events (NCT01179737). Interestingly, study indicated that there was a tolerable dosing regimen for a third TKI, sorefenib, in patients with PAH (NCT00452218). However, a further understanding of the interaction of tyrosine kinase inhibition and pathology of PAH is needed before applying any new drugs involved in this pathway.
There has been growing evidence showing that Rho kinase inhibitors can prevent PH in both animal and clinical studies42-59. Oral fasudil, a potent Rho kinase inhibitor, showed an acute decrease of PVR by 17% in a study of 9 patients with severe PH 56. It also improved hemodynamics of 23 patients with PAH in a RCT, but failed to improve 6MWD59. In another study, intravenous fasudil was demonstrated to reduce in-hospital mortality and 30-day reh-hospitalization in patients with severe PAH who also had right heart failure44.
The progress in endothelial progenitor cells provides chance of cell therapy in PAH60-73. Almost all the intervention studies were done in experimental models except one human study, in which autologous EPC transplantation was applied in patients with IPAH and there was significant improvement in both hemodynamics and exercise capacity in a mid-term of 3 months (NCT00257413)73. Further long-term study is needed for EPC therapy. 
There have been more than 30 miRNAs identified to be related to PH as shown in table 1.474-113. The use of miRNA mimics or the inhibitors could prevent or even reverse PH in animal studies. However, none of the miRNAs has been investigated in patients. 
Studies have demonstrated that serotonin transporter (5-HT) inhibitors prevent PH in animal models114, 115. In two observational studies in PAH, former exposure to selective serotine reuptake inhibitors (SSRIs) was associated with reduced risk of death 116, 117. However, in another larger study, new users of SSRIs were at greater risk of mortality and clinical worsening118.
Apelin, a peptide, is a ligand for G-protein-coupled receptor and is highly expressed in the lung vasculature. Studies have demonstrated its efficacy in alleviating PH in animal models, and a RCT evaluating the acute hemodynamic effects in PAH is undergoing (NCT01457170) 119-121.
Vasoactive intestinal peptide (VIP) is a pulmonary vasodilator and is reported to be absent in pulmonary arteries in patients with IPAH122-124. The deletion of VIP gene lead to PAH in mice125. In a human study, inhalation of VIP caused acute vasodilating effect in patients with PH124. 
[bookmark: _Toc486941780]Table 1.3 Current targeted drugs for pulmonary arterial hypertension (PAH)
	Pathways
	Categories
	Drugs

	Endothelin pathway
	ERAs
	Ambrisentan (oral)

	
	
	Bosentan (oral)

	
	
	Macitentan (oral)

	NO pathway
	PDE-5is
	Sildenafil (oral)

	
	
	Tadalafil (oral)

	
	
	Vardenafil (oral)

	
	sGC stimulators
	Riociguat (oral)

	PGI2 pathway
	Prostacyclin analogues
	Epoprostenol
	Intravenous

	
	
	Iloprost
	Inhaled

	
	
	
	Intravenous

	
	
	Treprostenil
	Subcutaneous

	
	
	
	Inhaled

	
	
	
	Intravenous

	
	
	
	Oral

	
	
	Beraprost (oral)

	
	IP receptor agonists
	Selexipag (oral)


ERAs = endothelin receptor antagonists; NO = nitric oxide; PDE-5is = phosphodiesterase type 5 inhibitors; sGC = soluble guanlate cylase; PGI2 = prostacyclin; IP = prostaglandin I2.
Reproduced from 1 with permission from the publisher.
[bookmark: _Toc486941781]Table 1.4 Novel approaches in pulmonary arterial hypertension (PAH) 
	Pathways
	Drugs/Compounds

	Inflammatory pathways
	Rituximab

	
	Tacrolimus

	
	Bardoxolone methyl

	Tyrosine kinase inhibitors
	Imatinib

	
	Nilotinib

	
	Sorefenib

	Metabolic dysfunction
	Dichloroacetate 

	
	Trimetazidine

	Rho kinase inhibitors
	Fasudil

	Cell therapy
	Endothelial progenitor cells

	miRNA
	miR-17, miR-20, miR-21, miR-25, miR-26, miR-27, miR-29, miR-30, miR-96, miR-124, miR-125, miR-126, miR-130, miR-138, miR-140, miR-143, miR-145, miR-146, miR-150, miR-204, miR-206, miR-208, miR-210, miR-214, miR-223, miR-301, miR-328, miR-424, miR-451, miR-503, miR193, miR-759

	Others
	Selective serotine reuptake inhibitors

	
	Apelin

	
	Vasoactive intestinal peptide


mirR = micro RNA
[bookmark: _Toc486930989]1.1.7 Prognosis in patients with pulmonary arterial hypertension
Before the first targeted drug Epoprostenol was approved by FDA in 1996, patients with IPAH only had a median survival time of 2.8 years (95% CI, 1.9 to 3.7 years) in the 1980s according to the US national prospective registry of IPAH13, 126 (Figure 1.3). These patients had estimated survival rates of 68%, 48%, and 34%, at 1 year, 3 years, and 5 years, respectively126. 
In the REVEAL registry which enrolled patients with PAH from 2006 to 2009, the estimated survival rates for Group 1 PAH were 85%, 68%, 57%, and 49% at 1 year, 3 years, 5 years, and 7 years, respectively (Figure 1.4)127. And for patients with IPAH/HPAH, estimated survival rates were 91%, 74%, 65%, and 58%, respectively127. Among the subgroups, patients with PAH associated with congenital heart disease (CHD-PAH) had better survival compared to patients with IPAH (p = 0.017) (Figure 1.5)127. Patients with PAH associated with CTD (CTD-PAH) and PAH with portal hypertension (Po-PAH) had worse survival than patients with IPAH (p < 0.001 for both) (Figure 1.5)127. 
In China, the approval of targeted drugs is always several years behind US FDA and intravenous epoprostenal is still not available, so patients are mainly treated by oral targeted drugs and inhaled iloprost. However, the survival of Chinses patients with IPAH in the modern era is also good, with 1 and 3 years survival of 92% and 75%, respectively128 (Figure 1.6). 
All these evidences suggest that the current survival of patients with PAH has been improved by the targeted drugs, although it is still poor. 
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[bookmark: _Toc486941724]Figure 1.3 Survival of patients with idiopathic pulmonary arterial hypertension (IPAH) in the 1980s
Reproduced from 126 with permission from the publisher.
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[bookmark: _Toc486941725]Figure 1.4 Survival of patients with pulmonary arterial hypertension (PAH) in the modern era
Reproduced from 127 with permission from the publisher.
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[bookmark: _Toc486941726]Figure 1.5 Survival of patients with pulmonary arterial hypertension (PAH) divided by subgroups
IPAH = idiopathic pulmonary arterial hypertension, APAH-CHD = congenital heart disease associated PAH, APAH-CTD = connective tissue disease associated PAH, PAH-PoPH = Porto-pulmonary hypertension, APAH-DT = drug and toxin induced PAH.
Reproduced from 127 with permission from the publisher.
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[bookmark: _Toc486941727]Figure 1.6 Survival of patients with pulmonary arterial hypertension (PAH) in China
IPAH = idiopathic pulmonary arterial hypertension, CTDPAH= connective tissue disease associated PAH.
Reproduced from 128 with permission from the publisher.
[bookmark: _Toc486930990]1.1.8 Pulmonary arterial hypertension in China 
There are some differences in the types of PAH and demographics of patients with PAH in China compared to western countries. Data from Fuwai Hospital, Beijing, the largest PH center in China showed that between 1996 and 2005, of all the 7085 in-patients diagnosed with PAH, patients with CHD-PAH were the majority (65.93%), and IPAH accounted for 3.77%129. The figure for CTD-PAH was relatively low (0.61%), partly because Fuwai Hospital is a cardiovascular hospital and some patients with CTD-PAH might be hospitalized in other small centers of general hospitals. The data of China national registry is not available now. In the contrast, data from the UK national audit suggested that the prevalence of CHD-PAH (30.2%) was equivalent to that of IPAH (33.6%) and CTD-PAH (28.3%)130. 
Another big difference is the age. Chinese patients with PAH are mostly in their 30s and 40s 128, 131, while patients from western countries are much older 14, 15, 17. Interestingly, the US national registry in the 1980s also had a young population of PAH compared to the current REVEAL registry13, 15. 
Last but not the least, China is a developing country and many orphan diseases like PAH are still not covered by the government insurance, so many patients could not afford the targeted drugs. A study from our center shows that lower socioeconomic status is associated with worse outcomes in patients with PAH131 (Figure 1.7). 
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[bookmark: _Toc486941728]Figure 1.7 Survival of patients with pulmonary arterial hypertension (PAH) divided by socioeconomic status (SES)
Reproduced from 131 with permission from the publisher.
[bookmark: _Toc486930991]1.2 Cardiopulmonary exercise testing
Cardiopulmonary exercise testing (CPET) is a useful tool for precisely measuring the functional capacity of patients with cardiovascular and pulmonary diseases, determining the cause of dyspnea on exertion, and evaluating the cardiac and pulmonary responses to exercise in several different populations 132-134. The clinical indications of CPET are listed in table 1.5.
[bookmark: _Toc486941782]Table 1.5 Clinical indications of cardiopulmonary exercise testing (CPET)
	Population
	Usefulness of CPET

	Heart failure
	Grading disease severity, prognostic evaluation, prioritizing patients for heart transplantation, development of an exercise prescription

	Valvular disease/dysfunction
	Assessment of functional capacity

	Congenital heart disease
	Assessment of functional capacity, prognostic evaluation, determination of need for surgical repair and response to treatment, development of an exercise prescription

	Hypertrophic cardiomyopathy
	Grading disease severity, helping recognize the disease in young patients, prognostic evaluation

	Unexplained external dyspnea
	Determining cause of external dyspnea

	Suspected or confirmed pulmonary arterial hypertension
	Detecting potential pulmonary vasculopathy, Assessment of functional capacity, prognostic evaluation, determination of response to treatment, development of an exercise prescription

	Chronic obstructive pulmonary disease
	Prognostic evaluation, screening secondary pulmonary hypertension

	Interstitial lung disease
	Prognostic evaluation, screening secondary pulmonary hypertension

