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INTRODUCTION 

 

In 2006, a National Heart, Lung and Blood Institute Working Group on Cellular and Molecular 

Mechanisms of Right Heart Failure report delineated in broad terms the current base of scientific 

understanding of the right ventricle, identifying future directions of investigation (1). 

 In the following 12 years, there has been a renewed interest in the right heart. The right ventricle 

differs from the left ventricle in fundamental ways such as its embryologic origin (the left ventricle 

deriving from the primary heart field and the right from the secondary heart field (2), metabolism (3) and 

regulatory pathways (4). The right heart fascinates not only from its ability to adapt to pressure or volume 

overload but also to reverse remodel and recover from injury. Historically an important step was to move 

beyond the misconception of the right ventricle as a passive conduit. This was prompted by the 

observation that the right ventricle may be bypassed in patients with tricuspid aplasia or hypoplastic right 

heart by the Fontan surgery (5). While it is true that the low-pressure pulmonary system allows the right 

ventricle to be bypassed, the Fontan circulation remains vulnerable to pulmonary hypertension (PH) and 

has limited circulatory reserve with exercise (6). The link between right ventricular (RV) dysfunction and 

poor outcome in PH, left heart failure with preserved or reduced ejection fraction, post-left ventricular 

assist device implantation and myocardial infarction is now well established (7,8). 

 The main objective of this thesis is to present the utility of right heart deep phenotyping in the 

diagnosis, risk stratification and management of patients with PH, and in unraveling the mechanistic 

pathways underlying right heart failure. 
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Part 1- PATHOPHYSIOLOGY of the CARDIOPULMONARY UNIT 

 
A comprehensive understanding of right heart function should consider the right heart within the 

cardiopulmonary unit (9). As