	Suspected myocardial ischemia
	Diagnostic evaluation

	Suspected mitochondrial myopathy
	Diagnostic evaluation

	Apparently healthy individuals
	Risk assessment for future adverse events



[bookmark: _Toc486930992]1.2.1 CPET parameters
Gas exchange measurement is the fundamental basis of CPET, which is based on the idea that energy consumption is very difficult to measure during exercise and the total oxygen consumption (VO2) approximates caloric expenditure, the quantified form of energy consumption132-134. The most important 3 gas exchange parameters provide by CPET are VO2, carbon dioxide output (VCO2), and ventilation (VE). Other parameters including respiratory exchange ratio (RER), the ventilatory equivalent for CO2 (VE/ VCO2), the ventilatory equivalent for O2 (VE/ VO2), partial pressure of end-tidal VCO2 (PETCO2), oxygen uptake efficiency slope (OUES), are all derived from these three. Heart rate (HR), blood pressure (BP), pulse oximetry, and electrocardiograph (ECG) are also recorded during the exercise. 
[bookmark: _Toc486930993]1.2.2 CPET in heart diseases
1.2.2.1 CPET in heart failure
The application of CPET in patients with heart failure (HF) is the earliest and widest135-145. The landmark study was performed by Weber et al. in 1987, in which they demonstrated that noninvasive determination of maximal VO2 during incremental treadmill exercise is and objective, reproducible, and negotiable measure of the severity of chronic cardiac or circulatory failure135. Mancini et al. evaluated the value of peak VO2 for optimal timing of heart transplantation in ambulatory patients with HF, and confirmed that in those with peak VO2 greater than 14.0 ml/min/kg transplantation can be safely deferred136. In their study, peak VO2 was also shown to be the best univariate predictor of survival. Another study by Osada et al. investigated the prognostic value of CPET parameters in patients with HF referred for heart transplantation with peak VO2 less than 14.0 ml/min/kg and showed that peak exercise systolic BP (sBP) and percent predicted peak VO2 were two important predictors for death or listing as Status 1(admission to the intensive care unit for prolonged inotropic or mechanical cardiovascular support listing for heart transplantation)137. In another general population with HF, Gitt et al. demonstrated combination of anaerobic threshold (AT) < 11ml/ml/kg and slope of VE/VCO2 had better prognostic value than peak VO2138. Other studies also identified exercise oscillatory breathing (EOB)139, 142, resting PETCO2 140and PETCO2 at AT141, HR recovery 146to be independent risk factors in patients with HF. Most of the above studies are done in patients with systolic HF, and CPET also has prognostic importance in patients with diastolic HF147-149. The prognostic and diagnostic stratification using CPET parameters for patients with HF is shown in Figure 1.8. 
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[bookmark: _Toc486941729]Figure 1.8 Prognostic and diagnostic stratification using cardiopulmonary exercise testing (CPET) in heart failure (HF)
CPX = cardiopulmonary exercise testing; VE/VCO2 slope = the slope of ventilatory equivalent for carbon dioxide; Peak VO2 = peak oxygen uptake; EOV = exercise oscillatory; PETCO2 = partial pressure of end-tidal carbon dioxide; ECG = electrocardiogram; HRR = heart rate reserve; BP = blood pressure; RER = respiratory exchange ratio. 
Reproduced from 134 with permission from the publisher.
1.2.2.2 CPET in hypertrophic cardiomyopathy
Patients with hypertrophic cardiomyopathy (HCM) often have exercise-induced symptoms, like arrhythmias and death150. Studies evaluated the safety of exercise testing in those patients and showed that the rate of major events during exercise is low150, 151. In those patients, abnormal exercise BP is related with exercise induced left ventricle systolic dysfunction and reduced peak VO2152. Ventilatory efficiency was also proved to be correlated with abnormal resting hemodynamics153. For prognostic evaluation, Bunch et al. found that ST-T changes of baseline ECG and premature contraction were associated with atrial fibrillation risk150. In a large prospective cohort study of 1380 patients with HCM, ventricular arrhythmia during exercise was detected in only 27 (2%) patients, however, it is associated with an increased risk of sudden death. There is also evidence that peak VO2 has prognostic value in a cohort of patients with obstructive HCM154. Not limited to patients with HCM, CPET can also be used in healthy athletes with ventricular hypertrophy. Athletes may develop left ventricular hypertrophy (LVH), which is physiological, however it is difficult to differentiate with pathological hypertrophy using ECG and echocardiography. In this case, CPET can be used in differentiating physiological LVH with hypertrophic cardiomyopathy (HCM). During exercise, athletes had much greater peak VO2 compare to patients with HCM155. 
1.2.2.3 CPET in congenital heart disease
In patients with CHD, CPET was also sufficiently investigated 156-163. Diller et al. reported that exercise capacity was depressed in various forms of CHD, and among them Eisenmenger patients had the worst peak VO2158. Also they demonstrated that peak VO2 predicted outcomes in these patients158. In their follow-up studies, VE/VCO2160 and HR reserve 159, 161were also identified as independent predictors in patients with CHD. Interestingly, in a study of women with CHD, HR reserve was associated with adverse pregnancy outcome163. 
1.2.2.4 CPET in suspected ischemia 
Diagnosis of coronary artery disease in subjects with suspected ischemia mainly relies on the classical ECG stress test164. However, CPET tells more including the standard exercise ECG test. Belardinelli et al. demonstrated that the use of a two-variable model based on O2 pulse flattening duration and ∆VO2/∆work rate slope in patients with suspected ischemia could improve the accuracy of standard ECG testing in identifying exercise-induced myocardial ischaemia164. Dominguze-Rodriguez et al. showed in their study that peak VO2 is significantly reduced in patients with cardiac syndrome X, particularly those presenting with fatigue during exertion165. Another study by Pinkstaff et al. suggested that the OUES change might help identify myocardial perfusion defects in a male population166. 
[bookmark: _Toc486930994]1.2.3 CPET in lung diseases
Exercise intolerance is also an important manifestation in patients with COPD, but CPET is not a routine investigation in these patients. Still there is evidence showing that peak VO2167and hypoxemia168 during exercise are prognostic factors in these patients. In a cohort of patients with COPD associated with PH, PH was associated with significantly reduced ventilatory efficiency169. In a study of patients with idiopathic pulmonary fibrosis, peak VO2 was not a predictor as continuous variable but it had prognostic significance as a binary variable with a threshold of 8.3 ml/kg/min170. The presence of PH in patients with pulmonary fibrosis is associated with reduced exercise capacity and worsen ventilator efficiency171. 
[bookmark: _Toc486930995]1.2.4 CPET in PAH
Exercise intolerance is a major manifestation in patients with PAH, and 6-minute walk distance (6MWD) has been used for the initial and follow-up evaluation of exercise capacity for many years. In many clinical trials conducted in the last two decades, 6MWD was evaluated as a primary or secondary endpoint. However, there has been growing literatures of CPET studies in PAH in the last 15 years and the latest PH guideline recommended CPET for risk stratification in patients with Group 1 PAH1 172-179(Figure 1.9). Compared to 6MWT, CPET can provide more objective and more comprehensive information not only about the exercise capacity but also ventilatory efficiency and cardiovascular responses of patients. Now in our center, CPET has become a routine for the initial evaluation of every PAH patient. 
Research showed peak VO2 and VE/VCO2 at AT all correlated well with functional class (FC) in patients with IPAH, and thus in clinical practice, CPET can provide more quantitative data about patients` disease severity172. As for prognostic evaluation, a peak VO2 ≤ 10.4 ml/kg/min and peak sBP ≤ 120 mmHg were proved to be associated worse survival in patients with IPAH175. In the PH guideline, expert opinion considered patients with peak VO2 < 11 ml/min/kg with high risk of mortality within 1 year. In another study comparing the prognostic value of CPET between IPAH and associated PAH, peak VO2 and VE/VCO2 at AT were predictive in IPAH, however, no variable predicted outcomes in associated PAH180. However, the number of patients with associated PAH in this study is small and further large cohort studies are warranted. 
CPET can also be used in evaluation of treatment response. Oudiz et al. demonstrated in a cohort with PAH that sildenafil could improve peak VO2, peak O2 pulse, VE/VCO2, and PETCO2176. 	
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[bookmark: _Toc486941730]Figure 1.9 Risk evaluation in pulmonary arterial hypertension (PAH)
6MWD = 6-minute walking distance; BNP = brain natriuretic peptide; CI = cardiac index; CMR = cardiac magnetic resonance; NT-proBNP = N-terminal pro-brain natriuretic peptide; pre. = predicted; RA = right atrium; RAP = right atrial pressure; SvO2 = mixed venous oxygen saturation; VE/VCO2 = ventilatory equivalents for carbon dioxide; VO2 = oxygen consumption; WHO = World Health Organization. 
Reproduced from 1 with permission from the publisher
[bookmark: _Toc486930996]1.3 Metabolomics
Evidence-based medicine in the last decades has made great progress and significantly improved the management of many diseases in human beings, especially in the population level. However, from the individual perspective, the diagnosis and treatment strategies are still not good enough, and thus we are pursuing a future of precision medicine. Metabolomics, benefiting from the development of high throughout mass spectrometry and nuclear magnetic resonance, makes it possible to metabotype each individual in a quantifiable but more read-out manner compared to the traditional gene analysis181-183. Metabolome represents one of the downstream and products of the environment`s interactions with the genome-transcriptome-proteome (Figure 1.10)182. It could provide a more thorough understanding of the metabolic state of a subject`s overall health status or the metabolic perturbation of a particular diseased organ though the measurement of thousands of low molecular weight biochemicals, including lipids, sugars, nucleotides, organ acids, and amino acids, in the blood, or other kinds of biological fluids, or tissues (Figure 1.11) 181, 182. In the current clinical practice, routine blood chemistry analytes are narrow and clinicians could only capture a small amount of information contained in the metabolome183. Metabolomics, however, could identity more comprehensive and probably novel metabolic signatures of diseases independent of traditional biomarkers allowing for more accurate differential diagnosis. In addition to serving as disease markers, it could more accurately describe the rapid biochemical responses to drugs and provide effective means to predict the variation in different subjects` responses183. Also the abnormal patterns of variance in the metabolites could help in the sub-classification of diseases, and risk stratification and prognostic evaluation of patients181-183. In the future, each subject could have a unique metabotype, and the management of patients in many diseases might be significantly altered. More importantly, the differences of metabolites between patients and healthy subjects, and the abnormal responses to treatment could help identify the underlying molecular mechanisms and better understand the pathogeneses of diseases. 
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[bookmark: _Toc486941731]Figure 1.10 Relationships between environment, genome, transcriptome, proteome, and metabolome
Reproduced from 182 with permission from the publisher.
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[bookmark: _Toc486941732]Figure 1.11 The primary substrates used by cells to produce energy 
Reproduced from 182 with permission from the publisher.
[bookmark: _Toc486930997]1.3.1 Metabolomics in heart diseases
Heart is the most metabolically demanding organ in a human body, which is capable consuming fatty acids, glucose, ketone bodies, pyrute, lactate, amino acids, and even its own constituent proteins182, 184. There is growing evidence showing that metabolomics could provide insight in the diagnosis, prognosis, and mechanisms in various of cardiovascular diseases182, 185-187.
[bookmark: _Toc486930998]1.3.1.1 Metabolomics in coronary artery diseases
In subjects with suspected myocardial ischemia, potential differential metabolic signatures were evaluated between the positive (cases) and negative cases (controls) confirmed by exercise stress testing188. In this study, the metabolomics panel contained 173 known analytes and some unidentified low-molecular weight metabolites188. By comparison, lactic acid and metabolites involved in skeletal muscle AMP catabolism increased after exercise in both cases and controls. Among the 23 most change-positive in cases while change-negative in controls, 6 members of the citric acid pathway were identified as of importance, with which cases and controls could be accurately differentiated188. In another interesting study patients with hypertrophic obstructive cardiomyopathy who underwent alcohol septal ablation were considered as a human model of planned myocardial infarction (PMI), and the metabolic changes before and after PMI were compared189. Patients underwent elective diagnostic coronary angiography and patients with spontaneous myocardial infarction were serving as negative and positive controls of myocardial injury, respectively189. The results showed that PMI-derived early changed metabolites (10 min after PMI) including aconitic acids, hypoxanthine, trimethylamine N-oxide, and threonine could differentiate the negative and positive controls189. A similar study evaluated the metabolic profiling in patients and swine undergoing angioplasty balloon-induced transient coronary occlusion which was considered as a model of acute myocardial ischemia (MIS)190. A bio-signature model containing several metabolites could accurately detect patients with transit MIS and another cohort of patients with acute chest pain190. These studies together suggest that the using of plasma metabolic signatures could help identify cases of myocardial ischemia and injury in an early stage. Additionally, several other studies demonstrated that metabolomics profiling also had both diagnostic and prognostic value for coronary artery disease (CAD)191-196. 
Interestingly, in patients undergoing cardiac surgery, the metabolic responses to ischemia/reperfusion were investigated in a study of 37 patients consisting of patients with diagnosed CAD, patients with left ventricular dysfunction (LVD), and patients without CAD and LVD197. The metabolomics analysis showed that dysfunctional ventricle is associated with depression of many metabolites after ischemia/reperfusion compared to baseline during cardiac surgery, and the alterations in metaboloites are associated with postoperative hemodynamics, suggesting that perioperative metabolic monitoring is needed in those patients197.
[bookmark: _Toc486930999]1.3.1.2 Metabolomics in Heart failure
In a study of patients with HF, plasma metabolic disturbances were identified, and a panel of metabolites including histidine, phenylalanine, spermidine. And phosphatidylcholine C34:4 had similar diagnostic value similar to B-type natriuretic peptide (BNP)198. Another study compared metabolomics and gene transcript data in the failing left ventricular tissue of patients with non-failing left ventricular tissue, and showed that some key transcription factors and their target metabolic enzyme genes changed along with the associated metabolic intermediates199. In animal models, increases of some metabolites in myocardial including polyamines putrescine, spermidine, and prolylhydroxyproline were demonstrated to be associated with cardiac remodeling and contractile dysfunction in hypertrophied heart200. There are also evidence that HF with preserved eject fraction (HFpEF) and HF with reduced eject fraction (HFrEF) have different metabolomics fingerprint201, 202.
For prognostic evaluation, Cheng et al. demonstrated that a metabolomics panel consisted of the asymmetric methylarginine/arginine ratio, butyrylcarnitine, spermidine, and the total amount of essential amino acids was indicated to have better prognostic value than BNP198. Another study identified that elevated levels of long chain acylcarnitines predict worse outcome and decreased after long-term mechanical circulatory support203. Also, lactate and cholesterol were screened of importance to predict short-term outcomes in patients with acute HF204. 
In addition to the diagnostic and prognostic studies, researchers also identified important mechanisms using omics in HF. In a lipid profiling study, majority of myocardial lipid intermediates were found to be decreased in nondiabetic advanced HF, including long-chain acylcarnitines, the primary subset of energetic lipid substrate for mitochondrial fatty acid oxidation205. More importantly, ketogenic beta-hydroxybutyryl-coenzyme A (CoA) were increased, in association with increased myocardial utilization of beta-hydroxybutyrate205. This indicated the role of ketone bodies as an alternative fuel and myocardial ketone oxidation as a key metabolic adaptation in the failing heart205. Similarly, in another mitochondria proteomics study in HF, the amount of proteins involved in fatty acid utilization were downregulated in myocardial tissue from the failing heart, and the key enzyme in the ketone oxidation pathway, beta-hydroxybutyrate dehydrogenase 1 was increased, suggesting hypertrophied heart and failing heart shifts to ketone bodies as a significant fuel source for oxidative ATP production206. Moreover, the transcriptomic and metabolomics indicated that Kruppel-like factor 15-mediated transcriptional reprogramming lead to branched-chain amino acid (BCAA) defect in HF207. 
Interestingly, Nemutlu et al. also evaluated the metabolomics responses to cardiac resynchronization therapy and demonstrated that responders had distinct baseline metabolic profile including higher isoleucine, phenylalanine, leucine, glucose, and valine levels and lower glutamate levels208. 
[bookmark: _Toc486931000]1.3.2 Metabolomics in obesity and diabetes
Diabetes is a metabolic disease, and metabolic profiling in a large cohort demonstrated that higher blood levels of certain branched-chain and aromatic amino acids had significantly strong associations with future diabetes, which highlighted the important role of amino acids in the pathogenesis of diabetes209. These amino acids are isoleucine, leucine, valine, tyrosine, and phenylalanine209. An exercise-metabolomics profiling study showed in patients with type 2 diabetes, plasma levels of some metabolites increased while several amino acids like glycine, cysteine, and arginine were consistently lower compared to controls210. A further transcriptional analysis confirmed exercise-induced compensatory regulation of genes involved in biosynthesis and metabolism of amino acids (PSPH, GATM, NOS1, and GLDC), which might be able to explain the unchanged levels of the amino acids during exercise210. Another proteomics profiling study using skeletal muscle showed that insulin resistance was associated with increased glycolytic enzymes and decreased mitochondrial enzymes211. 
In obese humans, lower plasma levels of skeletal short-chain acylcarnitine species and higher skeletal muscle medium-chain acylcarnitine species were discovered212. Evidence also showed that exercise training induced BCAA turnover was predictive of improvement in insulin sensitivity in obese humans, which highlighted the utility of metabolomics profiling in exercise intervention in several diseases213. With the application of targeted metabolomics profiling, research also showed obesity-related insulin resistance is characterized by excessive beta-oxidation, impaired switching to carbohydrate substrate during the fast-to-fed transition, and coincident depletion of organic acid intermediates of the tricarboxylic acid cycle214. 
[bookmark: _Toc486931001]1.3.3 Metabolomics in PAH
PAH is a multifactorial disease with pathophysiological changes mainly but not only in the pulmonary arteries but also in many other organs (Figure 1.12)215. There has been growing evidence, in the past two decades, showing that PAH is a cancer-like disease with metabolic abnormalities215. Research shows that mitochondrial dysfunction is an important factor contributing to the pathogenesis and development of PAH, and mitochondria-derived therapeutic target is currently investigated in a clinical trial (NCT01083524) 29, 30. In addition, several metabolomics studies provide insight into the metabolic abnormity in PAH216-221. 
Right ventricle dysfunction is a major cause of mortality and morbidity in PAH, of which the underlying plasma metabolic signatures was evaluated using a targeted metabolomics panel in patients with dyspnea on exertion220. The data showed that circulating indoleamine 2,3-dioxygenase (IDO)-dependent tryptophan metabolites (TMs), tricarboxylic acid intermediates, and purine metabolites correlated with hemodynamic indicators of right ventricular-pulmonary vascular (RV-PV) dysfunction220. In another study, fatty acids (FA) profiling revealed that circulating free FAs and long-chain acylcarnitines were elevated in patients with PAH versus controls, while long chain FAs were increased and long-chain acylcarnitines were reduced in the RV tissue from patients with PAH versus controls218. Further animal studies suggested lipotoxicity may arise from reduction in FA oxidation218. Recently, a study enrolled 365 IPAH/HPAH patients and performed plasma metabolomics profiling using a panel of 1416 metabolites221. The results indicated that 53 metabolites had diagnostic value and 36 metabolites had prognostic value independent of established markers, which provided valuable information for future deep phenotyping in patients with PAH221. 
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[bookmark: _Toc486941733]Figure 1.12 Dysfunctional organs in pulmonary arterial hypertension (PAH)
ATP = adenosine triphosphate; BCAA = branched-chain amino acid; BCKA = branched-chain alpha-keto-acid; BDH = beta-hydroxybutyrate dehyfrogenase; CoA = coenzyme A; CPT = carnitine palmitoyltransferase; FADH2 = Flavin adenine dinucleotide; L-C = long-chain; NADH = nicotinamide adenine dinucleotide; PDH = pyruvate dehydrogenase; TCA = tricarboxylic acid.
Reproduced from 215 with permission from the publisher
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Eicosanoids are a group of metabolites derived from 20-carbon fatty acids, of which many are involved in inflammation, endothelial dysfunction, and vascular tone regulating in cardiovascular diseases and cancer222-226. The most well-known eicosanoids are metabolites of arachidonic acid, such as cyclooxygenase-derived prostaglandins and thromboxanes, and lipoxygenase-derived leukotrienes and lipoxins. Meanwhile, there are some other metabolites catalyzed from cytochrome P450 (CYP) epoxygenases, the third pathway of arachidonic acid metabolism, such as epoxyeicosatrienoic acids (EETs) and their corresponding vicinal diols dihydroxyeicosatrienoic acids (DHETs) mediated by soluble epoxide hydrolase (sEH) (Figure 1.13), also exerting important roles in many diseases224, 225. The functions of these eicosanoids range from anti-inflammatory to pro-inflammatory, vasodilative to vasoconstrictive, and anti-proliferative to pro-proliferative226. In this section, we discuss the effects of EETs and the CYP-EET-sEH-DHET pathway in cardiovascular diseases and cancer, and the implications in PAH.
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[bookmark: _Toc486941734]Figure 1.13 The third pathway of arachidonic acid
CYP = cytochrome P450; EET= epoxyeicosatrienoic acid; DHET = dihydroxyeicosatrienoic acid.
[bookmark: _Toc332456952][bookmark: _Toc486931003]1.4.1 The biosynthesis and metabolism of EETs
[bookmark: _Toc332456953]There are in total four EET regioisomers, 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET, derived from CYP epoxygenases, which usually shortly be converted by sEH to more polar diols, 5,6-DHET, 8,9-DHET, 11,12-DHET, and 14,15-DHET224, 225. ECs took up EETs rapidly, incorporated them into choline glycerophospholipids, and released them into the medium mainly in the form as DHETs227. SMCs can also take up EETs. It was reported that 85% of 14,15-EET was converted to 14,15-DHET after 1-hour incubation the SMCs, but no conversion occurred when incubated in a medium without cells228. Surprisingly, 14,15-DHET could even be detected after 1 min of incubation with porcine coronary artery SMCs229. However, DHETs were poorly taken up and poorly converted to other products230.
[bookmark: _Toc486931004]1.4.2 EETs and inflammation 
Like other metabolites of arachidonic acid, EETs are inflammatory mediators. It is certain that of the 4 EETs, 5,6-EET, 8,9-EET, and 11,12-EET all have anti-inflammatory effects, in which 11,12-EET is the most potent and most widely studied231-236. In Node`s investigation, expression of vascular cell adhesion molecule-1 (VCAM-1) induced by tumor necrosis factor-α (TNF-α) was inhibited by 5,6-EET, 8,9-EET, 11,12-EET and 11,12-DHET in cytokines-activated human ECs, in which 11,12-EET inhibited the most by 72%. And in the in vivo murine carotid artery model, 11,12-EET decreased TNF-α-induced endothelial VCAM-1 expression and inhibited mononuclear cell adhesion231. In another study, 8,9-EET and 11,12-EET all significantly decreased interleukin (IL) -6 and monocyte chemo-attractant protein-1(MCP-1) expression in TNF-α induced human umbilical vein ECs and macrophages233. In lipopolysaccharide-treated macrophages 11,12-EET decreased levels of pro-inflammatory markers, TNF-α, IL-1ß, IL-6, CD11c, inducible nitric oxide (NO) synthase, MCP-1, and increased levels of and anti-inflammatory markers, CD206, IL-10, and arginase-1. 11,12-EET even shifted those macrophages from pro-inflammatory M1 to anti-inflammatory M2 phenotype233. Even in adventitial fibroblasts, 11,12-EET attenuated the increase of IL-6 and MCP-1 induced by angiotensin-II234.  
The role of 14,15-EET in inflammation, however, is controversial. Pritchard et al demonstrated that 14,15-EET significantly enhanced the attachment of U937, a human monocytic tumor cell line to ECs, and promoted the attachment of human polymorphonuclear leukocytes but to a lesser degree237. In Node`s study, either in vitro or in vivo, 14,15-EET did not decrease VCAM-1 levels231. In contrast, other studies indicated that like other EETs, 14,15-EET also has anti-inflammatory effects, including decreasing levels of MCP-1232 and pro-inflammatory interleukins such as IL-1ß238, IL-6 232, 238, and IL-8236, and inhibition of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) activation233, 238. Research also showed that both 11,12-EET and 14,15-EET attenuated ox-LDL-induced pro-inflammation factors including intracellular adhesion molecule-1, MCP-1, and E-selectin235. Interestingly, in liver diseases, 14,15-EET also had anti-inflammatory effect through inhibiting inflammatory cytokines and signaling pathways activation in cells239.
Although the effect of 14,15-EET in inflammation is not certain, nonspecifically increasing EETs production by CYP expoxygenase overexpression or inhibition of EETs degradation by sEH inhibitor has anti-inflammatory effects. In Deng`s study, overexpression of CYP epoxygenases and inhibition of sEH attenuated vascular inflammation responses, as revealed by decreased MCP-1 and E-selectin, and lack of neutrophil infiltration in lipopolysaccharide-induced mice model240. Schmelzer et al. also reported that sEH inhibitor increased EETs levels, indirectly decreased the production of NO, cytokines, and pro-inflammatory lipid mediators241. 
[bookmark: _Toc332456954]As more stable metabolites of EETs, DHETs are thought to be less bioactive in the first place, but latter studies proved them to be involved in inflammation as well. It was demonstrated that by adding either separately or mixture of 5,6-DHET, 8,9-DHET, 11,12-DHET, and 14,15-DHET restored monocyte chemotaxi to MCP-1242. In a clinical investigation, elevated 14,15-DHET was found in patients with coronary heart disease in comparison with healthy controls and was positively correlated with C-reactive protein levels243. What`s more, 14,15-EET/DHET ratios were inversely correlated with MCP-1 levels and CAM levels in another study223. These studies indicated that DHETs also exert as inflammatory mediators, yet no conclusion can be made whether they are pro-inflammatory or anti-inflammatory. 
[bookmark: _Toc486931005]1.4.3 EETs and vasoreactivity
The vasoreactivity of EETs have been evaluated in many different animal vasculatures in a number of studies, and are found to be vasodilators in many but not all of them.
In cerebral and coronary arteries EETs usually have vasodilation effects. 5,6-EET was firstly reported to dilate cerebral arterioles in rabbits and cats, while other EETs did not244. Then other studies demonstrated 5,6-EET, 8,9-EET, and 11,12-EET all had dilation effects in cat cerebral arteries245, and bovine coronary arteries246, 247. Also, a few studies demonstrated that 14,15-EET had relaxation effect in bovine coronary arteries246-249, porcine coronary arteries250, and in rat arcuate arteries251. Surprisingly, in Weintraub`s study, even 14,15-DHET relaxed porcine coronary arteries250. Nevertheless, under certain conditions, such as in porcine coronary artery rings precontracted with acetylcholine or KCl, 14,15-EET produced additional contractions, so as 11,12-EET in rings precontracted with KCl252. Apart from directly adding EETs, other studies also evaluated the effects of decreasing endogenous EETs degradation. Increasing EETs by deletion of sEH gene or inhibition of sEH activity also attenuated myogenic constriction of gracilis muscle arterioles253. And in Froogh`s study, in combination with NO, genetic deletion and/or downregulation of sEH attenuated pressure-induced vasoconstriction in coronary arteries in a female favorable manner254. 
In renal arteries, however, the effects of EETs are not always consistent. 5,6-EET, 8,9-EET, and 11,12-EET had relaxation effects in some studies performed in rats255, 256, but 5,6-EET257 and 8,9-EET258 had constrictive effects in cats, so as 14,15-EET in rabbit255. In Zou`s study, 11,12-EET was vasodilator in small renal arteries in rat, but 14,15-EET had no effects on the diameter of those vessels259. And in another study, 5,6-EET, 8,9-EET, and 11,12-EET caused renal relaxation in spontaneous hypertension rats, but 14,15-EET produced vasoconstriction256. It seems that in renal arteries, 5,6-EET, 8,9-EET, and 11,12-EET are vasodilators in rats and vasoconstrictors in cats, while 14,15-EET always constricts or had no effects in both rats and cats. 
[bookmark: _Toc332456955]The mechanisms underlying EETs` vasoreactivity were evaluated in many studies259-262. 11,12-EET increased the activity of the large-conductance Ca2+-activated K+ channels in renal vascular SMCs thus dilating the rat renal arteries259. The vasodilation effect of 11,12-EET was also related to cyclic adenosine monophosphate /protein kinase A pathway260. In Zhang`s study, 11,12-EET induced membrane hyperpolarization and vascular relaxation were suppressed by NO donor membrane-permeant analogue of cyclic guanosine monophosphate, indicating involvement of NO/cyclic guanosine monophosphate/protein kinase G pathway in the 11,12-EET bioactivity in vascular261. Besides, 5,6-EET vasodilation effects may be impaired by paraoxonase 1, an antiatherogenic high-density lipoprotein-associated lactonase262. Another study proved inhibition of Cav3 currents by 5,6-EET is an important mechanism controlling the vascular tone as well263.
[bookmark: _Toc486931006]1.4.4 The interactions between EETs and vascular cells
As mentioned above, EETs can be taken up by ECs and SMCs, and meanwhile EETs are involved in the proliferation, migration, and apoptosis of those cells. 
In many studies, either directly adding EETs or indirectly increasing EET levels, by CYP epoxygenase overexpression or sEH inhibition induces ECs proliferation264-270. Research demonstrated that overexpression of CYP 2C9 enhanced human ECs proliferation, and this effect was mediated by the mitogen protein kinase 1/c-Jun N-terminal protein kinase pathway264-266. Similarly, Wang et al. revealed that both overexpression of CYP epoxygenase and separately supplement of 8,9-EET, 11,12-EET, and 14,15-EET could enhance bovine aortic ECs proliferation267. In another study, all EETs and none of the DHETs induced proliferation of mice lung ECs, in which 5,6-EET induced the most268. The EET synthase inhibitor, MS-PPOH, inhibited the proliferation induced by EETs, and reversely, EETs rescued the inhibition of MS-PPOH on proliferation268. Preventing endogenous EET hydration enhanced EC proliferation by using a sEH inhibitor ACU268. Furthermore, co-administration of ACU and EETs further enhanced EC proliferation compared with EETs alone268. Additionally, in Yang`s study, 11,12-EET and 14,15-EET stimulated lung ECs proliferation270. These data together pictured the role of CYP-EET-sEH pathway in regulating EC proliferation in cardiovascular system. Apart from this, 11,12-EET also induced proliferation in human retinal microvascular endothelial cells271. As for migration, 5,6-EET and 8,9-EET could cause significant stimulating effects, while 11,12-EET and 14,15-EET did not, as shown in Pozzi`s study268. While Wang et al. indicated that 8,9-EET, 11,12-EET, 14,15-EET, and CYP epoxygenase overexpression all promoted ECs migration267. Furthermore, in human dermal microvascular ECs, all four EETs stimulated migration in a dose-dependent manner, of which 14,15-EET was the most efficient272. Equally important, CYP epoxygenase overexpression and EETs could also protect ECs from apoptosis in some studies269, 273. To conclude, CYP epoxygenase overexpression, EETs, and sEH inhibition all have the ability to induce proliferation and migration, and sometimes prevent apoptosis in ECs.
Nevertheless, in SMCs, EETs do not always promote proliferation and migration. Fang et al. reported that, 14,15-EET potentiated platelet derived growth factor (PDGF)-induced SMC proliferation in porcine and murine, with 8,9-EET producing a smaller effect, whereas 11,12- and 5,6-EET being ineffective274. While in other studies, 11,12-EET and 14,15-EET inhibited SMCs migration and had no effects on PDGF and transforming growth factor ß induced SMC proliferation275, 276. Furthermore, increasing EETs by sEH inhibition even attenuated the PDGF-induced carotid artery SMCs proliferation and migration277. Interestingly, in cerebral microvascular SMCs, 14,15-EET protected cell survival and inhibited oxygen-glucose deprivation induced apoptosis278. As the effects of EETs on SMCs diverse in cardiovascular system, the underlying mechanisms need investigating. 
[bookmark: _Toc332456956]Other than ECs and SMCs, EETs also have effects on other cells. 8,9-EET, 11,12-EET, and 14,15-EET were reported to alleviate angiotensin-II induced rat aorta adventitial fibroblasts differentiation, in which 11,12-EET had the highest efficiency. And 11,12-EET also decreased the AFs proliferation, migration, and collagen synthesis, through peroxisome proliferator-activated receptor γ dependent NF-κB pathway234. In adult haematopoietic stem and progenitor cells, 11,12-EET increased specifications by inducing transcriptional programs, and enhanced cell engraftment and homing, indicating potential clinical impact of EETs in marrow transplantation279. In addition, Yu et al. showed that 14,15-EET inhibited cigarette smoke extract-induced apoptosis in lung epithelial cells280. 
[bookmark: _Toc486931007]1.4.5 EETs, tube formation, and angiogenesis
[bookmark: _Toc332456957]Apart from participating in proliferation and migration, EETs are also involved in tube formation and angiogenesis. A study reported that remarkable increase of tube formation was shown in Matrigel after injection of human lung microvascular ECs with adenoviral vectors overexpression of CYP2C9, and subcutaneously infusion of 14,15-EET on the dorsal midline of rats caused significantly higher hemoglobin levels, which supported that CYP epoxygenase and 14,15-EET promoted angiogenesis281. In another study, 11,12-EET and 14,15-EET both induced significant increases in tubular structure formation in pulmonary microvascular ECs270. Moreover, EET antagonist 14,15-EEZE was demonstrated to have anti-angiogenesis effects in a few studies in human umbilical vein ECs282, 283. Besides, 14,15-EET could also induce tube formation and Matrigel plug angiogenesis in human dermal microvascular ECs272, 284. 
[bookmark: _Toc486931008]1.4.6 EETs and mitochondrial function
Many cardiovascular diseases are accompanied by metabolic dysfunction and oxidative stress, thus being related to mitochondria function. A few studies have indicated that increasing endogenous EETs or directly treating with EETs protects mitochondria. 
In Batchu`s study, mitochondria dysfunction including increased levels of pro-apoptotic protein and loss of ∆Ψm, which caused by anoxia and reoxygenation, could be prevented by 11,12-EET treatment in vitro285. An EET analogue, UA-8 was showed to protect the activities of several key enzymes involved in mitochondrial metabolism, including citrate synthase, succinate dehydrogenase, and COX IV, in starved HL-1 cardiac cell, thus preserving the integrity of mitochondria286. Under electron microscope, the mitochondrial ultrastructure was seen to be more preserved in sEH deletion mice following ischemic injury287. 
[bookmark: _Toc332456958]In neuroscience studies, EETs also produce beneficial effects on mitochondria. Sarker et al. reported that decreased membrane potential, increased fragmentation, and impaired oxygen consumption capacity in the mitochondria of hippocampal astrocytes induced by amyloid-ß were aggravated by the inhibition of endogenous EET production using CYP epoxygenase inhibitor MS-PPOH, and attenuated by supplement of 14,15-EET or 11,12-EET, indicting EETs could improve mitochondrial dynamics and prevent metabolic impairment in neurodegeneration288. In another study of neuronal apoptosis induced by ischemia/reperfusion, 14-15-EET improved loss of mitochondria mass, decrease of voltage dependent anion channels, drop of adenosine triphosphate production, alteration of membrane potential, increase of reactive oxygen species generation, and even the downregulation of CREB, a protein involved in mitochondrial biogenesis289. 
[bookmark: _Toc486931009]1.4.7 The benefits of EETs in heart diseases
EETs are reported to be beneficial in many heart diseases such as hypertension, atherosclerosis, and cardiac hypertrophy. 
In hypertension rats, Yu et al. found expression of sEH in the renal microsomes and cytosol was increased, and the urinary excretion of 14,15-DHET was significantly higher than control rats, and sEH inhibition lowered BP in those rats, all indicating altered EET hydrolysis in might have an important role in regulating BP in hypertension290. Other studies also demonstrated that increasing EET production by overexpression of CYP epoxygenases or using sEH inhibitors could reduce BP291, 292. In addition, PVPA, an EET analogue, also ameliorated cyclosporine-induced hypertension and renal Injury in rats293. 
In mice model of high fat diet-induced atherosclerosis, CYP2J2 overexpression and EETs had protection effect294. Inhibition of sEH also reduced atherosclerosis abdominal aortic aneurysm rate and atherosclerosis lesion area in polipoprotein E-deficient mice, and was associated with decreased inflammatory cytokines like IL-6 and IL-1α295. More importantly, in patients with obstructive coronary artery diseases, lower levels of circulating EETs, either individually or total levels were found to be negatively associated with obstruction extent, and patients with lower EET levels appeared to at higher risk of subsequent cardiovascular events with p value approaching the borderline, which indicated the benefits of EETs and their potential therapeutic value in atherosclerosis296. Similarly, in myocardial infarction animal models, 11,12-EET and 14,15-EET reduced infarct size297, 298. What`s more, hyperhomocysteinemia induced increase of expression of adhesion molecules could also be attenuated by sEH deletion or inhibition, indicating EET- sEH signaling might also be a therapeutic approach in hyperhomocysteinemia-induced atherosclerosis299.
In thoracic aortic constriction (TAC) mouse model, sEH inhibition could prevent the improvement of cardiac hypertrophy by inhibiting NF-κB activation300. In another study of myocardial hypertrophy, CYP epoxygenase overexpression in vivo and administration of EETs including 8,9-EET, 11,12-EET, and 14,15-EET in vitro inhibited myocardial hypertrophy, with 11,12-EET exerting the strongest effect among the three regioisomers301. Althurwi also reported either increasing endogenous EET production or exogenous supplement of EETs prevented cardiac hypertrophy302. Interestingly, in EI-Sherbeni`s study, total levels of EETs and DHETs were increased in pressure overload-induced cardiac hypertrophy, which might be an adaptive response303. 
[bookmark: _Toc332456959]In other models of cardiac dysfunction EETs are studied as well. EETs especially 11,12-EET and CYP epoxygenase overexpression could protect rat hearts against TNF-α induced cardiac cell injury and cardiac dysfunction304. sEH inhibition also had beneficial effects in cardiac remodeling and diastolic dysfunction in obese insulin-resistant mice305. Notably, another study reported that the cardiac protections of EET was female favorable, suggesting estrogen might be involved in EET signaling in heart diseases306.
[bookmark: _Toc486931010]1.4.8 EET signaling in cancer, the paradox
Not like in the heart, EETs in particular 14,15-EET seems to have opposite effects in cancer, which might be related to their pro-proliferation, pro-migration, and pro-angiogenesis effects. 
CYP epoxygenases were found to be elevated in a variety of human carcinoma tissues and cell lines, and CYP epoxygenase overexpression or EETs treatment (8,9-EET, 11,12-EET, and 14,15-EET) promoted tumor metastasis307, 308. Panigraphy et al. reported that in transgenic mice with high levels of EETs, significantly increases in the growth of B16F10 melanoma, T241 fibrosarcoma, and Lewis lung carcinoma were observed, while in transgenic mice with low levels of EETs, dramatically decreases of B16F10 melanoma and T241 fibrosarcoma were achieved309. Meanwhile supplement of synthetic 14,15-EET and EET antagonists promoted and suppressed primary tumor growth and metastasis, respectively309. In another study 14,15-EET protected breast cancer cells from CYP3A4 silencing induced apoptosis and increased mitogenesis310. In Skrypnyk`s study, CYP2C44 disruption and 14,15-EET analogues promoted primary tumor growth311. Again, Wei et al. reported that 14,15-EET levels were higher, CYP epoxygenases were upregulated, and sEH was downregulated in breast cancer tissue than noncancerous tissue312. Moreover, recently, 14,15-EET was showed to induce the infiltration and tumor-promoting function of neutrophils to trigger the growth of minimal dormant metastases313. 
[bookmark: _Toc332456960]To sum up, data in cancer suggests that enhancing CYP-EET signaling is more likely to protect cancer cells, which in turn limits the utility in heart diseases, yet indicating more investigations need to be done especially more precisely on particular CYP epoxygenase and particular EET regioisomer.
[bookmark: _Toc486931011]1.4.9 EETs, hypoxia response, and pulmonary hypertension
In a few studies, EETs were demonstrated to be involved in hypoxia response and hypoxia induced pulmonary hypertension, but the effects of EETs on pulmonary hypertension remain unclear. 
[bookmark: _Toc332456961]Suzuki et al. reported that 11,12-EET and 14,15-DHET promoted luciferase activity of hepatic carcinoma cell Hep3B and human umbilical artery ECs under hypoxia and 14,15-DHET significantly increased and 11,12-EET tended to increase hypoxia inducible activity 1α levels in both cells314, indicating EETs and DHETs might potentiate hypoxia response. In another study, 11,12-EET but not 14,15-EET acutely increased pulmonary artery pressure in the isolated mouse lung, and in rat SMCs hypoxia increased 11,12-EET productions. Also in mice lungs, hypoxia induced pulmonary vasoconstriction was significantly augmented by sEH inhibition and this effect was abolished by pretreated CYP epoxygenase inhibitors and EET antagonist 14,15-EEZE315. In another study by Keseru, they concluded that a decrease in sEH expression in linked to pathophysiology of hypoxia-induced pulmonary remodeling and hypertension, although sEH inhibitors did not aggravate pulmonary hypertension316. In addition, deletion of the CYP2J gene locus seemed to attenuate the pulmonary vasoconstrictor response to hypoxia in mice317, but Beloiartsev et al. found CYP2J deficiency did not attenuate the hypoxia response318. Those data suggests that although EETs like 11,12-EET had vasodilating effect in cerebral and coronary arteries, they might have different vasoreactivity in lungs thus might not be beneficial in PAH.
[bookmark: _Toc486931012]1.4.10 Conclusion of EETs
Now PAH therapies mainly targeted in three pathways, endothelin, NO, and prostacyclin, which are effective and have improved survival of patients remarkably, however, the survival rate is still lower compared to other cardiovascular diseases and even cancer. Inflammation and cancer related pathways are getting more attention in this deadly disease. As we described above, EETs are widely investigated and are involved in many key physiopathology mechanisms in cardiovascular diseases and cancer, however, are poorly understood in PAH (Table 1.6). In cerebral and coronary arteries, usually EETs act as vasodilators, however, under hypoxia, they are more likely to potentiate vasoconstriction effect in pulmonary vasculature. Although agreement is not made how EETs affect SMCs, they significantly induce proliferation and migration, and inhibit apoptosis in ECs, and even induce tube formation and angiogenesis, which might be the reason why EETs promote tumor metastasis in many different tumor cell lines. As for inflammation, 5,6-EET, 8,9-EET, and 11,12-EET are anti-inflammatory mediators, yet 14,15-EET has pro-inflammatory effect in some studies. All things considered, we believe EETs could be critical to understand the molecular mechanisms of PAH, but they might not act as protectors like in other heart diseases, instead they might worsen the condition. Furthermore, no data about EETs in PAH models like MCT and Sugen-Hypoxia exists, EET pathway might be a novel target in PAH.
[bookmark: _Toc486941783]Table 1.6 Different effects of EETs in cardiovascular diseases and cancer
	
	Functions of EETs

	Inflammation
	4,5-EET, 8,9-EET, 11,12-EET are anti-inflammatory

	
	14,15-EET is anti-inflammatory / pro-inflammatory

	Vasoreactivity 
	Vasodilative in cerebral and coronary arteries

	
	Vasodilative / vasoconstrictive in renal arteries

	Effects on cells
	Pro-proliferation, pro-migration, and anti-apoptosis in ECs

	
	Pro-proliferation/anti-proliferation, anti-migration, and anti-apoptosis in SMCs

	Angiogenesis
	Pro-tube-formation and pro-angiogenesis

	Effects on mitochondria
	Preserving the integrity, preventing loss of membrane potential, increasing oxygen consumption capacity

	Effects in heart diseases
	Anti-atherosclerosis, lowering BP, reducing infarct size, preventing cardiac hypertrophy

	Effects in cancer 
	Promoting tumor growth and metastasis

	Effects in PAH reported so far
	Promoting cell proliferation and increasing pulmonary artery pressure under hypoxia


EET = epoxyeicosatrienoic acid; EC = endothelial cells; SMC = smooth muscle cells; BP = blood pressure; PAH = pulmonary arterial hypertension. 
[bookmark: _Toc486931013]1.5 Hypothesis and study aims
In this study, we enrolled patients with CHD-PAH and we mainly aimed to: (1) evaluate their exercise capacity, ventilatory efficiency, and cardiovascular reserve using CPET; (2) investigate whether CPET parameters have prognostic implications in these patients; (3) improve the understanding of metabolic perturbations in CHD-PAH through exercise-metablomics profiling. 
In Chapter 3, we aimed to describe the baseline characteristics including demographics, general clinical information, targeted treatment, and hemodynamics in patients with CHD-PAH. We also aimed to investigate the similarities and differences of these baseline characteristics between the clinical and anatomical subgroups. 
In Chapter 4, we aimed to evaluate whether and how severely the exercise capacity, ventilatory efficiency, and cardiovascular reserve were impaired in patients with CHD-PAH compared to controls. We also aimed to evaluate the prognostic value of CPET parameters in predicting mortality and clinical worsening events in the overall patient cohort and in subgroups. 
In Chapter 5, we aimed to assess the metabolic status in patients compared to controls, including not only baseline levels but also the response during exercise. We also aimed to investigate whether metabolic perturbations were associated with exercise intolerance in CHD-PAH. Finally, we aimed to identify metabolites that could potentially be novel targets involved in the pathophysiological changes in CHD-PAH
Chapter 2 [bookmark: _Toc486931014]
 Material and Methods
[bookmark: _Toc486931015]2.1 Ethnic statement
This study was conducted in accordance with the amended Declaration of Helsinki. Approval was received from the Institutional Review Board of Fuwai Hospital, Beijing, China. Written informed consents were obtained from all the patients prior to enrollment.
[bookmark: _Toc486931016]2.2 Patients enrollment
We prospectively enrolled 171 consecutive adult patients with CHD-PAH (≥ 18 years old at enrollment) from those who were admitted in Fuwai Hospital, a national referral center in China between July 2013 and December 2015. Thirty age- and sex-matched healthy controls without confirmed heart, lung, blood, and kidney diseases or related symptoms were also enrolled. PAH was diagnosed by RHC as resting mPAP ≥ 25mmHg, PAWP ≤ 15 mmHg and PVR > 3 Wood units, with other causes of pre-capillary PH excluded1. Other causes of pre-capillary PH included PH due to lung diseases, CTEPH, and PH with unclear and/or multifactorial mechanisms1. Congenital cardiac defects were diagnosed by echocardiography and confirmed by RHC. Standard incremental CPET were performed in all the patients and controls on an upright cycle ergometer under physician supervision. 
The exclusion criteria for patients were: 
(1) Patients with WHO-FC IV 
(2) Patients with impaired renal function (creatinine > 1.5 mg/dl)
(3) Pregnant patients
(4) Patients with active hemoptysis
(5) Patients with recent surgery (within 3 months)
(6) Patients with current infection（within 1 week）
(7) Patients with Down syndrome
(8) Patients who do not know how to ride a bicycle
(9) Patients with leg disabilities who could not ride a bicycle
(10) Patients not willing to undergo CPET
WHO classification of functional status of patients with PH is listed as follows:
(1) Class I: Patients who have PH but without resulting limitation of physical activity. Ordinary physical activity does not cause undue dyspnea or fatigue, chest pain, or near syncope
(2) Class II: Slight limitation of physical activity; no discomfort at rest; ordinary activity causes undue dyspnea, fatigue, chest pain, or near syncope
(3) Class III: Marked limitation of physical activity; no discomfort at rest, but less than ordinary physical activity causes undue dyspnea, fatigue, chest pain, or near syncope
(4) Class IV: Inability to perform any physical activity without symptoms; signs of right ventricular failure or syncope; dyspnea and/or fatigue may be present at rest and discomfort is increased by any physical activity.
According to the guideline, patients enrolled consisted of 4 clinical groups and 4 anatomical groups. The clinical classification of CHD-PAH is as listed follows (details in table 2.1)1:
(1) Eisenmenger`s Syndrome (ES)
(2) PAH associated with prevalent systemic-to-pulmonary shunts (PAH-SP)
(3) PAH with small/coincidental defects (PAH-SD)
(4) PAH after defect correction (PAH-CD)
The anatomical classification of CHD-PAH is listed as follows (details in table 2.2)1:
(1) Simple pre-tricuspid shunts
(2) Simple post-tricuspid shunts
(3) Combined shunts
(4) Complex CHD
The guideline does not define the defect size for patent ductus arteriosus (PDA), we considered a defect < 1cm as small defect based on clinical experience. As for the diagnosis of ES, cyanosis is relatively subjective and on which different clinicians might have different opinions. Therefore, cyanosis was defined as a resting artery oxygen saturation (femoral if possible) of ≤ 90%.
[bookmark: _Toc486941784]Table 2.1 Clinical classification of congenital heart disease associated pulmonary arterial hypertension (CHD-PAH)
	1. Eisenmenger`s syndrome
Includes all large intra- and extra-cardiac defects which begin as systemic-to-pulmonary shunts and progress with time to severe elevation of PVR and to reversal (pulmonary-to-systemic) or bidirectional shunting; cyanosis, secondary erythrocytosis, and multiple organ involvement are usually present.

	2.  PAH associated with prevalent systemic-to-pulmonary shunts
· Correctable (with surgery or intravascular percutaneous procedure)
· Non-correctable
Includes moderate to large defects; PVR is mildly to moderately increased, systemic-to-pulmonary shunting is still prevalent, whereas cyanosis at rest is not a feature. 

	3. PAH with small/coincidental defects
Marked elevation in PVR in the presence of small cardiac defects (usually ventricular septal defects < 1cm and atrial septal defects < 1cm of effective diameter assessed by echo), which themselves do not account for development of elevated PVR; the clinical picture is very similar to IPAH. Closing the defects is contra-indicated.

	4. PAH after defect correction
Congenital heart disease is repaired, but PAH either persists immediately after correction or recurs/develops months or years after correction in the absence of significant postoperative hemodynamic lesions.


PAH = pulmonary arterial hypertension; PVR = pulmonary vascular resistance
Reproduced from 1 with permission from the publisher.
[bookmark: _Toc486941785]Table 2.2 Anatomical-pathophysiological classification of congenital heart disease associated pulmonary arterial hypertension (CHD-PAH)
	1. Type
1.1 Simple pre-tricuspid shunts
1.1.1 Atrial septal defect (ASD)
1.1.1.1 Ostium secundum
1.1.1.2 Sinus venous
1.1.1.3 Ostium primum
1.1.2 Total or partial unobstructed anomalous pulmonary venous return
1.2 Simple post-tricuspid shunts
1.2.1 Ventricular septal defects (VSD)
1.2.2 Patent ductus arteriosus
1.3 Combined shunts
Describe combination and define predominant defect
1.4 Complex congenital heart disease
1.4.1 Complete atrioventricular septal defect
1.4.2 Truncus arteriosus
1.4.3 Single ventricle physiology with unobstructed pulmonary blood flow
1.4.4 Transposition of the great arteries with VSD (without pulmonary stenosis) and/or patent ductus arteriosus
1.4.5 Other

	2. Dimension (specify for each defect if more than one congenital heart defect exists)
2.1 Hemodynamic (specify Qp/Qs)
2.1.1 Restrictive (pressure gradient across the defect)
2.1.2 Non-restrictive
2.2 Anatomic
2.2.1 Small to moderate (ASD ≤ 2.0 cm and VSD ≤ 1.0 cm)
2.2.2 Large (ASD > 2.0 cm and VSD > 1.0 cm)

	3. Direction of shunt
3.1 Predominantly systemic-to-pulmonary
3.2 Predominantly pulmonary-to-systemic
3.3 Bidirectional

	4. Associated cardiac and extracardiac abnormalities

	5. Repair status
5.1 Unoperated
5.2 Palliated (specify type of operation/s, age at surgery)
5.3 Repaired (specify type of operation/s, age at surgery)


Reproduced from 1 with permission from the publisher.
[bookmark: _Toc486931017]2.3 Right heart catheterization
RHC was performed for each patient at the catheter lab during the hospital stay to diagnose PAH (Figure 2.1). As described previously, a 7F or 7.5F Swan-Ganz catheter was inserted in the right heart and pulmonary artery via right internal jugular or femoral vein for the measurement of hemodynamics, including mean right atrial pressure (mRAP), mPAP, mean PAWP, superior vena cava oxygen saturation (VC sat), pulmonary artery oxygen saturation (PA sat)319. Pulmonary venous oxygen saturations (PV sat) were assumed as 98%319. Cardiac output (CO) for corrected patients were measured using themodilution method. Femoral artery oxygen saturation (AO sat) was also measured through femoral artery puncture.
The diastolic pulmonary pressure gradient (DPG) was calculated as follows:
DPG = diastolic PAP – mean PAWP
Pulmonary (Qp) and systemic blood flow (Qs) were calculated as:
Qp = O2 consumption / (PV sat – PA sat) × Hgb × 1.36 × 10
Qs = O2 consumption / (AO sat – VC sat) × Hgb × 1.36 × 10
Flow ratio was calculated as:
Flow ratio = Qp / Qs
PVR for corrected patients was calculated as:
PVR = (mPAP – mean PAWP) / CO
PVR for patients with open shunts was calculated as
PVR = (mPAP – mean PAWP) / Qp
[image: ]
[bookmark: _Toc486941735]Figure 2.1 Right heart catheterization in patients with pulmonary arterial hypertension (PAH)
[bookmark: _Toc486931018]2.4 Cardiopulmonary exercise testing
[bookmark: _Toc486931019]2.4.1 Quality control and protocol of exercise testing
CPET was performed during the hospital stay in Fuwai-UCLA CPET lab, Fuwai Hospital, Beijing, China. The cycle ergometer CPET systems (COSMED, Schiller and MedGraphics) were calibrated every day prior to the testing320, 321. As described in previous studies, gas exchange parameters were measured during 3 minutes of rest, 3 minutes of unloaded cycling, followed by progressively increasing workload of 10-40 W/min (increment of 10 to 25 W/min in patients and 15 to 40 W/min in healthy controls) in a ramp pattern to maximum tolerance, and 2 minutes of recovery142, 172, 173 (Figures 2.2-2.3). Workload increases were individually selected so that subjects would reach their maximum tolerated workload within 6 to 10 minutes of exercise142, 172, 173, 320, 321. After the exercise testing, each patient was required to report the reason(s) for stopping exercise. 
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[bookmark: _Toc486941736]Figure 2.2 Cardiopulmonary exercise testing (CPET)
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[bookmark: _Toc486941737]Figure 2.3 Data recording of cardiopulmonary exercise testing (CPET)
[bookmark: _Toc486931020]2.4.2 Gas exchange measurements and data analysis
In order to minimize the inter-system variability, all CPET systems (COSMED, Schiller and MedGraphics) were used only to collect the raw breath-by-breath CPET data for the following standardized analyses142, 320, 322, 323. Breath-by-breath data were interpolated second-by-second and sequentially averaged in 10-s bins. To better analyse the physiological responses, data were put into uniform tabular formats and optimally scaled 29 exercise variables were displayed in new 9-panel graphs322(Figure 2.4). Peak VO2 was determined as the highest average value during a sequential 30-s period142, 322, 323. Peak HR was determined as concurrent 30-s averages142, 322, 323. AT was measured by the V-slope method using 10-s averages324. VE/VCO2 slope was calculated by linear regression below the ventilatory compensation point. The lowest VE/VCO2 was the lowest value averaging 90-s value during exercise172, 173, 324, 325 and the highest plateau of OUEP was the highest, average 90-s value during exercise326-328. Pulse oximetry, 12-lead ECG, and cuff blood pressure were also monitored and recorded. We also calculated the following parameters representing cardiovascular reserve: HR reserve (HRR) was the increase from resting HR to peak HR；sBP reserve (sBPR) was the increase from resting sBP to peak sBP. 
[image: ]
[bookmark: _Toc486941738]Figure 2.4 Nine-panel display of data in cardiopulmonary exerxcise testing
VO2 = oxygen uptake; VCO2 = carbon dioxide output; HR = heart rate; VE = ventilation; VE/VCO2 = ventilator equivalent for carbon dioxide; RER = respiratory exchange ratio; PETO2= partial pressure of end-tidal oxygen uptake; PETCO2 = partial pressure of end-tidal carbon dioxide output. 
[bookmark: _Toc486931021]2.5 Patient follow-up
Mortality and the first clinical worsening (CW) event were the primary and secondary endpoints, respectively. CW events included death, heart/lung transplantation, escalation of PAH targeted therapy, and hospitalization for PAH deterioration. A change or escalation of targeted drugs because of the patient had better financial conditions or dropping of the drug price in the market rather than because of PAH deterioration did not account for a CW event. A patient with at least 1 CW event was included in the CW group. The final census date for the study was November 5, 2016.
[bookmark: _Toc486931022]2.6 Blood Sample obtaining for metabolomics measurement
Of all the 171 patients, 29 patients were consecutively enrolled in the ‘Metabolic cohort’ along with 20 age- and sex-matched controls. Before CPET an intravenous catheter was inserted in the superficial vein of the forearm of the subject (Figure 2.5). Fasting blood samples were collected at baseline, peak exercise, and recovery period (when HR and blood pressure dropped back to baseline or within 20 minutes after exercise stopped), 4ml each time point. Plasma was extracted from the whole blood immediately (within 15 minutes of blood drawing) and stored in liquid nitrogen in the CPET lab and then transferred to -80 °C freezer for long-term storage (Figure 2.6). The freeze thaws of the samples were only thawed once for the study.
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[bookmark: _Toc486941739]Figure 2.5 Intravenous catheter in the superficial vein of the forearm
[image: ]
[bookmark: _Toc486941740]Figure 2.6 The equipment for blood sampling
[bookmark: _Toc486931023]2.7 Measurements of metabolites 
Liquid chromatography tandem-mass spectrometry (LC/MS/MS) was used to measure 117 low molecular weight polar metabolites (LWMs) (Table 2.3), 41 free fatty acids (FFAs) (Table 2.4), and 66 eicosanoids (Table 2.5) in three panels. The measurement was performed by the State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica, Peking Union Medical College & Chinese Academy of Medical Sciences329-332. Metabolites in patients and age- and sex-matched controls were both measured and the diagnostic information was blind to the operator before and during measurement. 


[bookmark: _Toc486941786]Table 2.3 The low molecular weight polar metabolite (LWM) panel
	ID
	Name
	Categories
	Pathways

	1
	L-Lysine
	Amino acids
	Amino acid metabolism

	2
	L-Methionine
	Amino acids
	Amino acid metabolism

	3
	L-Phenylalanine
	Amino acids
	Amino acid metabolism

	4
	L-Proline
	Amino acids
	Amino acid metabolism

	5
	L-Threonine
	Amino acids
	Amino acid metabolism

	6
	L-Tryptophan
	Amino acids
	Amino acid metabolism

	7
	L-Valine
	Amino acids
	Amino acid metabolism

	8
	L-Ornithine
	Amino acids
	Amino acid metabolism

	9
	L-Asparagine
	Amino acids
	Amino acid metabolism

	10
	L-Aspartate
	Amino acids
	Amino acid metabolism

	11
	L-Cystine
	Amino acids
	Amino acid metabolism

	12
	L-Glutamine
	Amino acids
	Amino acid metabolism

	13
	L-Histidine
	Amino acids
	Amino acid metabolism

	14
	L-Leucine
	Amino acids
	Amino acid metabolism

	15
	L-Tyrosine
	Amino acids
	Amino acid metabolism

	16
	L-Arginine
	Amino acids
	Amino acid metabolism

	17
	L-Isoleucine
	Amino acids
	Amino acid metabolism

	18
	L-Homoserine
	Amino acids
	Amino acid metabolism

	19
	L-Homocysteine
	Amino acids
	Amino acid metabolism

	20
	L-Cysteine
	Amino acids
	Amino acid metabolism

	21
	L-Citrulline
	Amino acids
	Amino acid metabolism

	22
	L-Glutamate
	Amino acids
	Amino acid metabolism

	23
	L-Serine
	Amino acids
	Amino acid metabolism

	24
	Serotonin
	Amino acid precursors/derivatives
	Amino acid metabolism

	25
	trans-4-Hydroxy-L-proline
	Amino acid precursors/derivatives
	Amino acid metabolism

	26
	4-Aminobutanoate
	Amino acid precursors/derivatives
	Amino acid metabolism

	27
	Ala-Gly
	Amino acid precursors/derivatives
	Amino acid metabolism

	28
	Glycylglycine
	Amino acid precursors/derivatives
	Amino acid metabolism

	29
	N-Acetylornithine
	Amino acid precursors/derivatives
	Amino acid metabolism

	30
	O-Acetylcarnitine
	Amino acid precursors/derivatives
	Amino acid metabolism

	31
	Carnitine
	Amino acid precursors/derivatives
	Amino acid metabolism

	32
	L-Cystathionine
	Amino acid precursors/derivatives
	Amino acid metabolism

	33
	L-Kynurenine
	Amino acid precursors/derivatives
	Amino acid metabolism

	34
	O-Acetyl-L-serine
	Amino acid precursors/derivatives
	Amino acid metabolism

	35
	Selenomethionine
	Amino acid precursors/derivatives
	Amino acid metabolism

	36
	S-Adenosyl-L-methionine
	Amino acid precursors/derivatives
	Amino acid metabolism

	37
	Carnosine
	Amino acid precursors/derivatives
	Amino acid metabolism

	38
	Taurine
	Amino acid precursors/derivatives
	Amino acid metabolism

	39
	Creatine
	Amino acid precursors/derivatives
	Amino acid metabolism

	40
	L-Cysteate
	Amino acid precursors/derivatives
	Amino acid metabolism

	41
	N-acetyl-L-glutamate
	Amino acid precursors/derivatives
	Amino acid metabolism

	42
	Phenylacetylglycine
	Amino acid precursors/derivatives
	Amino acid metabolism

	43
	Hippuric acid 
	Amino acid precursors/derivatives
	Amino acid metabolism

	44
	Pyroglutamic acid
	Amino acid precursors/derivatives
	Amino acid metabolism

	45
	Histamine
	Amines
	Amino acid metabolism

	46
	Cystamine
	Amines
	Amino acid metabolism

	47
	Spermine
	Amines
	Amino acid metabolism

	48
	Spermidine
	Amines
	Amino acid metabolism

	49
	Deoxyadenosine
	Nucleosides
	Nucleotide metabolism

	50
	Inosine
	Nucleosides
	Nucleotide metabolism

	51
	Guanosine
	Nucleosides
	Nucleotide metabolism

	52
	Adenosine
	Nucleosides
	Nucleotide metabolism

	53
	5′-Deoxy-5′-(methylthio)adenosine
	Nucleosides
	Nucleotide metabolism

	54
	Cytidine
	Nucleosides
	Nucleotide metabolism

	55
	Deoxyuridine
	Nucleosides
	Nucleotide metabolism

	56
	Thymidine
	Nucleosides
	Nucleotide metabolism

	57
	Uridine
	Nucleosides
	Nucleotide metabolism

	58
	Xanthosine
	Nucleosides
	Nucleotide metabolism

	59
	Adenine
	Nucleoside bases
	Nucleotide metabolism

	60
	Guanine
	Nucleoside bases
	Nucleotide metabolism

	61
	cytosine
	Nucleoside bases
	Nucleotide metabolism

	62
	Hypoxanthine
	Nucleoside bases
	Nucleotide metabolism

	63
	Xanthine
	Nucleoside bases
	Nucleotide metabolism

	64
	Thymine
	Nucleoside bases
	Nucleotide metabolism

	65
	Uracil
	Nucleoside bases
	Nucleotide metabolism

	66
	dGMP
	Nucleotides
	Nucleotide metabolism

	67
	dAMP
	Nucleotides
	Nucleotide metabolism

	68
	dCMP
	Nucleotides
	Nucleotide metabolism

	69
	AMP
	Nucleotides
	Nucleotide metabolism

	70
	3',5'-Cyclic AMP
	Nucleotides
	Nucleotide metabolism

	71
	dUMP
	Nucleotides
	Nucleotide metabolism

	72
	dIMP
	Nucleotides
	Nucleotide metabolism

	73
	ADP
	Nucleotides
	Nucleotide metabolism

	74
	IDP
	Nucleotides
	Nucleotide metabolism

	75
	GMP
	Nucleotides
	Nucleotide metabolism

	76
	CMP
	Nucleotides
	Nucleotide metabolism

	77
	IMP
	Nucleotides
	Nucleotide metabolism

	78
	UMP
	Nucleotides
	Nucleotide metabolism

	79
	CTP
	Nucleotides
	Nucleotide metabolism

	80
	ATP
	Nucleotides
	Nucleotide metabolism

	81
	dTMP
	Nucleotides
	Nucleotide metabolism

	82
	Choline
	Other metabolites
	Amino acid metabolism

	83
	HEPES
	Other metabolites
	Biological matrix

	84
	sn-Glycero-3-phosphocholine
	Other metabolites
	Lipid metabolism

	85
	Creatinine
	Other metabolites
	Amino acid metabolism

	86
	Acetylcholine
	Other metabolites
	Lipid metabolism

	87
	Allantoin
	Other metabolites
	Nucleotide metabolism

	88
	MOPS
	Other metabolites
	Biological matrix

	89
	Cholate
	Other metabolites
	Lipid metabolism

	90
	D-glucose 6-phosphate
	Glucose precursors/derivatives
	Glucose metabolism

	91
	N-Acetylneuraminate
	Glucose precursors/derivatives
	Glucose metabolism

	92
	D-Gluconic acid
	Glucose precursors/derivatives
	Glucose metabolism

	93
	Phosphoenolpyruvate
	Glucose precursors/derivatives
	Glucose metabolism

	94
	Nicotinate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	95
	Nicotinamide
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	96
	Thiamin
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	97
	Biotin
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	98
	Acetyl-CoA
	Vitamins/Coenzymes
	Glucose/Lipid metabolism

	99
	Malonyl-CoA
	Vitamins/Coenzymes
	Lipid metabolism

	100
	Pyridoxine
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	101
	Ascorbate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	102
	Folate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	103
	Lipoate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	104
	Pyridoxal phosphate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	105
	Pantothenate
	Vitamins/Coenzymes
	Vitamin and coenzyme metabolism

	106
	NADH
	Vitamins/Coenzymes
	Energy metabolism

	107
	NADP+
	Vitamins/Coenzymes
	Energy metabolism

	108
	Oxidized glutathione
	Vitamins/Coenzymes
	Amino acid metabolism

	109
	HVA
	Organic Acids
	Hormone metabolism

	110
	Citrate
	Organic Acids
	Glucose metabolism

	111
	pyrophosphate
	Organic Acids
	Energy metabolism

	112
	Succinate
	Organic Acids
	Glucose metabolism

	113
	Malate
	Organic Acids
	Glucose metabolism

	114
	Benzoate
	Organic Acids
	Amino acid metabolism

	115
	α-Keto-glutarate
	Organic Acids
	Glucose metabolism

	116
	Uric acid 
	Organic Acids
	Amino acid metabolism

	117
	Lactic acid
	Organic Acids
	Glucose metabolism



[bookmark: _Toc486941787]Table 2.4 The free fatty acid (FFA) panel
	ID
	
	Name

	1
	12:0
	Lauric acid 

	2
	14:0
	Myristic acid 

	3
	14:1
	Myristoleic acid

	4
	16:0
	Palmitic acid

	5
	16:1
	Palmitoleic acid

	6
	16:2
	Hexadecadienoic acid

	7
	17:0
	Margaric acid

	8
	17:1
	heptadecaenoic

	9
	18:0
	Stearic acid

	10
	18:1
	Oleic acid

	11
	18:2
	Linoleic acid

	12
	18:4
	Stearidonic acid, SDA

	13
	18:4
	Arachidic acid

	14
	20:0
	Gondoic acid

	15
	20:1
	Eicosadienoic acid, EDA

	16
	20:2
	Dihomo-γ-linolenic, DGLA

	17
	20:5
	Eicosapentaenoic acid, EPA

	18
	22:0
	Behenic acid

	19
	22:1
	Erucic acid

	20
	22:2
	Docosadienoic acid

	21
	22:3
	Docosatrienoic acid

	22
	22:4
	Adrenic acid

	23
	22:6
	Docosahexaenoic acid, DHA

	24
	24:0
	Lignoceric acid

	25
	24:1
	Nervonic acid

	26
	24:2
	Tetracosandienoic

	27
	24:3
	-

	28
	24:4
	Tetracosatetraenoic acid

	29
	24:6
	Tetracosahexaenoic acid

	30
	α-18:3
	α-Linolenic acid, ALA

	31
	16:3 (n-3)
	Hexadecatrienoic acid, HTA

	32
	16:4 (n-3)
	Hexadecatetraenoic acid

	33
	20:4 (n-3)
	Eicosatetraenoic acid, ETA

	34
	22:5 (n-3)
	Docosapentaenoic acid, DPA

	35
	24:5 (n-3)
	Tetracosapentaenoic acid

	36
	16:3 (n-6)
	Hexadecatrienoic acid

	37
	16:4 (n-6)
	Hexadecatetraenoic acid

	38
	20:4 (n-6)
	Arachidonic acid, AA

	39
	22:5 (n-6)
	Docosapentaenoic acid, DPA

	40
	24:5 (n-6)
	Tetracosapentaenoic acid

	41
	γ-18:3
	γ-linolenic, GLA



[bookmark: _Toc486941788]Table 2.5 The eicosanoid panel
	ID
	Name

	1
	20-COOH-LTB4

	2
	14.15-LTE4

	3
	LTD4

	4
	EPA

	5
	AA

	6
	15-deoxy-Δ12,14-PGJ2

	7
	15-oxo-ETE

	8
	5-oxo-EET

	9
	5-HEPE

	10
	8-HEPE

	11
	9-HEPE

	12
	11-HEPE

	13
	15-HEPE

	14
	18-HEPE

	15
	11,12-EpETE

	16
	8,9-EpETE

	17
	17(18)-EpETE

	18
	19-HETE

	19
	20-HETE

	20
	18-HETE

	21
	17-HETE

	22
	16-HETE

	23
	12-HETE

	24
	9-HETE

	25
	5-HETE

	26
	11,12-EET

	27
	8,9-EET

	28
	5,6-EET

	29
	15(S)-HETE

	30
	14(15)-EpEDE

	31
	DHA

	32
	8,9-EET

	33
	PGB3-1

	34
	PGB3-2

	35
	PGJ2

	36
	PGB2

	37
	LTB4

	38
	5,6-diHETE

	39
	14,15-DHET

	40
	11.12-DHET

	41
	8,9-DHET

	42
	5,6-DHET

	43
	16,17-EPDPA

	44
	19,20-EDPA

	45
	4-HDoHE

	46
	8-HDoHE

	47
	10-HDoHE

	48
	11-HDoHE

	49
	13-HDoHE

	50
	14-HDoHE

	51
	17-HDoHE

	52
	20-HDoHE

	53
	PGE2

	54
	PGE3

	55
	PGE2/LXB4

	56
	PGD2

	57
	20-OH LTB4

	58
	LAX4

	59
	maresin-1

	60
	11-dehydro TXB2

	61
	6-keto PGE1

	62
	6-keto-PGF1α

	63
	2,3 dinor-8-iso PGF2α

	64
	TXB2

	65
	resolvin-D1

	66
	resolvin-D2



[bookmark: _Toc486931024]2.8 Statistical Analysis
[bookmark: _Toc486931025]2.8.1 Analysis for clinical parameters
Continuous variables are expressed as mean ± standard deviation (SD) or median (25th to 75th percentiles) of data not normally distributed, and categorical parameters are showed as ratio or percentage. For continuous data, either student t test or Mann-Whiney U test was conducted between two independent samples as appropriate. Chi-square test was used for categorical data. For multi-group comparison, one-way ANOVA or Kruskal-Wallis test was used as appropriate. Bivariate association was analyzed by Pearson or Spearman correlation as appropriate. In order to identify risk factors for clinical outcomes univariate and multivariate COX regression analyses were conducted. In the multivariate COX analysis, Forward LR model was used. Receiver operative characteristic curves (ROC) were used to determine the best cutoff values of predictors. Kaplan-Meier curve was carried out and log-rank p value was calculated in survival analysis. Random survival forest model was also constructed to analyze the prognostic value of parameters. Missing data was imputed with the MICE package using a random forest based imputation algorithm (missing data: AT (n=6, 3.5%), NT-ProBNP (n=6, 3.5%)). A p value < 0.05 was considered significant. Data management and analyses were performed using SPSS (version 14.0, Chicago, IL, USA) and R version 3.3.2 (packages used: pROC, survival, ggplot2, cowplot, mice, randomforestSRC).
[bookmark: _Toc486931026]2.8.2 Metabolomics analysis
Differentiate expression of metabolites between groups was assessed using R package “limma”. To be specific, a multiple moderate t test was used for adjustment of different metabolites measured in the same panel. Paired multiple t test was used for comparing metabolite levels within group between different time points including baseline and peak exercise, peak exercise and recovery period. Linear regression analysis was used for investigating the relationship between exercise capacity and metabolites. For this part, comparisons were performed between baseline VO2 and baseline metabolites, peak VO2 and metabolites at peak exercise, difference between baseline VO2 and peak VO2 (VO2 reserve) and difference of metabolites between baseline and peak exercise (metabolite reserve). 
Chapter 3 [bookmark: _Toc486931027]
Baseline characteristics of patients
[bookmark: _Toc486931028]3.1 Results
[bookmark: _Toc486931029]3.1.1 Baseline characteristics of patients in the overall cohort
[bookmark: _Toc486931030]3.1.1.1 Demographics
Baseline characteristics of the 171 patients are presented in table 3.1. The median age for patients at enrollment was 27.8 (inter-quartile range (IQR), 24.2 to 35.7) years old, ranging from 18.6 to 64.9 years old (Table 3.1, Figure 3.1). One hundred and thirty-one (76.6%) were female (Table 3.1). The median body mass index (BMI) was 22.0 (IQR, 18.3 to 21.5) (Table 3.1)., and one patient was obese (BMI = 30.8). 
[image: ]
[bookmark: _Toc486941741]Figure 3.1 Age distribution of patients in the overall cohort
[bookmark: _Toc486931031]3.1.1.2 General clinical characteristics
The majority of patients were in WHO-FC I or II, with 43 (25.1%) in WHO-FC III (Table 3.1). The median time from onset to PAH diagnosis (by RHC) and from onset to enrollment was 7.1 and 8.0 years, respectively (Table 3.1). The median NT-proBNP levels were 220 (IQR, 90 to 783) pg/ml (Table 3.1). There were 76 (44.4%) patients with abnormal NT-proBNP levels (> 300 pg/ml).
[bookmark: _Toc486931032]3.1.1.3 Clinical and anatomical classifications
Of all the 171 patients, 60 (35.1%) had ES, 35 (20.5%) had PAH-SP, 39 (22.8%) had PAH-SD, and 37 (21.6%) had PAH-CD. In regards to the type of defect(s), 44(25.7%) had simple pre-tricuspid shunts, 111(66.6%) had simple post-tricuspid shunts, 13 (7.6%) had combined or complex CHD.
[bookmark: _Toc486931033]3.1.1.4 Targeted treatment
Half of the patients (50.9%) were treatment-naïve before enrollment, 47 (24.6%) were on phosphodiesterase type 5 inhibitor (PDE-5i) monotherapy, 17 (9.9%) were on endothelial receptor antagonist (ERA) monotherapy, and 25 (14.6%) were on combination therapy (double or triple combination of PDE-5i, ERA, and prostacyclin analogue). At discharge, almost half (49.1%) received combination therapy, other half on PDE-5i or ERA monotherapy, and 3 (1.8%) patients did not take any targeted drugs because of economic reasons. PDE-5is included sildenafil, tadalafil, and vardenafil. ERAs included bosentan and ambrisentan. Prostacyclin analogues included beraprost, iloprost, and subcutaneous treprostenil. 
[bookmark: _Toc486931034]3.1.1.5 Hemodynamics
Patients had a mPAP of 75.9 ± 19.2 mmHg ranging from 33 to 144 mmHg (Table 3.1, Figure 3.2), and the levels of 110 (64.3%) patients were equal to or greater than 70 mmHg. The median PVR was 19.6 (IQR, 15.2 to 25.4) Wood units, ranging from 3.9 to 85.7 Wood Units (Table 3.1, Figure 3.3). The median femoral artery oxygen saturation (SaO2) was 89.7% (IQR, 85.4 to 93.3). There were 86 patients with SaO2 ≤ 90%, including 60 with ES, 18 with PAH-SD, and 8 with PAH-CD. Qs in patients with shunts and CO in patients without open shunts were analyzed together, and the median CO/Qs was 4.18 (IQR, 3.17 to 5.53) L/min (Table 3.1). The median Qp/Qs in patients with shunts was 1.06 (IQR, 0.85 to 1.39).
[bookmark: _Toc486941789]Table 3.1 Baseline characteristics of patients and controls
	Characteristics
	Patients (n = 171)
	Controls (n = 30)

	Demographics
	
	

	  Age, years
	27.8 (24.2 to 35.7)
	27.2 (24.6 to 31.0)

	  Women, n (%)
	131 (76.6)
	24 (80)

	  BMI, kg/m2
	20.0 (18.3 to 21.5)
	21.4 (19.9 to 24.1) *

	General clinical information
	
	

	  WHO-FC, III/I-II
	43/128
	

	  NT-proBNP, pg/ml
	220 (90 to 783)
	

	  Time onset to diagnosis, years
	7.1 (2.1 to 15.0)
	

	  Time onset to enrollment, years
	7.2 (2.3 to 15.3)
	

	Clinical classification, n(%)
	
	

	  ES
	60 (35.1)
	

	  PAH-SP
	35 (20.5)
	

	  PAH-SD
	39 (22.8)
	

	  PAH-CD
	37 (21.6)
	

	Type of defect, n (%)
	
	

	  Simple pre-tricuspid shunts
	44 (25.7)
	

	  Simple post-tricuspid shunts
	114 (66.6)
	

	  Combined or Complex
	13 (7.6)
	

	Targeted therapy prior to enrollment, n (%)
	
	

	  Treatment naïve
	87 (50.9)
	

	  Monotherapy
	
	

	PDE-5is
	47 (24.6)
	

	ERAs
	17 (9.9)
	

	Prostanoids
	0 (0)
	

	  Combination therapy
	25 (14.6)
	

	Targeted therapy at discharge, n (%)
	
	

	  none
	3 (1.8)
	

	  Monotherapy
	
	

	PDE-5is
	68 (39.8)
	

	ERAs
	16 (9.4)
	

	Prostanoids
	0 (0)
	

	  Combination therapy
	84 (49.1)
	

	Hemodynamics
	
	

	  SaO2, %
	89.7 (85.4 to 93.3)
	

	  mRAP, mmHg
	8.0 (6.0 to 10.0)
	

	  mPAP, mmHg
	75.9 ± 19.2
	

	  PAWP, mmHg
	10.0 (8.0 to 12.0)
	

	  PVR, Wood Units
	15.6 (10.1 to 22.0)
	

	  CO/Qp, L/min
	4.18 (3.17 to 5.53)
	

	  Qp/Qs (n = 134)
	1.06 (0.85 to 1.39)
	


Values are expressed as n (%), ratio, mean ± SD, or median (25th to 75th percentiles). BMI = body mass index; WHO-FC = World Health Organization functional class; CHD-PAH = congenital heart disease associated PAH; NT-proBNP = N-terminal pro-brain natriuretic peptide; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; SaO2 = femoral artery oxygen saturation; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow; Qs = systemic blood flow. 
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[bookmark: _Toc486941742]Figure 3.2 Mean pulmonary artery pressure (mPAP) distribution of patients in the overall cohort
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[bookmark: _Toc486941743]Figure 3.3 Pulmonary vascular resistance (PVR) distribution of patients in the overall cohort
[bookmark: _Toc486931035]3.1.2 Baseline characteristics of patients in the clinical subgroups
The baseline characteristics of patients according to the clinical classifications are listed in table 3.2. Patients in different subgroups had comparable age (p = 0.173) and female to male ratio (p = 0.173). Patients with PAH-SP had slightly higher BMI than other groups but the difference was not significant (p = 0.057). Patients with PAH-SD were more likely to have simple pre-tricuspid shunts while the ES group had more patients with simple post-tricuspid shunts. 
Patients with ES were the earliest to have initial symptoms of PAH compared to other 3 groups (p < 0.001). They also seemed to have the most advanced condition hemodynamically, with the worst CO (p < 0.001) and highest PVR (p < 0.001) and mPAP (p = 0.035), however, their NT-proBNP levels were the lowest (p = 0.022). They had a lowest median SaO2 of 85.5% (IQR, 82.9 to 88.4).  
There was a trend that fewer patients in the PAH-SP group were in WHO-FC III (p = 0.060). They were hemodynamically better than other groups, with the lowest PVR (p < 0.001), the best CO (p < 0.001), and the second lowest mPAP (p = 0.035). The NT-proBNP levels were the second lowest (p = 0.022) and the time of initial symptoms to diagnosis/enrolment was the second shortest (p < 0.001). 
Although patients with PAH-SD were diagnosed the latest (p < 0.001), they were at an advanced stage, with severe hemodynamics (second highest PVR (p < 0.001) and mPAP (p = 0.035), and second worst CO (p < 0.0019) and highest NT-proBNP levels (p = 0.022). 
Patients with PAH-CD had the highest median SaO2 of 93.0% (IQR, 90.4 to 95.4). They were diagnosed at their late 20s and with shunts corrected. At the time of enrolment, their hemodynamics status was similar to the best group PAH-SP (the lowest mPAP (p = 0.022), the second lowest PVR (p < 0.001), and the second best CO (p < 0.001)). However, the NT-proBNP levels in these patients were the second highest (p = 0.022). 
To conclude, we suggest that patients with PAH-SP were at a good status and patients with PAH-SD were at a bad status, while the baseline data was contradictory in the ES and PAH-CD groups. 
Prior to enrolment, more than half patients in the ES and PAH-SP groups were treatment naïve, and numerally more patients in the PAH-CD groups were treated 

[bookmark: _Toc486941790]Table 3.2 Baseline characteristics of patients in clinical subgroups
	Characteristics
	ES
n = 60
	PAH-SP
n = 35
	PAH-SD
n = 39
	PAH-CD
n = 37
	p value

	Demographics
	
	
	
	
	

	  Age, years
	27.2 (23.2 to 35.6)
	29.4 (24.6 to 35.5)
	29.8 (26.4 to 38.5)
	26.1 (23.2 to 35.6)
	0.173

	  Women, %
	46 (76.7)
	25 (71.4)
	34 (87.2)
	26 (70.3)
	0.286

	  BMI, kg/m2
	18.9 (17.7 to 20.9)
	21.0 (18.4 to 22.9)
	19.6 (18.6 to 21.4)
	20.6 (19.1 to 22.0)
	0.057

	General clinical information
	
	
	
	
	

	  WHO-FC, III/I-II
	17/43
	3/32
	10/29
	13/24
	0.060

	  NT-proBNP, pg/ml
	154 (71 to 559)
	218 (111 to 507)
	498 (121 to 1333)
	374 (126 to 1053)
	0.022

	  Time onset to diagnosis, years
	10.1 (6.0 to 20.0)
	4.0 (1.1 to 10.5)
	3.0 (1.0 to 10.1)
	8.0 (3.6 to 15.1)
	< 0.001

	  Time onset to enrollment, years
	10.2 (6.1 to 20.3)
	5.1 (1.1 to 10.2)
	3.1 (1.0 to 10.2)
	9.2 (3.7 to 15.4)
	< 0.001

	Type of defect, n (%)
	
	
	
	
	

	  Simple pre-tricuspid shunts
	6 (10.0)
	10 (28.6)
	19 (48.7)
	9 (24.3)
	< 0.001

	  Simple post-tricuspid shunts
	51 (85.0)
	22 (62.9)
	17 (43.6)
	24 (69.9)
	< 0.001

	  Combined or Complex
	3 (5.0)
	3 (8.5)
	3 (7.7)
	4 (10.8)
	0.761

	Targeted therapy 
prior to enrollment, n (%)
	
	
	
	
	

	  Treatment naive
	37 (61.7)
	19 (54.3)
	18 (46.2)
	13 (35.1)
	0.073

	  Monotherapy
	
	
	
	
	

	    PDE-5is
	14 (23.3)
	9 (25.7)
	6 (15.4)
	13 (35.1)
	0.253

	    ERAs
	3 (5.0)
	3 (8.6)
	7 (17.9)
	4 (10.8)
	0.209

	    Prostanoids
	0 (0)
	0 (0)
	0 (0)
	0 (0)
	-

	  Combination therapy
	6 (10.0)
	4 (11.4)
	8 (20.5)
	7 (18.9)
	0.400

	Targeted therapy 
at discharge, n (%)
	
	
	
	
	

	  none
	0 (0)
	1 (2.9)
	0 (0)
	2 (5.4)
	0.181

	  Monotherapy
	
	
	
	
	

	    PDE-5is
	31 (51.7)
	9 (25.7)
	18 (46.2)
	10 (27.1)
	0.022

	    ERAs
	5 (8.3)
	3 (8.6)
	3 (7.7)
	5 (13.5)
	0.806

	    Prostanoids
	0 (0)
	0 (0)
	0 (0)
	0 (0)
	-

	  Combination therapy
	24 (40)
	22 (62.9)
	18 (46.2)
	20 (54.1)
	0.162

	Hemodynamics
	
	
	
	
	

	  SaO2, %
	85.5 (82.9 to 88.4)
	92.7 (91.3 to 93.9)
	90.8 (85.9 to 93.6)
	93.9 (90.4 to 95.4)
	< 0.001

	  mRAP, mmHg
	8.0 (6.0 to 10.0)
	8.0 (6.0 to 9.0)
	8.0 (6.0 to 11.0)
	9.0 (6.5 to 14.0)
	0.120

	  mPAP, mmHg
	81.4 ± 13.4
	73.0 ± 17.2
	74.9 ± 22.2
	70.7 ± 23.9
	0.035

	  PAWP, mmHg
	10 (8 to 12)
	12 (8 to 13)
	11 (8 to 12)
	10 (9 to 13)
	0.461

	  PVR, Wood Unit
	19.6 (15.2 to 25.4)
	9.8 (7.0 to 15.2)
	16.2 (10.5 to 23.8)
	10.9 (8.0 to 20.2)
	< 0.001

	  CO/Qp, L/min
	3.7 (3.2 to 4.1)
	5.7 (4.8 to 7.6)
	3.8 (2.8 to 5.0)
	4.6 (3.3 to 5.8)
	< 0.001


Values are expressed as n (%), ratio, mean ± SD, or median (25th to 75th percentiles). BMI = body mass index; WHO-FC = World Health Organization functional class; CHD-PAH = congenital heart disease associated PAH; NT-proBNP = N-terminal pro-brain natriuretic peptide; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; SaO2 = femoral artery oxygen saturation; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow. 

although not significant (p = 0.073). At discharge, patients with ES and patients with PAH-SD were mostly treated with PDE-5i monotherapy (p = 0.022).
[bookmark: _Toc486931036]3.1.3 Baseline characteristics of patients in the anatomical subgroups
The baseline characteristics of patients according to the anatomical classifications are listed in table 3.3. Patients with simple pre-tricuspid shunts were older than the other two groups (p = 0.001) and were more likely to have small defects (p = 0.001). They had the shortest time from onset to diagnosis/enrolment (p < 0.001 for both) and better hemodynamics including lower mPAP (p < 0.001) and PVR (p < 0.001). The NT-proBNP levels were a bit higher but not the highest (p = 0.004). 
More patients with simple post tricuspid shunts had ES (p = 0.001) and lower SaO2 (p < 0.001). They were younger (p = 0.001) but had the longest time from onset to diagnosis/enrolment (p < 0.001 for both). They were hemodynamically worst (highest mPAP (p < 0.001) and PVR (p < 0.001)) but had the lowest levels of NT-proBNP (p = 0.004). 
Patients with combined shunts or complex CHD ranked medium in age, time from onset to diagnosis/enrolment, and hemodynamics compared to other two groups. Interestingly they had the highest NT-proBNP (p = 0.004).
[bookmark: _Toc486931037]3.2 Discussion
Patients enrolled in this study were mostly in their 20s and 30s (Figure 3.1), who were younger than patients with IPAH in our center131, and much younger than patients with CHD-PAH in western countries 333, 334. Age was similar among the clinical subgroups in our cohort while there were some differences in other studies333, 334. In a study from Italy, patients with PAH-SD and PAH-CD were younger than other 2 groups333, while in another UK cohort patients with ES was the youngest334. In anatomical subgroups, patients with simple post-tricuspid shunts and with combined shunts/complex CHD were younger than patients with simple pre-tricuspid shunts,


[bookmark: _Toc486941791]Table 3.3 Baseline characteristics of patients in anatomical subgroups
	Characteristics
	Simple pre-tricuspid shunts
n = 44
	Simple post-tricuspid shunts
n = 114
	Combined or Complex
n = 13
	p value

	Demographics
	
	
	
	

	  Age, years
	33.1 (27.5 to 39.6)
	26.7 (23.3 to 32.2)
	27.7 (22.1 to 34.8)
	0.001

	  Women, %
	39 (88.6)
	82 (71.9)
	10 (76.9)
	0.084

	  BMI, kg/m2
	20.1 (18.5 to 21.8)
	19.7 (18.3 to 21.5)
	20.9 (18.4 to 21.5)
	0.862

	General clinical information
	
	
	
	

	  WHO-FC, III/I-II
	11/33
	31/83
	1/12
	0.308

	  NT-proBNP, pg/ml
	494 (141 to 1743)
	187 (79 to 599)
	594 (165 to 959)
	0.004

	  Time onset to diagnosis, years
	3.0 (1.0 to 6.1)
	10.1 (4.7 to 18.6)
	7.0 (2.6 to 13.5)
	< 0.001

	  Time onset to enrollment, years
	3.0 (1.0 to 8.3)
	10.0 (4.9 to 19.0)
	7.0 (2.6 to 13.5)
	< 0.001

	Clinical classification, n (%)
	
	
	
	

	  ES
	6 (13.6)
	51 (44.7)
	3 (23.1)
	0.001

	  PAH-SP
	10 (22.7)
	22 (19.3)
	3 (23.1)
	0.866

	  PAH-SD
	19 (43.2)
	17 (14.9)
	3 (23.1)
	0.001

	  PAH-CD
	9 (20.5)
	24 (21.1)
	4 (30.8)
	0.705

	Targeted therapy 
prior to enrollment, n (%)
	
	
	
	

	  Treatment naive
	18 (40.9)
	65 (57.0)
	4 (30.8)
	0.062

	  Monotherapy
	
	
	
	

	    PDE-5is
	13 (29.5)
	22 (19.3)
	7 (53.8)
	0.016

	    ERAs
	8 (18.2)
	8 (7.0)
	1 (7.7)
	0.105

	    Prostanoids
	0 (0)
	0 (0)
	0 (0)
	-

	  Combination therapy
	5 (11.4)
	19 (16.7)
	1 (7.7)
	0.534

	Targeted therapy 
at discharge, n (%)
	
	
	
	

	  none
	1 (2.3)
	2 (1.8)
	0 (0)
	0.860

	  Monotherapy
	
	
	
	

	    PDE-5is
	20 (45.5)
	43 (37.7)
	5 (38.5)
	0.669

	    ERAs
	7 (15.9)
	9 (7.9)
	0 (0)
	0.145

	    Prostanoids
	0 (0)
	0 (0)
	0 (0)
	-

	  Combination therapy
	16 (36.4)
	60 (52.6)
	8 (61.5)
	0.121

	Hemodynamics
	
	
	
	

	  SaO2, %
	93.4 (89.6 to 95.0)
	88.7 (85.2 to 92.7)
	91.3 (84.4 to 93.2)
	< 0.001

	  mRAP, mmHg
	9 (7 to 10)
	8 (6 to 11)
	8 (5 to 10)
	0.732

	  mPAP, mmHg
	61 (53 to 73)
	82 (71 to 91)
	76 (61 to 94)
	< 0.001

	  PAWP, mmHg
	10 (8 to 12)
	11 (9 to 13)
	12 (8 to 15)
	0.285

	  PVR, Wood Unit
	11.1 (6.6 to 18.3)
	17.8 (11.0 to 23.9)
	12.5 (8.2 to 24.3)
	< 0.001

	  CO/Qp, L/min
	4.5 (3.4 to 6.1)
	3.9 (3.2 to 5.3)
	4.9 (3.1 to 6.5)
	0.094


Values are expressed as n (%), ratio, mean ± SD, or median (25th to 75th percentiles). BMI = body mass index; WHO-FC = World Health Organization functional class; CHD-PAH = congenital heart disease associated PAH; NT-proBNP = N-terminal pro-brain natriuretic peptide; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; SaO2 = femoral artery oxygen saturation; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow.

which agreed with the UK cohort333, 334. The reason of the young age in Chinese patients with CHD-PAH is unknown, which is the same case in the young IPAH population in China than in western countries. 
The distribution of functional class in this study was also different from studies in western countries333, 334. Most of the patients enrolled in our center were in WHO-FC I and II, while in western countries 333, 334 most patients enrolled were in WHO-FC III and IV. One reason was this study excluded patients with WHO-FC IV for safety issues during CPET, and another more important reason was that patients in China have better access to specialists and equipment like echocardiography so they are often diagnosed at the early stage of the disease. Also, patients are more likely to be hospitalized than western countries because of the health insurance policies (insurance covers more for in patients than out patients) and the relatively cheap service in the hospital, so many patients hospitalized often have mild diseases. 
In terms of the clinical classification, patients with ES accounted for the most, and patients with PAH-SD accounted for the least, which was similar compared to other studies333, 334. As for anatomical classification, patients with simple post-tricuspid shunts were the majority, and even more than the other two groups combined. However, in the UK cohort, patients were evenly distributed in three anatomical groups. 
Most patients with PAH are referred to our center (the biggest referral center in China), some without and some with initial targeted PAH therapies before visiting our center. In this study, 51% of the patients were treatment-naive before enrollment. Of the treated patients, most received PDE-5is because of the lower price compared to ERAs and prostanoids. The prostanoids available in China were berapsort, iloprost, and subcutaneous treprostenil, which were often used combined with PDE-5is or ERAs in China. Intravenous epoprostenol is still not available in China, so for those with severe disease, subcutaneous treprostenil was used but usually only for a few months because it was too expensive (sometimes more than 5 times of the family`s income). When patients were admitted to our center, they underwent investigations including ECG, echocardiography, 6MWD (not all), blood testing, CPET (not all), RHC (for initial evaluation and every one year follow-up), and the treatment might be alerted according to the results of investigations. In this study, half of the patients received combination therapy (normally one PDE-5i plus beraprost for the treatment-naïve patients) and 40% on PDE-5is at discharge. 
In hemodynamics in different clinical subgroups, we had the similar results compared to the Italy group333, which was patients with ES had the worst and patients with PAH-SP had the best. The Italy group did not compare the hemodynamics among the anatomical subgroups and the UK group did not perform RHC for all the patients. In our study, patients with simple post-tricuspid shunts seemed to have the worst hemodynamics. 
[bookmark: _Toc486931038]3.3 Summary 
(1) Patients were younger in this study compared to those in western countries and more patients were in WHO-FC I/II. 
(2) Of all the patients, 35.1% had ES, and 66.6% had simple post-tricuspid shunts. 
(3) About half the patients were treatment naïve prior to enrollment and others were mainly treated by PDE-5is or ERAs, or the combination of both before admitted to our center. 
(4) Patients in different clinical subgroups shared more differences than similarities in baseline characteristics. Patients in different anatomical subgroups shared more similarities than differences in baseline characteristics.
Chapter 4 [bookmark: _Toc486931039]
Cardiopulomnary exercise testing and its Prognostic value
[bookmark: _Toc486931040]4.1 Results
[bookmark: _Toc486931041]4.1.1 CPET parameters
4.1.1.1 CPET parameters in the overall patients compared to healthy controls
Compared to controls, patients had significantly worse exercise capacity, ventilatory efficiency, and cardiovascular reserve as shown in table 4.1. The median maximum workload for patients during CPET was 75 Watt (IQR, 61 to 95) compared to 147 Watt (IQR, 118 to 197) for controls (p < 0.001). Patients had a severally reduced median peak VO2 of 14.8 ml/min/kg (IQR, 12.5 to 17.6) compared to 26.9 ml/min/kg (IQR, 23.1 to 34.2) in controls (p < 0.001). The percentage predicted peak VO2 showed the similar result (p < 0.001). AT was 10.9 ml/min/kg (IQR, 9.4 to 13.0) and 16.2 ml/min/kg (IQR, 13.9 to 18.4) for patients and controls, respectively. Patients had impaired ventilator efficiency indicated by nearly twice higher VE/VCO2 slope than controls (median (IQR), 39 (32 to 51), and 23 (21 to 25), respectively, p < 0.001). Resting HR was higher (p < 0.001) and resting sBP (p = 0.056) was numerally lower in patients than in controls. Cardiovascular reserve was worse in patients suggested by lower peak HR (p < 0.001), peak sBP (p < 0.001), HRR (p < 0.001), and sBPR (p = 0.003). 
[bookmark: _Toc486941792]Table 4.1 Exercise parameters of patients and controls
	
	Overall patients
n = 171
	Controls
n = 30
	P value

	Peak workload, Watt
	75 (61 to 95)
	147 (118 to 197)
	< 0.001

	Resting HR, bpm
	87 (78 to 97)
	77 (69 to 84)
	< 0.001

	Peak HR, bpm
	149 (135 to 160)
	172 (157 to 179)
	< 0.001

	HRR, bpm
	62 (45 to 72)
	89 (80 to 105)
	< 0.001

	Resting sBP, mmHg
	107 (98 to 115)
	112 (102 to 121)
	0.056

	Peak sBP, mmHg
	144 ± 22
	170 ± 20
	< 0.001

	sBPR, mmHg
	37 ± 18
	50 ± 21
	0.003

	Peak VE, L/min
	39 (32 to 48)
	56 (45 to 69)
	< 0.001

	AT, ml/min/kg
	10.9 (9.4 to 13.0)
	16.2 (13.9 to 18.4)
	< 0.001

	Peak VO2, ml/min/kg
	14.8 (12.5 to 17.6)
	26.9 (23.1 to 34.2)
	< 0.001

	Peak VO2, Percentage predicted, %
	41 (36 to 47)
	80 (74 to 93)
	< 0.001

	VE/VCO2 slope
	39 (32 to 51)
	23 (21 to 25)
	< 0.001


Values are expressed as mean ± SD or median (25th to 75th percentiles). HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
4.1.1.2 CPET parameters in female and male patients
There were some differences in the CPET parameters between female and male patients (Table 4.2). Male patients showed better exercise capacity compared to female patients, including peak workload (p < 0.001), peak VO2 (p = 0.002), and AT (p = 0.033). The lower VE/VCO2 slope in male patients indicated better ventilatory efficiency than female patients (p = 0.006). Peak HR (p = 0.738), HRR (p = 0.164), and sBPR (p = 0.069) were comparable between male and female patients. Peak sBP was a bit higher in male patients than female patients (p = 0.003). 
[bookmark: _Toc486941793]Table 4.2 Exercise parameters in male and female patients
	
	Female patients
n = 131
	Male patients
n = 40
	P value

	Peak workload, Watt
	73 (60 to 86)
	99 (81 to 127)
	< 0.001

	Resting HR, bpm
	87 ± 13
	90 ± 13
	0.146

	Peak HR, bpm
	149 (137 to 160)
	152 (126 to 160)
	0.738

	HRR, bpm
	60 ± 22
	55 ± 22
	0.164

	Resting sBP, mmHg
	105 (97 to 114)
	110 (102 to 119)
	0.044

	Peak sBP, mmHg
	142 ± 21
	153 ± 21
	0.003

	sBPR, mmHg
	36 ±18
	42 ± 19
	0.069

	Peak VE, L/min
	38 (31 to 46)
	48 (36 to 58)
	< 0.001

	AT, ml/min/kg
	10.8 (9.3 to 12.7)
	11.7 (9.7 to 14.5)
	0.033

	Peak VO2, ml/min/kg
	14.4 (12.4 to 17.0)
	17.1 (13.5 to 20.1)
	0.002

	Peak VO2, Percentage predicted, %
	42 (37 to 47)
	39 (32 to 48)
	0.067

	VE/VCO2 slope
	41 (33 to 53)
	35 (29 to 44)
	0.006


Values are expressed as mean ± SD or median (25th to 75th percentiles). HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
4.1.1.3 CPET parameters in patients with WHO I/II and WHO II 
As shown in table 4.3, WHO-FC was significantly associated with the CPET performance. Patients with WHO-FC III had worse peak workload (p < 0.001), Peak VO2 (p < 0.001) than patients with WHO-FC I/II. Patients with WHO-FC III also had higher VE/VCO2 slope demonstrating worse ventilator efficiency (p = 0.019). Cardiovascular reserve was also worse in patients with WHO-FC III as shown by lower peak HR (p = 0.001), HRR (p = 0.001), peak sBP (p = 0.003), and sBPR (p = 0.003) compared to patients with WHO-FC I/II. 
[bookmark: _Toc486941794]Table 4.3 Exercise parameters in patients with different functional classes
	
	WHO-FC I/II
n = 128
	WHO-FC III 
n = 43
	P value

	Peak workload, Watt
	80 (68 to 100)
	63 (50 to 80)
	< 0.001

	Resting HR, bpm
	87 ± 13
	88 ± 13
	0.611

	Peak HR, bpm
	152 (140 to 161)
	139 (120 to 152)
	0.001

	HRR, bpm
	62 ± 21
	50 ± 23
	0.001

	Resting sBP, mmHg
	107 (98 to 117)
	108 (98 to 114)
	0.585

	Peak sBP, mmHg
	147 ±21
	136 ± 21
	0.003

	sBPR, mmHg
	40 ± 18
	30 ± 18
	0.003

	Peak VE, L/min
	41 (33 to 50)
	35 (30 to 41)
	0.001

	AT, ml/min/kg
	11.5 (9.8 to 13.5)
	9.8 (8.8 to 10.9)
	< 0.001

	Peak VO2, ml/min/kg
	15.8 (12.9 to 18.4)
	12.9 (11.2 to 15.0)
	< 0.001

	Peak VO2, Percentage predicted, %
	42 (38 to 48)
	37 (31 to 42)
	< 0.001

	VE/VCO2 slope
	38 (31 to 51)
	47 (36 to 52)
	0.019


Values are expressed as mean ± SD or median (25th to 75th percentiles). WHO-FC = World Health Organization funcational class; HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
4.1.1.4 CPET parameters in the clinical subgroups
Patients of different clinical subgroups differed in some of the CPET parameters (Table 4.4). Patients with ES had the lowest peak workload (median (IQR), 70 Watt (60 to 86), p = 0.007), peak VO2 (mean ± SD, 14.3 ± 2.6 ml/min/kg, p = 0.003), and percentage predicted peak VO2 (median (IQR), 39% (33 to 42), p = 0.001), and the highest VE/VCO2 slope (median (IQR), 44 (37 to 53), p = 0.012), representing the worst exercise capacity and ventilatory efficiency. Peak sBP (mean ± SD, 149 ± 21 mmHg, p = 0.009) and sBPR (mean ± SD, 40 ± 17 mmHg, p < 0.001), however, ranked the highest and the second highest, respectively, among the four groups. The HR response, including peak HR and HRR, was comparable among the different groups. Interestingly, there was no significant difference in AT among the four groups (p = 0.604).
Patients with PAH-SP had the best exercise capacity among the four groups, indicated by the highest peak VO2 (mean ± SD, 17.0 ± 2.6 ml/min/kg, p = 0.003)) and percentage predicted peak VO2 (median (IQR), 44% (40 to 53), p = 0.001), and the second highest peak workload (median (IQR), 80 Watt (72 to 110), p = 0.007). Peak sBP (mean ± SD, 148 ± 20, p = 0.009) and sBPR (mean ± SD, 44 ± 19, p < 0.001) ranked the second highest and the highest, respectively, among the four groups. However, the ventilatory efficiency was the second worst (VE/VCO2 slope of 44 (IQR, 30 to 49), p = 0.012)). 
Patients with PAH-SD had the second-best exercise capacity (peak VO2 (mean ± SD, 15.6 ± 3.7 ml/min/kg, p = 0.003), percentage predicted peak VO2 (median (IQR), 43% (38 to 49), p = 0.001)) and ventilator efficiency (VE/VCO2 slope of 37 (IQR, 30 to 47), p = 0.012)). The blood pressure response, however, was the second worst (peak sBP (mean ± SD, 143 ± 23 mmHg, p = 0.009), sBPR (mean ± SD, 37 ± 17 mmHg, p < 0.001)). 
It was contradictory in terms of the exercise capacity in patients with PAH-CD. They had the highest peak workload (median (IQR), 81 Watt (67 to 111), p = 0.007 but the second worst peak VO2 (mean ± SD, 14.8 ± 4.8 ml/min/kg, p = 0.003)) and the worst percentage predicted peak VO2 (median (IQR), 39% (30 to 50), p = 0.001). Notably, they had the best ventilaroty efficiency (VE/VCO2 slope 
of 35 (IQR, 29 to 53), p = 0.012), but the worst blood pressure response (peak sBP (mean ± SD, 135 ± 21, p = 0.009), sBPR (mean ± SD, 25 ± 15, p < 0.001)).
	To conclude, patients with PAH-SP and PAH-SD had better exercise capacity than patients with ES and PAH-CD. Patients with PAH-SD and PAH-CD had better ventilatory efficiency than patients with ES and PAH-SP. Among the four groups, patients with ES had the worst exercise capacity and ventilaroty efficiency.
4.1.1.5 CPET parameters in the anatomical subgroup
Patients of different anatomical subgroups shared more similarities than differences in CPET parameters (Table 4.5). Peak VO2 was similar in the three groups, however, the percentage predicted Peak VO2 showed patients with simple pre-tricuspid shunts were better than the other two groups (p = 0.005). Patients with simple pre-tricuspid shunts also had higher VE than others (median (IQR), 45 L/min (36 to 54), p = 0.018). The other parameters including peak workload (p = 0.707), AT (p = 0.355), VE/VCO2 slope (p = 0.867), peak HR (p = 0.104), HRR (p = 0.172), peak sBP (p = 0.100), and sBPR (p = 0.375) were all comparable in the different groups.
4.1.1.6 Adverse events during CPET
During CPET, there were no significant adverse events, such as cardiac arrest, ventricular tachycardia, supraventricular tachycardia, syncope, chest pain or dizziness. The reasons for stopping exercise were leg fatigue (72%), shortness of breath (20%), and general fatigue (8%). Mild ST-segment changes (1~3 mm) were detected in 50 (29%) patients, and moderate changes (> 3 mm) in 20 (12%) patients.


[bookmark: _Toc486941795]Table 4.4 Exercise parameters in different clinical subgroups
	
	ES (n = 60)
	PAH-SP (n = 35)
	PAH-SD (n = 39)
	PAH-CD (n = 37)
	p value

	Peak workload, Watt
	70 (60 to 86)
	80 (72 to 110)
	75 (60 to 95)
	81 (67 to 111)
	0.007

	Resting HR, bpm
	87 ± 14
	91 ± 14
	92 ± 11
	81 ± 12
	0.001

	Peak HR, bpm
	146 (124 to 154)
	150 (140 to 165)
	154 (140 to 160)
	147 (134 to 165)
	0.098

	HRR, bpm
	59 (41 to 68)
	61 (501 to 75)
	58 (441 to 72)
	66 (54 to 82)
	0.060

	Resting sBP, mmHg
	109 ± 16
	104 ± 10
	106 ± 13
	110 ± 15
	0.228

	Peak sBP, mmHg
	149 ± 21
	148 ± 20
	143 ± 23
	135 ± 21
	0.009

	sBPR, mmHg
	40 ± 17
	44 ± 19
	37 ± 17
	25 ± 15
	< 0.001

	Peak VE, L/min
	36 (31 to 45)
	45 (37 to 54)
	39 (33 to 47)
	38 (30 to 48)
	0.062

	AT, ml/min/kg
	10.6 (9.7 to 12.5)
	11.4 (9.8 to 13.6)
	11.5 (8.7 to 13.8)
	10.8 (9.2 to 13.2)
	0.604

	Peak VO2, ml/min/kg
	14.3 ± 2.6
	17.0 ± 3.4
	15.6 ± 3.7
	14.8 ± 4.8
	0.003

	Peak VO2, Percentage predicted, %
	39 (33 to 42)
	44 (40 to 53)
	43 (38 to 49)
	39 (30 to 50)
	0.001

	VE/VCO2 slope
	44 (37 to 53)
	38 (30 to 49)
	37 (30 to 47)
	35 (29 to 53)
	0.012


Values are expressed as mean ± SD or median (25th to 75th percentiles). ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
[bookmark: _Toc486941796]Table 4.5 Exercise parameters in different anatomical subgroups
	
	Simple pre-tricuspid shunts (n = 44)
	Simple post-tricuspid shunts (n = 114)
	Combined or Complex (n = 13)
	p value

	Peak workload, Watt
	77 (60 to 100)
	75 (61 to 91)
	76 (69 to 105)
	0.707

	Resting HR, bpm
	87 (77 to 94)
	86 (78 to 97)
	92 (84 to 103)
	0.296

	Peak HR, bpm
	151 (141 to 161)
	147 (131 to 159)
	160 (136 to 162)
	0.104

	HRR, bpm
	66 (53 to 78)
	61 (45 to 70)
	56 (44 to 74)
	0.172

	Resting sBP, mmHg
	104 (98 to 113)
	107 (98 to 115)
	113 (103 to 118)
	0.277

	Peak sBP, mmHg
	137 (129 to 151)
	146 (129 to 162)
	150 (140 to 173)
	0.100

	sBPR, mmHg
	35 ± 17
	38 ± 18
	40 ± 22
	0.375

	Peak VE, L/min
	45 (36 to 54)
	37 (32 to 47)
	44 (32 to 52)
	0.018

	AT, ml/min/kg
	11.1 (9.0 to 13.0)
	10.8 (9.4 to 12.7)
	12.1 (9.9 to 14.0)
	0.355

	Peak VO2, ml/min/kg
	15.2 (12.7 to 19.3)
	14.7 (12.4 to 17.1)
	15.9 (14.0 to 18.1)
	0.125

	Peak VO2, Percentage predicted, %
	45 (37 to 53)
	40 (33 to 45)
	43 (38 to 52)
	0.005

	VE/VCO2 slope
	41 (32 to 51)
	39 (31 to 51)
	40 (32 to 56)
	0.867


Values are expressed as mean ± SD or median (25th to 75th percentiles). HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.

[bookmark: _Toc486931042]4.1.2 Correlations of Exercise parameters and traditional markers
4.1.2.1 Correlation between CPET parameters and disease severity in all the patients
The correlations between CPET parameters and traditional markers representing disease severity are listed in table 4.6. 
There were significant but weak correlations between NT-proBNP and most CPET parameters, including peak work load (r = -0.309, p < 0.001), peak VO2 (r = -0.245, p= 0.001), percentage predicted peak VO2 (r = -0.190, p = 0.013), AT (r = -0.259, p = 0.001), peak HR (r = -0.181, p = 0.018), HRR (r = -0.172, p = 0.024), peak sBP (r = -0.190, p = 0.013), and sBPR (r = -0.173, p = 0.024). 
mPAP only correlated with peak VO2 (r = -0.170, p= 0.026), percentage predicted peak VO2 (r = -0.357, p < 0.001), and VE/VCO2 (r = 0.232, p = 0.002). mRAP did not correlate with any of the CPET parameters. 
PVR correlated with most of the CPET parameters and of them the relationships were stronger for peak VO2 (r = -0.411, p < 0.001), percentage predicted peak VO2 (r = -0.498, p < 0.001), and VE/VCO2 slope (r = 0.475, p < 0.001). 
The relationships between CO/Qp and CPET parameters were similar with those of PVR. We then analysed the relationships between PVR and peak VO2, and PVR and VE/VCO2 slope in the clinical subgroups and anatomical subgroups. 
4.1.2.2 Correlation between CPET parameters and PVR in the clinical subgroups
The relationships between PVR and two important CPET parameters (peak VO2 and VE/VCO2 slope) in different clinical subgroups are shown in figure 4.1 and figure 4.2. The relationship between PVR and peak VO2 was the strongest in 
[bookmark: _Toc486941797]Table 4.6 Correlations between exercise parameters and traditional markers of disease severity in the overall
	
	r (p value)

	
	NT-proBNP, pg/ml
	mRAP, mmHg
	mPAP, mmHg
	PVR,
Wood Units
	CO/Qp, L/min

	Peak Workload, W
	-0.309 (< 0.001)
	0.088 (0.253)
	-0.119 (0.120)
	-0.374 (< 0.001)
	0.454 (< 0.001)

	Peak HR, bpm
	-0.181 (0.018)
	-0.057 (0.463)
	-0.074 (0.338)
	-0.154 (0.044)
	0.161 (0.035)

	HRR, bpm
	-0.172 (0.024)
	-0.044 (0.572)
	-0.132 (0.085)
	-0.210 (0.006)
	0.226 (0.003)

	Peak sBP, mmHg
	-0.190 (0.013)
	-0.143 (0.063)
	0.127 (0.099)
	-0.003 (0.965)
	0.117 (0.127)

	sBPR, mmHg
	-0.173 (0.024)
	-0.129 (0.092)
	0.128 (0.096)
	-0.011 (0.884)
	0.131 (0.089)

	AT, ml/kg/min
	-0.259 (0.001)
	-0.070 (0.363)
	-0.116 (0.131)
	-0.239 (0.002)
	0.252 (0.001)

	Peak VO2, ml/kg/min
	-0.245 (0.001)
	-0.032 (0.678)
	-0.170 (0.026)
	-0.411 (< 0.001)
	0.450 (< 0.001)

	Peak VO2, Percentage predicted, %
	-0.190 (0.013)
	-0.042 (0.590)
	-0.357 (< 0.001)
	- 0.498 (< 0.001)
	0.437 (< 0.001)

	VE/VCO2 slope
	0.144 (0.060)
	-0.084 (0.274)
	0.232 (0.002)
	0.475 (< 0.001)
	-0.457 (< 0.001)


HR = heart rate; HRR = HR reserve; sBP = systolic blood pressure; sBPR = sBP reserve; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean right atrial pressure; mPAP = mean pulmonary artery pressure; PVR = pulmonary vascular resistence; CO = cardiac output; Qp = pulmonary blood flow. 

the PAH-CD group (r = -0.543, p < 0.001, Figure 4.1D) and non-significant in the PAH-SP group (r = 0.007, p = 0.996, Figure 4.1B). The relationships in the ES (r = -0.353, p = 0.006, Figure 4.1A) and PAH-SD (r = -0.393, p = 0.012, Figure 4.1C) groups were both significant but not strong. The relationships between PVR and VE/VCO2 slope were all significant in the four subgroups, with the strongest in the PAH-CD group (r = 0.699, p < 0.001, Figure 4.2D) and similar in other three groups (r < 0.4, p < 0.05 for all, Figure 4.2A-C). 
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[bookmark: _Toc486941744]Figure 4.1 Relationships between peak oxygen uptake (peak VO2) and pulmonary vascular resistance (PVR) in different clinical subgroups 
(A) Eisenmenger syndrome (ES); (B) Pulmonary arterial hypertension with systemic to pulmonary (PAH-SP); (C) Pulmonary arterial hypertension with small defects (PAH-SD); (D) Pulmonary arterial hypertension after correction (PAH-CD)
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[bookmark: _Toc486941745]Figure 4.2 Relationships between the slope of ventilatory equivalent for carbon dioxide (VE/VCO2 slope) and pulmonary vascular resistance (PVR) in different clinical subgroups
(A) Eisenmenger syndrome (ES); (B) Pulmonary arterial hypertension with systemic to pulmonary (PAH-SP); (C) Pulmonary arterial hypertension with small defects (PAH-SD); (D) Pulmonary arterial hypertension after correction (PAH-CD)
4.1.2.3 Correlation between CPET parameters and PVR in the anatomical subgroups
The relationships between PVR and two important CPET parameters (peak VO2 and VE/VCO2 slope) in different anatomical subgroups are shown in figure 4.3 and figure 4.4. PVR mildly correlated with peak VO2 in the simple pre-tricuspid group (r = 0.501, p = 0.002, Figure 4.3A) and simple post-tricuspid group (r = 0.423, p < 0.001, Figure 4.3B), but not in the combined shunts/complex CHD group (r = 0.183, p = 0.643, Figure 4.3C). The relocations between PVR and VE/VCO2 slope were also mild in in the simple pre-tricuspid group (r = 0.413, p = 0.014, Figure 4.4A) and simple post-tricuspid group (r = 0.481, p < 0.001, Figure 4.4B), but not significant in the in the combined shunts/complex CHD group (r = 0.267, p = 0.493, Figure 4.4C)
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[bookmark: _Toc486941746]Figure 4.3 Relationships between peak oxygen uptake (peak VO2) and pulmonary vascular resistance (PVR) in different anatomical subgroups
(A) Simple pre-tricuspid shunts (B) Simple post-tricuspid shunts; (C) combined shunts or complex congenital heart disease
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[bookmark: _Toc486941747]Figure 4.4 Relationships between the slope of ventilatory equivalent for carbon dioxide (VE/VCO2 slope) and pulmonary vascular resistance (PVR) in different anatomical subgroups
(A) Simple pre-tricuspid shunts (B) Simple post-tricuspid shunts; (C) combined shunts or complex congenital heart disease.
[bookmark: _Toc486931043]4.1.3 Survival analysis
4.1.3.1 Follow-up and outcomes
The median follow-up time for mortality and the first CW was 20.4 and 19.3 months, respectively. Of all the patients, 23 (13.5%) patients had CW events, of which 7 (4.1%) died of right heart failure. Six patients were lost to follow-up (3.6%), in which 2 patients were confirmed alive by their relatives but detailed information for drug escalation and hospitalization for PAH deterioration could not been obtained. Patients lost to follow-up were censored at their last visit. 
The detailed events in different subgroups are displayed in table 4.7. Notably, patients with PAH-SP did not have any CW events. 
[bookmark: _Toc486941798]Table 4.7 Clinical worsening (CW) events in the overall cohort and subgroups
	
	Overall CW events, n
	Death, n
	Hospitalization for PAH, n
	Escalation of drugs, n

	Overall patients
	23
	7
	9
	11

	Clinical subgroups
	
	
	
	

	  ES
	10
	2
	4
	6

	  PAH-SP
	0
	0
	0
	0

	  PAH-SD
	5
	2
	2
	2

	  PAH-CD
	8
	3
	3
	3

	Anatomical Subgroups 
	
	
	
	

	  simple pre-tricuspid shunts
	5
	1
	3
	2

	  simple post-tricuspid shunts
	16
	6
	6
	7

	  combined shunts/complex CHD
	2
	0
	0
	2


CW = clinical worsening; PAH = pulmonary arterial hypertension; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; CHD = congenital heart disease. 
4.1.3.2 Survival analysis for mortality in the overall cohort
4.1.3.2.1 Cox regression analysis
All the baseline and exercise parameters were analyzed in univariate COX regression analysis for relationships with death (Table 4.8). Potential predictors with p value < 0.1 were sex, NT-proBNP, mRAP, mPAP, PVR, peak workload, peak sBP, peak HR, HRR, peak VO2, percentage predicted peak VO2, AT, and VE/VCO2 slope. 
Some variables with p value less than 0.1 in univariate analysis had strong linear relationships with each other, like mPAP and PVR, CO/Qp and PVR, peak HR and HRR, peak VO2 and percentage predicted peak VO2, and peak VO2 and AT. We chose PVR, peak HR, and peak VO2 in the multivariate analysis because they had greater area under ROC curve for predicting death. 
[bookmark: _Toc486941799]Table 4.8 Univariate analysis for predicting mortality in the overall cohort
	
	Unadjusted 
Hazard Ratio (95% CI)
	p value

	Age, per yr ↑
	1.034 (0.952, 1.122)
	0.430

	Sex, female vs male
	0.244 (0.054, 1.094)
	0.065

	BMI, per kg/m2 ↑
	1.209 (0.935, 1.564)
	0.149

	WHO-FC, III vs I-II
	2.307 (0.515, 10.331)
	0.275

	Targeted therapy pre-CPET
	
	

	  Treatment-naïve 
	Preference
	

	  PDE-5i monotherapy
	1.074 (0.205, 5.619)
	0.932

	  ERA monoterapy
	0.000 (0.000, 0.000)
	0.989

	  Combination Therapy
	0.000 (0.000, 0.000)
	0.987

	Targeted therapy post-CPET
	
	

	  Combination Therapy
	Preference
	

	  None 
	0.000 (0.000, 0.000)
	0.998

	  PDE-5i monotherapy
	1.324 (0.294, 5.962)
	0.715

	  ERA monotherapy
	0.000 (0.000, 0.000)
	0.991

	Clinical classification of CHD-PAH
	
	

	  ES
	Preference
	

	  PAH-SP
	0.000 (0.000, 0.000)
	0.976

	  PAH-SD
	1.621 (0.234, 11.829)
	0.611

	  PAH-CD
	2.827 (0.472, 16.944)
	0.238

	Time onset to diagnosis, per year ↑
	1.004 (0.924, 1.090)
	0.927

	Time onset to enrollment, per year ↑
	1.003 (0.924, 1.090)
	0.937

	Correction status at enrollment, Corrected vs non-corrected
	3.035 (0.678, 13.587)
	0.147

	NT-proBNP, per pg/ml ↑
	1.000 (1.000, 1.001)
	0.033

	mRAP, per mmHg ↑
	1.135 (1.036, 1.245)
	0.007

	mPAP, per mmHg ↑
	1.036 (1.000, 1.074)
	0.051

	PVR, per Wood Unit ↑
	1.054 (1.010, 1.100)
	0.017

	CO/Qp, per L/min ↑
	0.514 (0.257, 1.028)
	0.060

	SaO2, per 1% ↑
	0.981 (0.869, 1.108)
	0.755

	Peak workload, per Watt ↑
	0.961 (0.928, 0.995)
	0.026

	Resting sBP, per mmHg ↑
	0.967 (0.911, 1.027)
	0.271

	Peak sBP, per mmHg ↑
	0.962 (0.926, 1.000)
	0.049

	sBPR, per mmHg ↑
	0.965 (0.923, 1.008)
	0.109

	Resting HR, per bpm ↑
	1.013 (0.960, 1.069)
	0.643

	Peak HR, per bpm ↑
	0.944 (0.906, 0.985)
	0.007

	HRR, per bpm ↑
	0.950 (0.914, 0.987)
	0.008

	Resting SpO2, per 1% ↑
	0.995 (0.873, 1.135)
	0.945

	Peak SpO2, per 1% ↑
	1.009 (0.944, 1.078)
	0.790

	Peak VE, per L/min ↑
	1.003 (0.964, 1.043)
	0.888

	Peak VO2, per ml/kg/min ↑
	0.694 (0.570, 0.845)
	< 0.001

	Percentage predicted Peak VO2, %
	0.869 (0.809, 0.933)
	< 0.001

	AT, per ml/kg/min ↑
	0.734 (0.560, 0.961)
	0.025

	VE/VCO2 slope, per unit ↑
	1.013 (0.962, 1.067)
	0.626


CI = confidence interval; BMI = body mass index; WHO-FC = World Health Organization functional class; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; CPET = cardiopulmonary exercise testing; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow; Qs = systemic blood flow; SaO2 = femoral artery oxygen saturation; sBP = systolic blood pressure; sBPR = sBP reserve; HR = heart rate; HRR = HR reserve; SpO2 = pulse oximetry; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
After adjustment for those risk factors in multivariate COX regression analysis, peak VO2 (Hazard ratio = 0.579, 95% CI: 0.429, 0.781; p < 0.001), sex (Hazard ratio = 0.033, 95% CI: 0.003, 0.323; p = 0.003), and PVR (Hazard ratio = 1.085, 95% CI: 1.012, 1.164; p = 0.022) were identified as independent predictors (Table 4.9). 
4.1.3.2.2 ROC curve
In ROC curve analysis, peak VO2 significantly predicted death (AUC = 0.86, 95% CI: 0.71, 1.00, p = 0.001) (Figure 4.5). The best cutoff value (Youden index) of peak VO2 for predicting death is 11.1 ml/kg/min. The sensitivity and specificity were 71% and 92%, respectively. 
4.1.3.2.3 Kaplan-Meier analysis
In Kaplan-Meier analysis, patients with peak VO2 < 11.1 ml/min/kg had worse survival than those with peak VO2 ≥ 11.1 ml/min/kg (log-rank p < 0.001, Figure 4.6). The estimated survival rates at 1 year and 2 years were 99% and 97%, respectively, in

[bookmark: _Toc486941800]Table 4.9 Multivariate analysis for predicting mortality in the overall cohort
	
	Unadjusted
Hazard Ratio (95% CI)
	p value
	Adjusted
Hazard Ratio (95% CI)
	p value

	Sex, female vs male
	0.244 (0.054, 1.094)
	0.065
	0.033 (0.003, 0.323)
	0.003

	NT-ProBNP, per pg/ml ↑
	1.000 (1.000, 1.001)
	0.033
	
	

	mRAP, per mmHg ↑
	1.135 (1.036, 1.245)
	0.007
	
	

	PVR, per Wood Unit ↑
	1.054 (1.010, 1.100)
	0.017
	1.085 (1.012, 1.164)
	0.022

	Peak workload, per Watt ↑
	0.961 (0.928, 0.995)
	0.026
	
	

	Peak heart rate, per bpm ↑
	0.944 (0.906, 0.985)
	0.007
	
	

	Peak sBP, per mmHg ↑
	0.962 (0.926, 1.000)
	0.049
	
	

	Peak VO2, per ml/kg/min ↑
	0.694 (0.570, 0.845)
	< 0.001
	0.579 (0.429, 0.781)
	< 0.001


CI = confidence interval; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean atrial artery pressure; PVR = pulmonary vascular resistance; sBP = systolic blood pressure; peak VO2 = peak oxygen uptake.

patients with lower peak VO2, and 94% and 74%, respectively, in patients with higher peak VO2.
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[bookmark: _Toc486941748]Figure 4.5 Prognostic sensitivity and specificity of peak VO2 for death in the overall cohort
AUC = area under the receiving operating characteristic curve; CI = confidence interval.
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[bookmark: _Toc486941749]Figure 4.6 Estimated survival of patients divided by peak oxygen uptake (peak VO2)
4.1.3.2.4 Random survival forest model
We investigated the prognostic value in a nonparametric model by random survival forest to account for the nonlinear effects of variables on survival and interactions between variables as previous reported by Inuzuka et al.161. Peak VO2 ranked first among variables of importance for predicting death in random survival forest analysis (Figure 4.7), which supported our results from multivariate COX regression model. In the estimated 12- and 24-month survival probability curve (Figure 4.8), there were clear relationship between lower peak VO2 and lower survival rate. 
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[bookmark: _Toc486941750]Figure 4.7 Variable of importance for predicting mortality based on a random survival forest analysisFigure
Peak VO2 = peak oxygen uptake; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean right atrial pressure; PVR = pulmonary vascular resistance; mPAP = mean pulmonary artery pressure; CPET = cardiopulmonary exercise testing; WHO-FC = World Health Organization functional class; VE/VCO2 slope = ventilation per minute of carbon dioxide production; AT = anaerobic threshold; sBP = systolic blood pressure.

[image: ../ALL/NOx/CPET%20dayangben/CHD-PAH%20paper/Figures/Final%20Final/Survival%20Probability%20Mortality.pdf]
[bookmark: _Toc486941751]Figure 4.8 Estimated 12- and 24-month survival through the use of peak oxygen uptake (peak VO2) based on a random survival forest analysis
4.1.3.3 Survival analysis for clinical worsening in the overall cohort
4.1.3.3.1 Cox regression analysis
Relationships between parameters and CW were also analyzed. The potential univariate predictors (p < 0.1) were correlation status at enrolment, mPAP, PVR, CO/Qp, peak workload, peak HR, peak VO2, and percentage predicted peak VO2 (Table 4.10). PVR and mPAP had strong linear relationship, and only PVR was included in the multivariate model. In multivariate analysis, only peak VO2 was identified as an independent predictor for CW (Hazard ratio = 0.842, 95% CI: 0.741, 0.958; p = 0.009) (Table 4.11). 
[bookmark: _Toc486941801]Table 4.10 Univariate analysis for predicting clinical worsening (CW) in the overall cohort
	
	Unadjusted 
Hazard Ratio (95% CI)
	p value

	Age, per yr ↑
	1.019 (0.972, 1.068)
	0.431

	Sex, female vs male
	1.173 (0.443, 3.179)
	0.754

	BMI, per kg/m2 ↑
	0.977 (0.834, 1.145)
	0.772

	WHO-FC, III vs I-II
	1.137 (0.447, 2.892)
	0.788

	Targeted therapy pre-CPET
	
	

	  Treatment-naïve 
	Preference 
	

	  PDE-5i monotherapy
	0.945 (0.336, 2.659)
	0.914

	  ERA monotherapy
	0.552 (0.071, 4.263)
	0.568

	  Combination Therapy
	1.747 (0.556, 5.495)
	0.340

	Targeted therapy post-CPET
	
	

	  Combination Therapy
	Preference
	

	  None 
	0.000 (0.000, 0.000)
	0.983

	  PDE-5i monotherapy
	1.015 (0.428, 2.409)
	0.973

	  ERA monotherapy
	0.597 (0.131, 2.718)
	0.504

	Clinical classification of CHD-PAH
	
	

	  ES
	Preference
	

	  PAH-SP
	0.000 (0.000, 0.000)
	0.952

	  PAH-SD
	0.842 (0.285, 2.481)
	0.754

	  PAH-CD
	1.610 (0.634, 4.089)
	0.317

	Time onset to diagnosis, per year ↑
	1.024 (0.981, 1.068)
	0.281

	Time onset to enrolment, per year ↑
	1.002 (0.999 to 1.006)
	0.211

	Correction status at enrolment, Corrected vs non-corrected
	2.282 (0.962, 5.413)
	0.061

	NT-proBNP, per pg/ml ↑
	1.000 (1.000, 1.000)
	0.224

	mRAP, per mmHg ↑
	1.052 (0.965, 1.147)
	0.251

	mPAP, per mmHg ↑
	1.021 (1.000, 1.042)
	0.048

	PVR, per Wood Unit ↑
	1.037 (1.009, 1.065)
	0.009

	CO/Qp, L/min
	0.620 (0.443, 0.868)
	0.005

	SaO2, per 1% ↑
	0.972 (0.907, 1.042)
	0.418

	Peak workload, per Watt ↑
	0.980 (0.963, 0.998)
	0.026

	Resting sBP, per mmHg ↑
	0.991 (0.960, 1.023)
	0.582

	Peak sBP, per mmHg ↑
	0.983 (0.963, 1.004)
	0.104

	sBPR, per mmHg ↑
	0.982 (0.959 to 1.006)
	0.138

	Resting HR, per bpm ↑
	0.976 (0.945, 1.009)
	0.154

	Peak HR, per bpm ↑
	0.980 (0.959, 1.001)
	0.059

	HRR, per bpm ↑
	0.992 (0.972 to 1.012)
	0.992

	Resting SpO2, per 1% ↑
	0.981 (0.914, 1.053)
	0.596

	Peak SpO2, per 1% ↑
	1.001 (0.965, 1.037)
	0.969

	Peak VE, per L/min ↑
	0.991 (0.963, 1.020)
	0.545

	Peak VO2, per ml/kg/min ↑
	0.842 (0.741, 0.958)
	0.009

	Percentage predicted Peak VO2, %
	0.949 (0.906, 0.994)
	0.028

	AT, per ml/kg/min ↑
	0.884 (0.751, 1.039)
	0.135

	VE/VCO2 slope, per unit ↑
	1.014 (0.987, 1.042)
	0.302


CI = confidence interval; BMI = body mass index; WHO-FC = World Health Organization functional class; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; CPET = cardiopulmonary exercise testing; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow; Qs = systemic blood flow; SaO2 = femoral artery oxygen saturation; sBP = systolic blood pressure; sBPR = sBP reserve; HR = heart rate; HRR = HR reserve; SpO2 = pulse oximetry; VE = ventilation per minute; peak VO2 = peak oxygen uptake; AT = anaerobic = threshold; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
4.1.3.3.2 ROC curve
The predicting value of peak VO2 was confirmed in ROC curve (AUC = 0.66, 95% CI: 0.53, 0.78, p = 0.015) (Figure 4.9). The optimal cutoff value (Youden index) derived from ROC curve for predicting CW was 13.0 ml/kg/min. The sensitivity and specificity were 55% and 73%, respectively. 
4.1.3.3.3 Kaplan-Meier analysis 
In Kaplan-Meier analysis, patients with peak VO2 < 13.0 ml/min/kg had worse survival than those with peak VO2 ≥ 13.0 ml/min/kg (log-rank p < 0.001, Figure 4.10). The estimated CW-free survival rates at 1 year and 2 years were 94% and 93%, respectively, in patients with lower peak VO2, and 87% and 62%, respectively, in patients with higher peak VO2. 

[bookmark: _Toc486941802]Table 4.11 Multivariate analysis for predicting clinical worsening (CW) in the overall cohort
	
	Unadjusted
Hazard Ratio (95% CI)
	p value
	Adjusted
Hazard Ratio (95% CI)
	p value

	PVR, per Wood Unit ↑
	1.037 (1.009, 1.065)
	0.009
	
	

	Peak workload, per Watt ↑
	0.980 (0.963, 0.998)
	0.026
	
	

	Peak HR, per bpm ↑
	0.980 (0.959, 1.001)
	0.059
	
	

	Correction status at enrollment, Corrected vs non-corrected
	2.329 (0.983, 5.522)
	0.061
	
	

	Peak VO2, per ml/kg/min ↑
	0.640 (0.511, 0.802)
	< 0.001
	0.842 (0.741, 0.958)
	0.009


CI = confidence interval; PVR = pulmonary vascular resistance; HR = heart rate; Peak VO2 = peak oxygen uptake. 
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[bookmark: _Toc486941752]Figure 4.9 Prognostic sensitivity and specificity of peak VO2 for clinical worsening (CW) in the overall cohort
AUC = area under the receiving operating characteristic curve; CI = confidence interval.
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[bookmark: _Toc486941753]Figure 4.10 Estimated clinical worsening (CW) event free survival of patients divided by peak oxygen uptake (peak VO2)
Taken together, our data suggested patients with peak VO2 < 11.1 ml/kg/min were at higher risk of death and patients with peak VO2 < 13.0 ml/kg/min were more likely to have CW events.
4.1.3.3.4 Random survival forest model
In the ransom survival forest model, peak VO2 ranked second among variables of importance for predicting CW (Figure 4.11). In the estimated 12- and 24-month survival probability curve (Figure 4.12), there were also clear relationship between lower peak VO2 and lower survival rate. 
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[bookmark: _Toc486941754]Figure 4.11 Variable of importance for predicting clinical worsening (CW) based on a random survival forest analysis
PVR = pulmonary vascular resistance; Peak VO2 = peak oxygen uptake; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean right atrial pressure; AT = anaerobic threshold; WHO-FC = World Health Organization functional class; CPET = cardiopulmonary exercise testing; mPAP = mean pulmonary artery pressure; sBP = systolic blood pressure; VE/VCO2 slope = ventilation per minute of carbon dioxide production. 
[image: ../ALL/NOx/CPET%20dayangben/CHD-PAH%20paper/Figures/Final%20Final/Survival%20probability%20Clinical%20Worsening.pdf]
[bookmark: _Toc486941755]Figure 4.12 Estimated 12- and 24-month clinical worsening (CW) free survival through the use of peak oxygen uptake (peak VO2) based on a random survival forest analysis
4.1.3.4 Other parameters for survival analysis
In the random survival forest analysis, peak HR was among the top three for both predicting death and CW (Figures 4.7 and 4.11), partially agreed with our COX regression analysis, in which peak HR was a strong univariate predictor for death and had borderline significance as a univariate predictor for CW. PVR was identified as a multivariate predictor for death and a univariate predictor for CW, and was also identified by random survival analysis. 
4.1.3.5 Survival and clinical subgroups
The clinical subtype was associated to survival as previously reported3, but in our study, it failed to be identified as a risk factor in COX regression analysis. Interestingly, in the random forest survival model, it was proved to be predictive for both CW and death (Figures 4.7 and 4.11). In addition, we did the comparison in Kaplan-Meier analysis, which is also a non-parametric method, and the clinical subtype was related to CW-free survival (log-rank p = 0.046, Figure 4.13), but not to survival (log-rank p = 0.313, Figure 4.14). 
Because the sample sizes in some subgroups were small, we performed subgroup analysis in patients with ES (n = 60) and without ES (n = 111). In patients with ES, no parameter was predictive for either mortality or CW. In patients without ES, peak VO2 was the only predictor for both mortality (Hazard ratio = 0.702, 95% CI: 0.564, 0.872; p = 0.001) (Table 4.12) and CW (Hazard ratio = 0.758, 95% CI: 0.642, 0.895; p = 0.001) (Table 4.13) in multivariate analysis. ROC curve analysis demonstrated the prognostic value of peak VO2 for predicting both mortality (Figure 4.15) and CW (Figure 4.16) in patients without ES.
4.1.3.6 Survival and anatomical subgroups
The anatomical subgroup was also reported to be associated with survival, however, there was no differences among the anatomical subgroups in our study (log rank p = 0.909 and 0.509 for CW-free survival (Figure 4.17) and survival (Figure 4.18), respectively). 
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[bookmark: _Toc486941756]Figure 4.13 Estimated clinical worsening (CW) event free survival in different clinical subgroups
ES= Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH with systemic to pulmonary; PAH-SD = PAH with small defects; PAH-CD = PAH after correction.
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[bookmark: _Toc486941757]Figure 4.14 Estimated survival in different clinical subgroups
ES= Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH with systemic to pulmonary; PAH-SD = PAH with small defects; PAH-CD = PAH after correction.
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[bookmark: _Toc486941758]Figure 4.15 Prognostic sensitivity and specificity of peak VO2 for mortality in patients without Eisenmenger syndrome (ES)
AUC = area under the receiving operating characteristic curve; CI = confidence interval.
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[bookmark: _Toc486941759]Figure 4.16 Prognostic sensitivity and specificity of peak VO2 for clinical worsening (CW) in patients without Eisenmenger syndrome (ES)
AUC = area under the receiving operating characteristic curve; CI = confidence interval.
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[bookmark: _Toc486941760]Figure 4.17 Estimated clinical worsening (CW) event free survival in different anatomical subgroups

[bookmark: _Toc486941803]Table 4.12 Multivariate analysis for predicting mortality in patients without Eisenmenger syndrome (ES)
	
	Unadjusted
Hazard Ratio (95% CI)
	p value
	Adjusted
Hazard Ratio (95% CI)
	p value

	Age, per yr ↑
	0.831 (0.690, 1.000)
	0.051
	
	

	NT-proBNP, per pg/ml ↑
	1.000 (1.000, 1.001)
	0.052
	
	

	mRAP, per mmHg ↑
	1.124 (1.015, 1.245)
	0.024
	
	

	PVR, per Wood Unit ↑
	1.070 (1.018, 1.124)
	0.007
	
	

	SaO2, per 1% ↑
	0.861 (0.745, 0.996)
	0.044
	
	

	Peak sBP, per mmHg ↑
	0.942 (0.896, 0.991)
	0.021
	
	

	Peak HR, per bpm ↑
	0.957 (0.913, 1.003)
	0.065
	
	

	Peak VO2, per ml/kg/min ↑
	0.700 (0.562, 0.871)
	0.001
	0.702 (0.564, 0.872)
	0.001

	VE/VCO2 slope, per unit ↑
	1.027 (0.980, 1.077)
	0.265
	
	


CI = confidence interval; NT-proBNP = N-terminal pro-brain natriuretic peptide; mRAP = mean atrial artery pressure; PVR = pulmonary vascular resistance; SaO2 = femoral artery oxygen saturation; sBP = systolic blood pressure; HR = heart rate; Peak VO2 = peak oxygen uptake; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
[bookmark: _Toc486941804]Table 4.13 Multivariate analysis for predicting clinical worsening (CW) in patients without Eisenmenger syndrome (ES)
	
	Unadjusted
Hazard Ratio (95% CI)
	p value
	Adjusted
Hazard Ratio (95% CI)
	p value

	Age, per yr ↑
	0.919 (0.835, 1.011)
	0.082
	
	

	Time onset to diagnosis, per year ↑
	4.936 (1.318, 18.482)
	0.018
	
	

	Correction status at enrollment, Corrected vs non-corrected
	3.380 (1.065, 10.728)
	0.039
	
	

	PVR, per Wood Unit ↑
	1.046 (1.014, 1.079)
	0.005
	
	

	mRAP, per mmHg ↑
	1.106 (1.017, 1.204)
	0.019
	
	

	SaO2, per 1% ↑
	0.911 (0.824, 1.008)
	0.072
	
	

	Peak workload, per Watt ↑
	0.968 (0.945, 0.992)
	0.010
	
	

	Peak sBP, per mmHg ↑
	0.958 (0.928, 0.988)
	0.007
	
	

	Peak HR, per bpm ↑
	0.970 (0.944, 0.997)
	0.032
	
	

	Peak VO2, per ml/kg/min ↑
	0.757 (0.645, 0.888)
	0.001
	0.758 (0.642, 0.895)
	0.001

	VE/VCO2 slope, per unit ↑
	1.026 (0.998, 1.055)
	0.071
	
	


CI = confidence interval; PVR = pulmonary vascular resistance; mRAP = mean atrial artery pressure; SaO2 = femoral artery oxygen saturation; sBP = systolic blood pressure; HR = heart rate; Peak VO2 = peak oxygen uptake; VE/VCO2 slope: the slope of ventilatory equivalent for carbon dioxide.
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[bookmark: _Toc486941761]Figure 4.18 Estimated survival in different anatomical subgroups
[bookmark: _Toc486931044]4.2 Discussion
This study is the first to evaluate the exercise pathophysiology in a large cohort of patients with CHD-PAH and the results suggest that peak VO2 is a strong predictor for both mortality and CW in these patients. 
[bookmark: _Toc486931045]4.2.1 Comparisons of exercise parameters in healthy controls and different patient cohorts
In the overall cohort, although patients were young and most were in WHO-FC I/II, their exercise capacity and ventilatory efficiency were severely impaired, as shown by 45% reduced peak VO2 and 70% higher VE/VCO2 compared to healthy controls. Also, the blood pressure and heart rate response during exercise were weaker than controls, indicating a worse cardiac reserve. This suggests the need for targeted therapy and additional medical care for better life quality in a wider undetected population of CHD-PAH especially in developing countries like China, although these patients are considered to have better outcomes333. 
The male always has better exercise performance than the female in the healthy population. In patients with CHD-PAH, males had a higher weight adjusted peak VO2 but a trend of lower percentage of predicted peak VO2, which might be related to a phenomenon that males had worse survival than females with PAH335. The ventilatory efficiency was better in males, however, the cardiovascular reserve seemed to be comparable between male and female patients.
Functional class was associated to aerobic function and ventilatory efficiency as reported by previous study in a IPAH cohort172. In this study, patients in WHO-FC III were worse in all the exercise parameters than patients in WHO-FC I/II. In clinical practice, WHO-FC is always subjective and might vary between different clinicians` evaluation, and thus CPET might be a better tool for objectively evaluating patients` exercise capacity. 
Patients with ES were reported to have severely reduced exercise capacity compared to CHD patients without PAH in previous studies 158, 162, but other subgroups of the CHD-PAH cohort have not been investigated. In our study, among all the clinical subgroups, patients with ES had the lowest peak VO2. The finding was consistent with Manes`s study, in which patients with ES had the lowest 6 minute walk distance than other 3 subgroups, although only with borderline significance333. Some of the patients in our study did not have 6MWD tested, so we did not present the data. Also, patients with ES had the worst ventilatory efficiency. Despite these, patients with ES were reported to have better outcomes 333, which was contradictory. It is not surprising that patients with PAH-SP had the best peak VO2 in this study and better outcomes similar to patients with ES as previously reported333. Interestingly, patients with PAH-CD had the best peak workload but an unmatched low peak VO2. They also had a very low blood pressure reserve during exercise. These might indicate that the underlying worse aerobic function continued even after correction and thus they were reported to have worse long term outcomes333. 
The 3 anatomical subgroups shared more similarities than differences in CPET parameters，which suggests disease severity might not be associated with anatomical causes, and in clinical practice we should pay more attention to clinical classifications.
[bookmark: _Toc486931046]4.2.2 Relationships between exercise parameters and traditional markers
The relationships between CPET parameters and traditional markers including NT-proBNP and hemodynamics in patients with CHD-PAH were investigated in this study for the first time. Previous study showed that PVR and CO mildly correlated with some of the exercise parameters in a IPAH cohort. In our study, among all the resting hemodynamic parameters, PVR and CO had moderate relationships with most of the CPET parameters. The relationships were mild for mPAP and NT-proBNP, and non-significant for mRAP. The results suggest that among CPET parameters, peak workload, peak VO2, percentage predicted peak VO2, and VE/VCO2 are better markers for disease severity, however, AT, peak sBP, sBPR, peak HR, and HRR are not as good. 
In clinical subgroups, the relationships between PVR and peak VO2, and VE/VCO2 varied. The relationships between PVR and CPET parameters seemed to be the strongest in the PAH-CD group, and mild in ES and PAH-SD group. In the PAH-SP group, PVR did not correlate with peak VO2, which might be because of the small sample size. In the anatomical subgroups, the relationships between PVR and CPET parameters were good in the 2 groups with simple shunts but not significant in the combined shunts/complex CHD group, and we believe the reason is the small sample size too. 
In conclusion, we suggest that the combination of traditional markers and CPET parameters should be applied to the evaluation of disease severity in patients with CHD-PAH in clinical practice. 
[bookmark: _Toc486931047]4.2.3 The prognostic value of CPET parameters
In patients with idiopathic PAH and general CHD, peak VO2 predicted outcomes as previously reported158, 161, 180. In Diller`s study of general CHD patients 158, they included 44 (13%) patients with PAH, but they did not perform survival analysis in the CHD-PAH subgroup. In the present study, only patients with CHD-PAH were enrolled, and peak VO2 was demonstrated to independently predict CW and death in multivariate analysis. The results were also supported by the random survival forest model. For clinical practice, our results suggest that patients with peak VO2 lower than 13.0 ml/kg/min and 11.1 ml/kg/min are at higher risk of CW and death, respectively. In the current guideline1, PAH patients with peak VO2 less than 11.0 ml/kg/min are considered to have high risk of 1-year mortality, which also supports our results.
The clinical classification was associated to survival according to a previous study which showed that patients with ES and PAH-SP had better long-term survival than other 2 groups333. But in another study the 4 subgroups had similar outcomes334. In the present study, among the clinical subgroups, patients with PAH-SP had no events and thus had better CW-free survival than other groups (Figure 4.13). We also compared the CW-free survival between patients with ES and other 3 groups separately, and there were no differences (data not shown). However, in our study, the mortality was similar among groups (Figure 4.14) and the reason might be the medium-term follow-up and not enough deaths. 
There was also evidence that patients with simple post-tricuspid shunts had better survival than other 2 anatomical subgroups334. In the present study, however, the results showed no difference among the anatomical subgroups either for CW or mortality. 
As for the subgroup analysis in individual subgroups, because of the relative small sample size in some subgroups, and ES was always of interest to clinicians, we divided patients into ES and non-ES group. We demonstrated that in CHD-PAH patients without ES, peak VO2 strongly predicted both mortality and CW in multivariate COX regression analysis. ROC curve analysis suggested that the AUCs were greater in those patients than in the overall cohort (0.93 vs 0.86 for predicting mortality, 0.81 vs 0.66 for predicting CW) (Figures 4.9, 4.13, 4.15, and 4.16). Peak VO2 and all other parameters we analyzed did not predict either mortality or CW in patients with ES. This might be related to the contradictory that patients with ES had the worst hemodynamics (Table 3.2) and exercise capacity (Table 4.4) but a better survival as previously reported 333, which suggested those patients might have preserved right ventricular function. 
In terms of other CPET parameters, in several studies performed in the CHD population (mostly without PAH)159, 161, 163, HRR had independent prognostic value. Our data suggest peak HR was a univariate predictor for CW and death but failed to be prognostic in multivariate models. Ventiltory efficiency had prognostic value in some but not all the studies in patients with CHD. In Dimopoulos`s study160, VE/VCO2 slope was a strong predictor for survival in non-cyanotic CHD patients but not in cyanotic patients. In Inuzuka`s study161, VE/VCO2 slope was not a multivariate predictor for survival, which partially agreed with our result that VE/VCO2 slope was not a predictor for either CW or death in COX regression model. Lower peak sBP during CPET was a risk factor for worse outcome in patients with idiopathic PAH175, but in our study, it only had significance in univariate analysis for predicting death and failed in multivariate model.
[bookmark: _Toc486931048]4.3 Summary 
(1) Patients with CHD-PAH had severely impaired exercise capacity, ventilatory efficiency, and cardiovascular reserve compared to controls.
(2) Male patients had better exercise capacity and ventilatory efficiency than female patients. Patients in WHO-FC III had worse exercise capacity, ventilatory efficiency, and cardiovascular reserve than patients in WHO-FC I/II.
(3) Patients in different clinical subgroups share more differences than similarities in exercise parameters. Patients in different anatomical subgroups share more similarities than differences in exercise parameters.
(4) Of all the exercise parameters and traditional markers, peak VO2 and VE/VCO2 slope had stronger relationships with PVR and CO/Qp in the overall patient cohort.
(5) In the overall patient cohort, PVR, peak VO2, and peak HR were potential predictors for both mortality and CW in univariate analysis.
(6) Peak VO2 was the only strong independent predictor for both mortality ad CW in multivariate analysis in the overall cohort. 
(7) Patients with peak VO2 < 11.1 ml/kg/min were at higher risk of death and patients with peak VO2 < 13.0 ml/kg/min were more likely to have CW events in the overall cohort. 
(8) Random survival forest analysis also demonstrated the prognostic value for peak VO2 in the overall cohort.
Chapter 5 [bookmark: _Toc486931049]
 Metabolomics profiling
[bookmark: _Toc486931050]5.1 Results 
[bookmark: _Toc486931051]5.1.1 The metabolomics panels
Of all the 224 metabolites in the three panels, 74 of the 117 LWMs, all the 41 FFAs, and 35 of the 66 eicosanoids were detectable. 
[bookmark: _Toc486931052]5.1.2 Baseline characteristics of the metabolic cohort
Twenty-nine patients from the overall cohort were included in the metabolic cohort and 20 age- and sex-matched healthy controls (Table 5.1). The baseline characteristics of the 29 patients and the overall cohort are shown in table 5.2. The metabolic cohort and the overall cohort shared the similar demographics, general clinical information, clinical and anatomical classifications, targeted treatment, and hemodynamics (table 5.2). 
[bookmark: _Toc486941805]Table 5.1 The demographics in the metabolic cohort and controls
	Demographics
	Metabolic cohort (n = 29)
	Control (n = 20)
	p value

	  Age, years
	32.0 (25.2 to 39.6)
	27.1 (24.8 to 29.6)
	0.067

	  Women, n (%)
	22(75.8)
	16(80.0)
	0.733

	  BMI, kg/m2
	20.0 (17.9 to 21.3)
	19.3 (19.3 to 21.7)
	0.072


BMI = body mass index
[bookmark: _Toc486941806]Table 5.2 Baseline characteristics in the metabolic cohort compared to the overall cohort
	Characteristics
	Overall 
(n = 171)
	Metabolic cohort
(n = 29)
	p value

	Demographics
	
	
	

	  Age, years
	27.8 (24.2 to 35.7)
	32.0 (25.2 to 39.6)
	0.165

	  Women, n (%)
	131 (76.6)
	22(75.8)
	0.930

	  BMI, kg/m2
	20.0 (18.3 to 21.5)
	20.0 (17.9 to 21.3)
	0.512

	General clinical information
	
	
	

	  WHO-FC, III/I-II
	43/128
	7/22
	0.908

	  NT-proBNP, pg/ml
	220 (90 to 783)
	225 (115 to 752)
	0.740

	  Time onset to diagnosis, years
	7.1 (2.1 to 15.0)
	5.0 (2.5 to 10.1)
	0.433

	  Time onset to enrollment, years
	7.2 (2.3 to 15.3)
	5.1 (2.5 to 10.1)
	0.345

	Clinical classification, n(%)
	
	
	0.449

	  ES
	60 (35.1)
	13 (44.8)
	

	  PAH-SP
	35 (20.5)
	7 (24.1)
	

	  PAH-SD
	39 (22.8)
	3 (10.3)
	

	  PAH-CD
	37 (21.6)
	6 (20.7)
	

	Type of defect, n (%)
	
	
	0.194

	  Simple pre-tricuspid shunts
	44 (25.7)
	12 (41.4)
	

	  Simple post-tricuspid shunts
	114 (66.6)
	16 (55.2)
	

	  Combined or Complex
	13 (7.6)
	1 (3.4)
	

	Targeted therapy prior to enrollment, n (%)
	
	
	0.119

	  Treatment naïve
	87 (50.9)
	15 (51.7)
	

	  Monotherapy
	
	
	

	PDE-5is
	47 (24.6)
	9 (31.0)
	

	ERAs
	17 (9.9)
	5 (17.2)
	

	Prostanoids
	0 (0)
	0 (0)
	

	  Combination therapy
	25 (14.6)
	0 (0)
	

	Targeted therapy at discharge, n (%)
	
	
	0.576

	  none
	3 (1.8)
	0 (0)
	

	  Monotherapy
	
	
	

	PDE-5is
	68 (39.8)
	9 (31.0)
	

	ERAs
	16 (9.4)
	2 (6.9)
	

	Prostanoids
	0 (0)
	0 (0)
	

	  Combination therapy
	84 (49.1)
	18 (62.1)
	

	Hemodynamics
	
	
	

	  SaO2, %
	89.7 (85.4 to 93.3)
	90.0 (86.9 to 93.5)
	0.746

	  mRAP, mmHg
	8 (6 to 10)
	8 (5 to 9)
	0.171

	  mPAP, mmHg
	76 ± 19
	69 ± 14
	0.054

	  PAWP, mmHg
	10 (8 to 12)
	10 (8 to 12)
	0.122

	  PVR, Wood Units
	15.6 (10.1 to 22.0)
	12.9 (8.4 to 20.4)
	0.237

	  CO/Qp, L/min
	4.18 (3.17 to 5.53)
	4.39 (3.23 to 5.73)
	0.578


Values are expressed as n (%), ratio, mean ± SD, or median (25th to 75th percentiles). BMI = body mass index; WHO-FC = World Health Organization functional class; CHD-PAH = congenital heart disease associated PAH; NT-proBNP = N-terminal pro-brain natriuretic peptide; ES = Eisenmenger syndrome; PAH = pulmonary arterial hypertension; PAH-SP = PAH associated with systemic-to-pulmonary shunts; PAH-SD = PAH with small defects; PAH-CD = PAH after corrective cardiac surgery; PDE-5is = phosphodiesterase type 5 inhibitors; ERA = endothelial receptor antagonist; SaO2 = femoral artery oxygen saturation; mRAP = mean atrial artery pressure; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; CO = cardiac index; Qp = pulmonary blood flow; Qs = systemic blood flow.
[bookmark: _Toc486931053]5.1.3 Metabolomics in patients and controls
Compared to health controls, patients had different levels (p < 0.05) of most LWMs (54 at baseline, 49 at peak exercise, and 52 at recovery period) after multiple t test correction (Figure 5.1). At baseline, concentrations of 47 LWMs were higher, and 7 were lower, in patients than controls. At peak exercise, concentrations of 31 LWMs were higher, and 18 were lower in patients than controls. At recovery period, concentrations of only 4 LWMs were higher, while 48 were lower in patients than controls. 
In random forest classification analysis, the most consistently different LWMs with Gini importance greater than 1.5 were AMP, spermine, citrate, O-Acetyl-L-serine, L-isoleucine, and L-cystine at baseline, citrate, spermidine, deoxyuridine, dGMP, succinate, and uric acid at peak exercise, N-acetyl-L-glutamate, glycerophosphocholine, citrate, and deoxyuridine at recovery period (Figure 5.2). Citrate was the most consistently different LWM between patients and controls at three time points. 
For FFAs, 16 at baseline, 14 at peak exercise, and 27 at recovery period were differentially expressed between patients and controls (Figure 5.3), and the levels were all higher in patients. The most consistently different FFAs identified by random forest classification analysis with Gini importance greater than 1.5 were behenic acid (22:0), arachidic acid (20:0), lignoceric acid (24:0), nervonic acid (24:1), and hexadecatrienoic acid (16:3, n-3) at baseline, nervonic acid (24:1), lignoceric acid (24:0), behenic acid (22:0), and hexadecatrienoic acid (16:3, n-3) at peak exercise, and nervonic acid (24:1), and hexadecatrienoic acid (16:3, n-3) at recovery period (Figure 5.4). Nervonic acid (24:1) and hexadecatrienoic acid (16:3, n-3) were the most consistently different FFAs between patients and controls at three time points. 
For eicosanoids, levels were different in 25 at baseline, 16 at peak exercise, and 19 at recovery period between patients and controls (Figure 5.5). Most of the eicosanoids were higher in patients than controls (24 at baseline, 15 at peak exercise, and 12 at recovery period). The most consistently different eicosanoids identified by random forest classification analysis with Gini importance greater than 1.5 were 19-HETE, 20-HdoHE, 18-HEPE, 14,15-DHET, and 5-HETE at baseline, 14,15-DHET, 19-HETE, 18-HEPE, and 8,9-EET at peak exercise, and 18-HEPE, 14,15-DHET, 20HDoHE, and 8,9-EET at recovery period (Figure 5.6). 18-HEPE and 14,15-DHET were the most consistently different eicosanoids between patients and controls at three time points.
The variables of importance for classification of patients with PAH and controls are summarized in table 5.3. 
[bookmark: _Toc486941807]Table 5.3 variables of importance for classification of patients and controls
	
	Baseline
	Peak
	Recovery

	LWMs
	AMP
	citrate
	N-acetyl-L-glutamate

	
	spermine
	spermidine
	glycerophosphocholine

	
	citrate
	deoxyuridine
	citrate

	
	O-Acetyl-Lserine
	dGMP
	deoxyuridine

	
	L-isoleucine
	succinate
	

	
	L-cystine 
	uric acid
	

	FFAs
	behenic acid 
(22:0)
	nervonic acid 
(24:1)
	nervonic acid 
(24:1)

	
	arachidic acid (20:0)
	lignoceric acid (24:0)
	hexadecatrienoic acid (16:3, n-3) 

	
	lignoceric acid (24:0)
	behenic acid 
(22:0)
	

	
	nervonic acid 
(24:1)
	hexadecatrienoic acid (16:3, n-3) 
	

	
	hexadecatrienoic acid (16:3, n-3) 
	
	

	Eicosanoids 
	19-HETE
	14,15-DHET
	18-HEPE

	
	20-HDoHE
	19-HETE
	14,15-DHET

	
	18-HEPE
	18-HEPE
	20-HDoHE

	
	14,15-DHET
	8,9-EET 
	8,9-EET 

	
	5-HETE 
	
	



[bookmark: _Toc486931054]5.1.4 Metabolomics in incident and prevalent patients 
Treatment can affect the levels of some metabolites, so we compare the metabolites between treatment-naïve patients and patients treated by targeted drugs at enrolment. Figures 5.7-5.9 showed that levels of all the LWMs, FFAs, and eicosanoids were comparable between the treated and non-treated patients at baseline, peak exercise, and recovery period. 
[bookmark: _Toc486931055]5.1.5 Metabolomics in patients with ES and Non-ES
Because of the small sample size of the metabolic cohort, grouping patients according to either the clinical or anatomical classifications would weaken the statistical analysis, and we thus divided patients into ES (n = 13) and non-ES group (n = 16). After multiple correction, none of the LWMs, FFAs, and eicosanoids were differentially expressed between the two groups (Figures 5.10-5.12). 
[bookmark: _Toc486931056]5.1.6 Metabolomics changes during exercise
5.1.6.1 From baseline to peak exercise
From baseline to peak exercise, levels of 44 LWMs (31 decreased, 13 increased), 32 FFAs (all decreased), and 15 eicosanoids (14 decreased, 1 increased) were changed in patients (Table 5.4). Levels of 50 LWMs (19 decreased, 31 increased), 0 FFAs, 4 eicosanoids changed (1 decreased, 3 increased) in controls (Table 5.5).
In comparison, 26 LWMs were changed in both patients and controls. Of them, 6 both decreased, 4 both increased, and 16 had different directions of changes (13 decreased in patients but increased in controls, 3 increased in patients but decreased in controls) in patients and controls. Of the other LWMs, 17 were changed in patients (12 decreased, 5 increased) but not in controls, and 26 were changed in controls (11 decreased, 15 increased) but no in patients.
For FFAs, 32 changed (all decreased) in patients and none changed in controls. 
For Eicosanoids, 2 changed in both patients and controls. Of them, PGE3 increased both in patients and controls, 20DoHE decreased in patients but increased in controls. Of the others, 13 changed in patients (all decreased) but not in controls, and 2 changed in controls (1 decreased, 1 increased) but not in patients. 
5.1.6.2 From peak exercise to recovery period
From peak exercise to recovery period, levels of 59 LWMs (6 decreased, 53 increased), 3 FFAs (all decreased), and 17 eicosanoids changed (all decreased) changed in patients, and 41 LWMs (16 decreased, 25 increased), 1 FA (decreased), and 2 eicosanoids changed (1 decreased, 1 increased) in patients.
5.1.6.3 The trend across the three time points during exercise
In terms of the trend among the three time points during exercise, 32 LWMs (20 decreased and then increased, 1 increased and then decreased, 2 decreased all along, 9 increased all along), 1 FFA (decreased all along), 9 eicosanoids (all decreased all along) changed in patients both from baseline to peak exercise and from peak exercise to recovery period (Table 5.4). The figure for controls were 27 LWMs (13 decreased and then increased, 10 increased and then decreased, 4 increased all along), 0 FFAs, and 1 eicosanoid (increased and then decreased) (Table 5.5). 
In comparison, changes of 4 LWMs had the same trend in patients and controls (decreased and then increased for glutamate, allantoin, and hippuric acid; increased all along for lactic acid). Changes of 5 LWMs had different trends in patients compared to controls, of which 4 (spermidine, dAMP, cysteine, and dGMP) decreased and then increased in patients but in reverse in controls, and N-acetyl-L-glutamate increased all along in patients but decreased and then increased in controls. 
[bookmark: _Toc486941808]Table 5.4 Changed low molecular weight polar metabolites (LWMs) and eicosanoids in patients from baseline to peak exercise
	
	Decreased
	Increased

	LWMs
	Cystine*
	5-Methylthioadenosine*

	
	Spermine
	Arginine

	
	Leucine
	Benzoate*

	
	Threonine*
	N-acetyl-L-glutamate*

	
	Allantoin*
	O-Acetyl-L-serine

	
	Creatinine*
	Lactic acid*

	
	Isoleucine†
	O-Acetylcarnitine*

	
	dGMP*
	Lysine†

	
	GMP*
	Succinate*

	
	Spermidine*
	Choline

	
	Guanosine*
	N-Acetylornithine*

	
	Uridine*
	Glycerophosphocholine*

	
	Methionine†
	Pantothenate*

	
	Phenylacetylglycine*
	

	
	Serine
	

	
	dCMP*
	

	
	Thymine*
	

	
	Taurine
	

	
	Cysteine*
	

	
	Cytosine*
	

	
	Thiamin*
	

	
	Aspartate*
	

	
	Hypoxanthine
	

	
	Kynurenine
	

	
	dAMP*
	

	
	Carnosine
	

	
	Asparagine
	

	
	Glutamate*
	

	
	Pyroglutamic acid*
	

	
	Cystamine*
	

	
	Hippuricacid*
	

	Eicosanoids
	16-HETE†
	PGE3

	
	4-HDoHE†
	

	
	20-HDoHE†
	

	
	5-oxo-EET†
	

	
	8,9-DHET
	

	
	18-HETE†
	

	
	8-HEPE
	

	
	11-HEPE†
	

	
	15-HEPE†
	

	
	18-HEPE
	

	
	12-HETE
	

	
	17-HDoHE†
	

	
	19,20-EpDPA†
	

	
	5,6-DHET
	


*increased from peak exercise to recovery period; †decreased from peak exercise to recovery period
[bookmark: _Toc486941809]Table 5.5 Changed low molecular weight polar metabolites (LWMs) and eicosanoids in controls from baseline to peak exercise
	
	Decreased 
	Increased

	LWMs
	Glutamate*
	Spermidine†

	
	Succinate*
	Creatinine*

	
	Allantoin*
	O-Acetyl-L-serine†

	
	N-Acetylneuraminate
	dAMP†

	
	Uric acid*
	Isoleucine†

	
	Benzoate
	4-Hydroxyl-Lroline†

	
	Arginine
	Methionine†

	
	Deoxyuridine*
	Carnitine

	
	Hippuricacid*
	Adenine

	
	N-acetyl-L-glutamate*
	Cystamine

	
	Phenylacetylglycine*
	N-Acetylornithine

	
	Hypoxanthine*
	Creatine

	
	Xanthosine*
	Glutamine

	
	Pyroglutamicacid
	Spermine*

	
	Biotin*
	Lactic acid*

	
	GMP
	Deoxyadenosine

	
	Citrate
	Aspartate*

	
	a-Keto-glutarate*
	Cysteine†

	
	Xanthine*
	Leucine†

	
	
	Nicotinamide

	
	
	Kynurenine

	
	
	Choline

	
	
	dGMP†

	
	
	O-Acetylcarnitine

	
	
	Pyridoxine

	
	
	Cystine

	
	
	Taurine

	
	
	Histamine

	
	
	Inosine

	
	
	Tryptophan†

	
	
	Adenosine

	Eicosanoids 
	LXA4
	PGE3

	
	
	20-HDoHE

	
	
	20-COOH-LTB4†


*increased from peak exercise to recovery period; †decreased from peak exercise to recovery period
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[bookmark: _Toc486941762]Figure 5.1 Concentrations of low-weight-molecular polar metabolites (LWMs) in patients and controls at baseline, peak exercise, and recovery period
CHD-PAH = congenital heart disease associated pulmonary arterial hypertension
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[bookmark: _Toc486941763]Figure 5.2 Variable of importance of low-weight-molecular polar metabolites (LWMs) for classification between patients and controls at baseline, peak exercise, and recovery period based on a random forest analysis
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[bookmark: _Toc486941764]Figure 5.3 Concentrations of free fatty acids (FFAs) in patients and controls at baseline, peak exercise, and recovery period
CHD-PAH = congenital heart disease associated pulmonary arterial hypertension
[image: Photos/RF%20FA.jpg]
[bookmark: _Toc486941765]Figure 5.4 Variable of importance of free fatty acids (FFA) for classification between patients and controls at baseline, peak exercise, and recovery period based on a random forest analysis
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[bookmark: _Toc486941766]Figure 5.5 Concentrations of eicosanoids in patients and controls at baseline, peak exercise, and recovery period
CHD-PAH = congenital heart disease associated pulmonary arterial hypertension
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[bookmark: _Toc486941767]Figure 5.6 Variable of importance of eicosanoid for classification between patients and controls at baseline, peak exercise, and recovery period based on a random forest analysis
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[bookmark: _Toc486941768]Figure 5.7 Concentrations of low-weight-molecular polar metabolites (LWMs) in incident and prevalent patients at baseline, peak exercise, and recovery period
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[bookmark: _Toc486941769]Figure 5.8 Concentrations of free fatty acids (FFAs) in incident and prevalent patients at baseline, peak exercise, and recovery period
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[bookmark: _Toc486941770]Figure 5.9 Concentrations of eicosanoids in incident and prevalent patients at baseline, peak exercise, and recovery period
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[bookmark: _Toc486941771]Figure 5.10 Concentrations of low-weight-molecular polar metabolites (LWMs) in patients with and without Eisenmenger syndrome (ES) at baseline, peak exercise, and recovery period
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[bookmark: _Toc486941772]Figure 5.11 Concentrations of free fatty acids (FFAs) in patients with and without Eisenmenger syndrome (ES) at baseline, peak exercise, and recovery period
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[bookmark: _Toc486941773]Figure 5.12 Concentrations of eicosanoids in patients with and without Eisenmenger syndrome (ES) at baseline, peak exercise, and recovery period
[bookmark: _Toc486931057]5.1.7 Relationships between Metabolomics and exercise capacity
The relationships between baseline VO2 and baseline metabolites, and peak VO2 and metabolites at peak exercise, and VO2 reserve and metabolite reserve are displayed in figures 5.13 and 5.14. 
None of the baseline LWMs and FFAs, and only 2 eicosanoids correlated with baseline VO2. At peak exercise, 2 LWMs, 0 FFAs, and 5 eicosanoids correlated with peak VO2, of them, dGMP had mild relationship. 
The delta levels (between baseline and peak exercise) of 34 LWMs and 3 eicosanoids were associated with delta VO2 (p <0.05) (Figures 5.13 and 5.14). Among them, deoxyuridine, N-Acetylneuraminate, spermine, L-Cysteate, xanthosine, creatinine, L-serine, uridine, ornithine, spermidine, alpha-keto-glutarate, allantoin, O-Acetylcarnitine, and citrate were the most significantly and moderately-to-strongly associated with delta VO2 (Beta-coefficient ≥ 0.5, p < 0.01 for all, Table 5.6).
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[bookmark: _Toc486941774]Figure 5.13 Relationships between low-weight-molecular polar metabolites (LWMs) and oxygen uptake (VO2)
Beta coefficients and p values were generated from linear regression analyses. The column ‘Baseline’ indicates the relationship between baseline VO2 and baseline metabolites. The column ‘Peak’ indicates the relationship between peak VO2 and metabolites at peak exercise. The column ‘Delta’ indicates the relationship between change in VO2 from baseline to peak exercise (VO2 reserve) and change in metabolites from baseline to peak exercise (metabolite reserve).
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[bookmark: _Toc486941775]Figure 5.14 Relationships between lipids and oxygen uptake (VO2)
Beta coefficients and p values were generated from linear regression analyses. The column ‘Baseline’ indicates the relationship between baseline VO2 and baseline metabolites. The column ‘Peak’ indicates the relationship between peak VO2 and metabolites at peak exercise. The column ‘Delta’ indicates the relationship between change in VO2 from baseline to peak exercise (VO2 reserve) and change in metabolites from baseline to peak exercise (metabolite reserve).

[bookmark: _Toc486941810]Table 5.6 Correlations between delta oxygen uptake and the changes of metabolites from baseline to exercise
	
	Beta-efficient
	P value

	Deoxyuridine
	0.71
	< 0.0001

	N-Acetylneuraminate
	0.61
	0.0005

	Spermine
	0.60
	0.0006

	L-Cysteate
	0.59
	0.0007

	Xanthosine
	0.55
	0.002

	Creatinine
	0.54
	0.0026

	L-serine
	0.54
	0.0027

	Uridine
	0.53
	0.0034

	Ornithine
	0.52
	0.00036

	Spermidine
	0.52
	0.004

	alpha-keto-glutarate
	0.52
	0.0036

	Allantoin
	0.52
	0.0039

	O-Acetylcarnitine
	0.52
	0.0037

	Citrate
	0.52
	0.0036


Beta-efficient was derived from linear regression analysis
[bookmark: _Toc486931058]5.1.8 Comprehensive analysis and screening of metabolites
Most of the metabolites in the 3 targeted panels applied in this study were differently expressed in patients compared to controls not only at baseline, but also at peak exercise and recovery period. By comparing the trend of metabolite changes from baseline to peak exercise, and then to recovery period, 5 LWMS including spermidine, dAMP, cysteine, dGMP, and N-acetyl-L-glutamate were demonstrated to have significantly different response patterns during exercise between patients and controls. Then regression analysis screened a list of 14 metabolites whose changes from baseline to peak exercise had significant moderate-to-strong relationships with the difference between resting VO2 and peak VO2 (VO2 reserve). Spermidine, a polyamine, was identified both by the trend analysis and regression analysis. Also, another polyamine spermine was also identified by regression analysis. Furthermore, between patients and controls, spermine ranked second in the most consistently different metabolites at baseline, and spermidine ranked second at peak exercise. More importantly, spermidine was the precursor of spermine (Figure 5.15). 
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[bookmark: _Toc486941776]Figure 5.15 The polyamine pathway
ODC = ornithine decarboxylase; AMD1 = S-adenosylmethionine decarboxylase 1; SAT1 = spermidine/spermine N1-acetyltransferase; PAOX = acetylpolyamine oxidase; SMO = spermine oxidase. 
Figure 5.16 shows the pattern of the changes during exercise in these 2 polyamines and their precursor ornithine. Ornithine levels were comparable between patients and controls at baseline, peak exercise, and recovery period. 
Levels of spermidine were higher (although not significant on the graph) at baseline in controls (446 ± 244 ng/ml) compared to patients (240 ± 89 ng/ml), and then increased by nearly 20 times at peak exercise (8875 ± 4510 ng/ml) in controls but decreased in patients (175 ± 54 ng/ml). Then levels of spermidine decreased to even lower than baseline levels (274 ± 59 ng/ml) at recovery period in controls, however, increased in patients by more than 7 times compared to peak exercise (1286 ± 710 ng/ml).
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[bookmark: _Toc486941777]Figure 5.16 Changes of polyamines during exercise in patients compared to controls
CHD-PAH = congenital heart disease associated pulmonary arterial hypertension. 
Comparisons were performed between patients and controls. *p<0.05, **p< 0.01, ***p<0.001.
Levels of spermine were constantly higher in patients than in controls at three time points, but the response patterns to exercise were different. Spermine levels increased during the whole exercise from baseline to recovery period in controls but decreased at peak exercise and then increased at recovery period in patients. 
These data showed that in controls exercise could induce a rapid and strong positive response in spermidine and spermine, while in patients the responses were severely impaired compared to controls. Moreover, the impaired exercise-induced positive responses in spermidine and spermine from baseline to exercise were associated with impaired VO2 reserve. 
[bookmark: _Toc486931059]5.2 Discussion
In this study, we introduced exercise-metabolomics the first time in PAH. We demonstrate that patients with CHD-PAH and controls have different plasma concentrations of many metabolites including LWMs, FFAs, and eicosanoids not only at rest, but also during exercise and after exercise. We also demonstrate that patients with CHD-PAH and controls have different trends in the responses of several metabolites from rest to peak exercise, and from peak exercise to recovery period. More importantly, changes of some metabolites from baseline to peak exercise correlate with the VO2 reserve. From the comprehensive analysis and screening, we suggest that exercised-induced rapid and strong positive responses in polyamines including spermidine and spermine are lack in patients with CHD-PAH and the impaired positive responses were associated with exercise intolerance in these patients. 
Polyamines are organic compounds with at least 2 primary amino groups including mainly putrescine, spermidine, and spermine. Polyamine function and metabolism are related to cell growth and differentiation and are dysregulated in proliferative diseases like cancer336-341. Levels of polyamines including spermidine and spermine are increased in plasma and tissues in cancer and reducing levels of their natural form by a potent inhibitor (difluoromethylornithine, DMFO) of ornithnine decarboxylase (ODC) (Figure 5.15) has treatment effect for several types of tumours336-353. In addition, polyamines are known to regulate their own metabolism, and taking advantage of the self-regulatory mechanism in polyamine metabolism by adding exogenous analogues could also exert anti-proliferative effect354-363. Notably, using of DMFO leads to near complete depletion of putrescine and spermidine but the effects varies in spermine concentrations in different studies336. Also, spermine analogues are more inhibitory of growth than spermidine analogues364. These might indicate a different role of spermine in cell growth compared to spermidine. There is evidence showing that in hypoxia lung and cultured lung vasculature cells ODC activity is decreased, however, lung cell polyamine uptake is augmented365-369, which reveals the self-regulatory mechanism in the lung. 
In our study, spermine levels were higher (near 10 times) but spermidine levels were lower (about half) in patients than controls at baseline. The reason might be an excessive production of spermine from spermidine and thus spermidine is overused, or the high concentrations of spermine reversely inhibiting the production of spermidine as an effect of negative feedback. 
Interestingly, spermidine levels increased hugely in response to exercise in controls but not in patients, indicating that an exercise-induced strong positive response in spermidine was supressed which maybe also because of the negative feedback from high concentrations of spermidine. The change of spermidine from peak exercise to recovery period in patients revealed a late and weak response to exercise. Importantly, the impaired response from baseline to peak exercise in spermidine, which also reflects the excessive production of spermine, was significantly positively related to exercise intolerance. In terms of spermine during exercise, the response from baseline to peak exercise was positive in controls but negative in patients. Also, the impaired response in spermine in patients correlated with exercise intolerance. We hypothesize that spermine overload at baseline and supressed spermidine and spermine responses to exercise might be involved in the underlying pathophysiological changes in CHD-PAH and also related to exercise intolerance in these patients.
Surprisingly, in our study, all the metabolites in the three panels were all comparable in treatment-naïve patients and patients on targeted therapies. This indicates that current targeted therapies do not have effect on the altered metabolic status in patients with PAH, which suggests the unmet need for novel drugs targeting metabolic disturbance in PAH. 
In regard to the classification, patients with ES had no differences compared to patients with non-ES, which suggests that patients in the different subgroups, even clinically different, share similar metabolic changes and thus can be included in the metabolic studies. Also, patients with CHD-PAH in this study share similar metabolic characteristics with IPAH patients in another study of ours (data not shown). 
[bookmark: _Toc486931060]5.3 Summary 
(1) The metabolic cohort (n = 29) shared similar baseline and exercise characteristics with the overall cohort (n = 171) and thus was representative of the overall cohort. 
(2) Patients had significantly different baseline metabolic status compared to controls indicating metabolic perturbation in CHD-PAH.
(3) Patients had different exercise-induced metabolic responses in many metabolites compared to controls. 
(4) Reserve in some metabolites during exercise were significantly related to VO2 reserve in patients.
(5) Altered spermidine/spermine metabolism might be involved in the pathophysiological mechanisms underlying the exercise intolerance in patients with CHD-PAH. 
Chapter 6 [bookmark: _Toc486931061]
Limitations 
This study suffers from several limitations. Patients enrolled were relatively younger than those in western countries. While, this is a fact that patients with IPAH and CHD-PAH in China are always younger than in western countries as confirmed in clinical practice and many previously studies, for which the reason is still not clear14, 127, 128, 131. Many patients were in WHO-FC I/II which was also different from many studies in western countries, one of the reasons as we mentioned in discussion part in Chapter 3 is the difference in health insurance system in China. Younger age and fewer comorbidities might be another reason that our patients had relatively better heart function. Many patients were on targeted therapies prior to enrollment, but therapy was not related to survival in the COX regression analysis, and therapy did not affect plasma levels of any one of the metabolites we measured. Our cohort consisted of 4 different clinical subgroups and 3 different anatomical subgroups, which was also a strength of this study, representing real-world data in patients with CHD-PAH. In addition, we performed thoroughly comparisons of baseline characteristics, exercise parameters, survival, and metabolomics profiling among those different subgroups which we believe could provide valuable information in this area. Our center is the national cardiovascular center in Beijing, China, and there are many patients in the rural area who do not have health insurance and therefore could not afford to come to our center, which might cause a bias in the patient population. Although the metabolic cohort is relatively small, it had comparable characteristics compared with the whole large cohort and thus was representative. Also, this is the first exercise-metabolomics study in patients with CHD-PAH, which provides additional information underlying the exercise intolerance in those patients. 
Chapter 7 [bookmark: _Toc486931062]
Conclusions And Future Work
[bookmark: _Toc486931063]7.1 Conclusions by chapters
[bookmark: _Toc486931064]7.1.1 Baseline characteristics in patients with CHD-PAH
(1) Patients with CHD-PAH had severely impaired exercise capacity, ventilatory efficiency, and cardiovascular reserve compared to controls.
(2) Male patients had better exercise capacity and ventilatory efficiency than female patients.
(3) Patients in WHO-FC III had worse exercise capacity, ventilatory efficiency, and cardiovascular reserve than patients in WHO-FC I/II.
(4) Patients in different clinical subgroups share more differences than similarities in exercise parameters. Patients in different anatomical subgroups share more similarities than differences in exercise parameters.
[bookmark: _Toc486931065]7.1.2 Exercise parameters in patients with CHD-PAH
(1) Patients with CHD-PAH had severely impaired exercise capacity, ventilatory efficiency, and cardiovascular reserve compared to controls.
(2) Male patients had better exercise capacity and ventilatory efficiency than female patients. Patients in WHO-FC III had worse exercise capacity, ventilatory efficiency, and cardiovascular reserve than patients in WHO-FC I/II.
(3) Patients in different clinical subgroups share more differences than similarities in exercise parameters. Patients in different anatomical subgroups share more similarities than differences in exercise parameters.
(4) Of all the exercise parameters and traditional markers, peak VO2 and VE/VCO2 slope had stronger relationships with PVR and CO/Qp in the overall patient cohort.
(5) In the overall patient cohort, PVR, peak VO2, and peak HR were potential predictors for both mortality and CW in univariate analysis.
(6) Peak VO2 was the only strong independent predictor for both mortality ad CW in multivariate analysis in the overall cohort. 
(7) Patients with peak VO2 < 11.1 ml/kg/min were at higher risk of death and patients with peak VO2 < 13.0 ml/kg/min were more likely to have CW events in the overall cohort. 
(8) Random survival forest analysis also demonstrated the prognostic value for peak VO2 in the overall cohort.
[bookmark: _Toc486931066]7.1.3 Metabolomics profiling in CHD-PAH
(1) The metabolic cohort (n = 29) shared similar baseline and exercise characteristics with the overall cohort (n = 171) and thus was representative of the overall cohort. 
(2) Patients had significantly different baseline metabolic status compared to controls indicating metabolic perturbation in CHD-PAH.
(3) Patients had different exercise-induced metabolic responses in many metabolites compared to controls. 
(4) Reserve in some metabolites during exercise were significantly related to VO2 reserve in patients.
(5) Altered spermidine/spermine metabolism might be involved in the pathophysiological mechanisms underlying the exercise intolerance in patients with CHD-PAH.
[bookmark: _Toc486931067]7.2 General and key conclusions
(1) Patients with CHD-PAH have significantly worse exercise capacity, ventilatory efficiency and cardiovascular reserve compared to healthy controls.
(2) Peak VO2 is a strong predictor for both mortality and CW in CHD-PAH. 
(3) Patients with peak VO2 < 11.1 ml/kg/min are at higher risk of death and patients with peak VO2 < 13.0 ml/kg/min are more likely to have CW events.
(4) Altered spermidine/spermine metabolism might be involved in the pathophysiological mechanisms underlying the exercise intolerance in patients with CHD-PAH.
[bookmark: _Toc486931068]7.3 Future work 
This study demonstrates the prognostic value of peak VO2 in patients with CHD-PAH in a mid-term follow-up, suggesting a role of monitoring exercise capacity using CPET in helping guide the clinical practice. A longer-term follow-up study is needed to further confirm the prognostic value of peak VO2 and identify other CPET parameters as predictors. 
The metabolomics profiling identifies spermidine/spermine pathway of importance potentially in the pathophysiological changes in PAH, which warrants further research investigating its role in cell and animal models. 
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Appendix A Code used in R
[bookmark: _Toc486931071]Random survival forest analysis 
library(xlsx)
library(ggthemes)
library(mice)
library(Boruta)
library(survival)
library(randomForestSRC)
library(ggRandomForests)
library(limma)
library(reshape2)
library(ggplot2)
library(caret)
library(survivalROC)
library(cowplot)

#Make Survival response (right censor information) data into numerical
lf.data.ss[names(lf.data.ss) %in% c('First_Clinical_Worsening','Death','Hospitalization','Escalation_of_drugs','First_Clinical_Worsening_NoDrugs')] <- lapply(lf.data.ss[names(lf.data.ss) %in% c('First_Clinical_Worsening','Death','Hospitalization','Escalation_of_drugs','First_Clinical_Worsening_NoDrugs')], function(x) to.numeric(x))

#Make simplest possible survival model using Lung function and patient information data only
#Subset vector for basic survival model.
ss.vector.basic <- c('Group_Guideline', 'Repair_Status_at_Enrollment', 'Treatment_at_Enrollment', 'Treatment_at_Discharge', 'Time_Onset_to_Enroll_Months', 'RHC_Within_oneMonth', 'FC_Two_Group_3', 'Sex.Female','Echo_Pericardial_Effusion','Age_at_Enrollment', 'BMI_group',"Peak_Workload", "VO2_Rest", "VO2_AT", "VO2_Peak", "VO2_Rest_Adjusted", "VO2_AT_Adjusted", "VO2_Peak_Adjusted", "VE_Peak", "HR_Rest", "HR_Peak", "HRR", "sBP_Rest", "sBP_Peak", "BPR", "VE.VCO2_Slope")

#Hongda's variable subsets;
#longer list (23 vars)
ss.vector.long <- c('Group_Guideline', 'Repair_Status_at_Enrollment', 'Treatment_at_Enrollment', 'Treatment_at_Discharge', 'Time_Onset_to_Enroll_Months', 'RHC_Within_oneMonth', 'FC_Two_Group_3', 'Sex.Female','Age_at_Enrollment', 'BMI_group','BMI',"Peak_Workload", "VO2_AT_Adjusted", "VO2_Peak_Adjusted", "VE_Peak", "HR_Peak", "HRR", "sBP_Peak", "BPR", "VE.VCO2_Slope", 'NT.proBNP', 'PVR','mRAP','mPAP')

#Generate RFS model
set.seed(100)
fit.rf.s_Death <- rfsrc(Surv(Time_to_Death,Death) ~ ., data=lf.data.ss[ grep.strFixed(c('Time_to_Death', 'Death',ss.vector.short), names(lf.data.ss))], na.action='na.impute', tree.err=T, ntree=500)
print(fit.rf.s_Death)
plot(gg_error(fit.rf.s_Death)) 

#Generate RFS model - Hospitalisation and Death only
set.seed(100)
fit.rf.s_NoDrugs <- rfsrc(Surv(Time_to_First_CW_NoDrugs, First_Clinical_Worsening_NoDrugs) ~ ., data=lf.data.ss[, grep.str(c('Time_to_First_CW_NoDrugs', 'First_Clinical_Worsening_NoDrugs', ss.vector.short), names(lf.data.ss))], na.action='na.impute', tree.err=T, ntree=1000)
print(fit.rf.s_NoDrugs)
plot(gg_error(fit.rf.s_NoDrugs))

#Generate RFS model- First Clinical Worsening
set.seed(100)
fit.rf.s_CW <- rfsrc(Surv(Time_to_First_CW, First_Clinical_Worsening) ~ ., data=lf.data.ss[, grep.strFixed(c('Time_to_First_CW', 'First_Clinical_Worsening', ss.vector.short), names(lf.data.ss))], na.action='na.impute', tree.err=T, ntree=1000)
print(fit.rf.s_CW)
plot(gg_error(fit.rf.s_CW))

#Show error accross tress
plot(gg_error(fit.rf.s)) #when run to 1000trees then 750 trees looks stable

#Generate Random forest OOB Predicted Survival fit
ggRFsrc <- plot(gg_rfsrc(fit.rf.s), alpha=0.7) + labs(y= "Survival Probability", x="Time (months)")
show(ggRFsrc)

#Choose Model;
fit.rf.s <- fit.rf.s_Death
fit.rf.s <- fit.rf.s_CW

# Variable Selection #
#Get Variable of Importance (VIMP) metric
ggvimp.res <- gg_vimp(fit.rf.s) 

#Get Minimal Depth (MD) metric
varsel <- var.select(fit.rf.s)
#add in VIMP
varsel$varselect$vimp <- ggvimp.res$vimp[match(rownames(varsel$varselect), ggvimp.res$vars)]
gg_md <- gg_minimal_depth(varsel)

#Visualise results
#Plot VIMP
plot(ggvimp.res)
ggvimp.res <- ggvimp.res[order(ggvimp.res$vimp, decreasing=F),]
ggvimp.res$vars <- factor(ggvimp.res$vars, ordered=T)

#ggvimp.res$vars <- c("VE/VCO[2]", 'Peak sBP','mPAP','Targeted therapy pre-CPET','Sex', 'WHO-FC', 'AT', 'Clinical subgroups', 'Age', 'Time onset to enrollment', 'mRAP', 'Peak heart rate', 'NT-proBNP','Peak VO[2]', 'PVR')

#For Clinical Worsening;
sizeGrWindow(5,5)
ggplot(ggvimp.res, aes(x=vars, y=scale(vimp, center=F), group=set))+geom_point(aes(shape=positive), size=4)+scale_shape_manual( values=c(1,16))+theme_base()+geom_line(col='black')+ scale_x_discrete("",labels=rev(c(expression("VE/VCO"[2]*" slope"), 'Peak sBP','mPAP','Targeted therapy pre-CPET','Sex', 'WHO-FC', 'AT', 'Clinical subgroups', 'Age', 'Time onset to enrollment', 'mRAP', 'Peak heart rate', 'NT-proBNP',expression("Peak VO"[2]), 'PVR')), limits=rev(levels(ggvimp.res$vars)))+theme(legend.position='none', axis.text.x=element_text(angle=90, hjust=1, vjust=0.5, margin=margin(7,0,0,0))) +ylab("Variable Importance (Clinical Worsening)") 

#For Mortality;
ggplot(ggvimp.res, aes(x=vars, y=scale(vimp, center=F), group=set))+geom_point(aes(shape=positive), size=4)+scale_shape_manual( values=c(1,16))+theme_base()+geom_line(col='black')+theme(legend.position='none', axis.text.x=element_text(angle=90, hjust=1, vjust=0.5 ,margin=margin(7,0,0,0))) +ylab("Variable Importance (Mortality)") + scale_x_discrete("",labels=rev(c('Peak sBP', 'AT', 'Clinical subgroups', 'Time onset to enrollment',expression("VE/VCO"[2]*" slope"), 'WHO-FC', 'Targeted therapy pre-CPET', 'mPAP', 'PVR','Sex','Age','mRAP','NT-proBNP','Peak heart rate',expression("Peak VO"[2]))), limits=rev(levels(ggvimp.res$vars)))

#Plot Minimal Depth
plot(gg_md)
#Summarise rankings of VIMP and Minimal Depth
vimp_md_rank <- gg_minimal_vimp(gg_md)

	#Plot Results
plot(vimp_md_rank) + theme_bw() + coord_flip()

[bookmark: _Toc486931072]Multiple moderate t test
library(reshape2)
library(limma)
library(caret)
library(rpart)
library(rpart.plot)
library(partykit)
library(randomForest)

decode <- read.csv('~/Desktop/ALL/NOx/CPET dayangben/Names.csv', stringsAsFactors = F)
head(decode)
data <- read.csv("~/Desktop/ALL/NOx/CPET dayangben/20170226 CHDPAH plus Control Metabolon.csv", stringsAsFactors=F)
data.chd <- data[which(data$Diagnosis=='CHD-PAH'),]
data.control <- data[which(data$Diagnosis=='Control'),]
head(data[1:10])
colnames(data)


#build martix for linear modeling BASELINE Comparison
f <- factor(targets$Diagnosis, levels = unique(targets$Diagnosis))
design <- model.matrix(~0 + f)
colnames(design) <- gsub("f","",colnames(design))
head(design)
## fit intesity values to linear model
fit <- lmFit(log2(t(data[grepl("Baseline$|Bl", names(data)) & grepl("ME_", names(data))])), design)
#Define comparisions to be made.
CM <- cbind( PAH_vs_Control=c(1,-1))
#add to fit
fit2 <- contrasts.fit(fit, CM)
#Add p-values
fit2 <- eBayes(fit2)
hist(fit2$p.value)
#results
topTable(fit2)
topTable(fit2, number=20)

topTable(fit2, coef=1, number=Inf, p.value=0.001, lfc=1.5)
topTable(fit2, coef=1, number=Inf, p.value=0.01)
topTable(fit2, coef=1, number=Inf, p.value=0.05)

analytes.oi <- rownames(topTable(fit2, coef=1, number=Inf, p.value=0.001, lfc=1.5))

###plot PAH vs Control Baseline#####
plot.data <- data[grepl("Bl$|Diagnosis", names(data)) & grepl("ME|Diagnosis", names(data))]
head(plot.data[1:10])
dim(plot.data)
plot.data.m <- melt(plot.data, id.vars="Diagnosis")
head(plot.data.m)
ggplot(plot.data.m, aes(x=variable, y=log2(value), fill=Diagnosis)) + geom_boxplot(outlier.shape = NA) + theme_classic()+theme(axis.text.x = element_text(angle = 90, hjust = 1)) + scale_x_discrete(name="", limits=c("ME_Lysine_Bl","ME_Methionine_Bl","ME_Phenylalanine_Bl","ME_Proline_Bl","ME_Threonine_Bl","ME_Tryptophan_Bl","ME_Valine_Bl","ME_Ornithine_Bl","ME_Asparagine_Bl","ME_Aspartate_Bl","ME_Cystine_Bl","ME_Glutamine_Bl","ME_Leucine_Bl","ME_Tyrosine_Bl","ME_Arginine_Bl","ME_Isoleucine_Bl","ME_Homocysteine_Bl","ME_Cysteine_Bl","ME_Citrulline_Bl","ME_Glutamate_Bl","ME_Serine_Bl","ME_4_Hydroxyl_Lroline_Bl", "ME_N_Acetylornithine_Bl", "ME_O_Acetylcarnitine_Bl", "ME_Carnitine_Bl", "ME_Kynurenine_Bl", "ME_O_Acetyl_L_serine_Bl", "ME_Carnosine_Bl", "ME_Taurine_Bl", "ME_Creatine_Bl", "ME_Cysteate_Bl", "ME_N_acetyl_L_glutamate_Bl", "ME_Phenylacetylglycine_Bl", "ME_Hippuricacid_Bl", "ME_Pyroglutamicacid_Bl","ME_Histamine_Bl", "ME_Cystamine_Bl", "ME_Spermine_Bl", "ME_Spermidine_Bl","ME_Deoxyadenosine_Bl", "ME_Inosine_Bl", "ME_Guanosine_Bl", "ME_Adenosine_Bl", "ME_5_Methylthioadenosine_Bl", "ME_Deoxyuridine_Bl", "ME_Uridine_Bl", "ME_Xanthosine_Bl","ME_Adenine_Bl", "ME_Guanine_Bl", "ME_Cytosine_Bl", "ME_Hypoxanthine_Bl", "ME_Xanthine_Bl", "ME_Thymine_Bl","ME_dGMP_Bl", "ME_dAMP_Bl", "ME_dCMP_Bl", "ME_AMP_Bl", "ME_GMP_Bl", "ME_N_Acetylneuraminate_Bl", "ME_Nicotinamide_Bl", "ME_Thiamin_Bl", "ME_Biotin_Bl", "ME_Pyridoxine_Bl", "ME_Pantothenate_Bl","ME_Citrate_Bl", "ME_Succinate_Bl", "ME_Benzoate_Bl","ME_a_Keto_glutarate_Bl", "ME_Uricacid_Bl", "ME_Lacticacid_Bl","ME_Choline_Bl", "ME_Glycero_3hosphocholine_Bl", "ME_Creatinine_Bl", "ME_Allantoin_Bl"),labels=c("L-Lysine", "L-Methionine", "L-Phenylalanine", "L-Proline", "L-Threonine", "L-Tryptophan", "L-Valine", "L-Ornithine", "L-Asparagine", "L-Aspartate", "L-Cystine", "L-Glutamine","L-Leucine", "L-Tyrosine", "L-Arginine", "L-Isoleucine", "L-Homocysteine", "L-Cysteine", "L-Citrulline", "L-Glutamate", "L-Serine", "Hydroxyproline", "N-Acetylornithine", "O-Acetylcarnitine", "Carnitine", "L-Kynurenine", "O-Acetyl-L-serine", "Carnosine", "Taurine", "Creatine", "L-Cysteate", "N-acetyl-L-glutamate", "Phenylacetylglycine", "Hippuric acid", "Pyroglutamic acid","Histamine", "Cystamine", "Spermine", "Spermidine", "Deoxyadenosine", "Inosine", "Guanosine", "Adenosine", "Methylthioadenosine", "Deoxyuridine", "Uridine", "Xanthosine", "Adenine", "Guanine", "Cytosine", "Hypoxanthine", "Xanthine", "Thymine","dGMP", "dAMP", "dCMP", "AMP", "GMP", "N-Acetylneuraminate","Nicotinamide", "Thiamin", "Biotin", "Pyridoxine", "Pantothenate", "Citrate", "Succinate", "Benzoate", "α-Keto-glutarate", "Uric acid", "Lactic acid", "Choline", "Glycerophosphocholine", "Creatinine","Allantoin"))

[bookmark: _Toc486931073]Paired analysis
#Baseline vs Peak Patients #

bl.data <- data.chd[c(1:4, grep("Baseline$|Bl", names(data)))]
pk.data <- data.chd[c(1:4, grep("Peak$|Pk", names(data)))]
bl.data$tp <- "Baseline"
pk.data$tp <- "Peak"
names(bl.data) <- gsub("Baseline$|Bl","", names(bl.data))
names(pk.data) <- gsub("Peak$|Pk","", names(pk.data))
colnames(bl.data)
colnames(pk.data)
paired.data <- rbind(bl.data, pk.data)
paired.data[c(1:8,155)]
## build martix for linear modeling
p <- factor(paired.data$ID)
f <- factor(paired.data$tp)
design.paired <- model.matrix(~ p + f)
colnames(design.paired) <- gsub("f","",colnames(design.paired))
design.paired
## fit intesity values to linear model
#log transfrom expression data
#exprs(normData) <- log(exprs(normData),2)

#comparison of LMWs#
fit.paired <- lmFit(t(log2(paired.data[grep("ME_", names(paired.data))])), design.paired)
fit.paired <- eBayes(fit.paired)
topTable(fit.paired,coef="Peak")
topTable(fit.paired, number=Inf,coef="Peak")
topTable(fit.paired, coef="Peak", number=Inf, p.value=0.05)
  #confirm direction
data.ss <- paired.data[grep("ME_", names(paired.data))]
res <- tapply(log2(data.ss$ME_Cystine_), design.paired[,'Peak'], mean)
res[2]-res[1]

rownames(topTable(fit.paired,coef="Peak"))
rownames(topTable(fit.paired,coef="Peak",number=Inf))
rownames(topTable(fit.paired,coef="Peak",number=Inf,p.value=0.05))
rownames(topTable(fit.paired, coef="Peak",number=Inf,p.value=0.01))
rownames(topTable(fit.paired, coef="Peak",number=Inf,p.value=0.001))
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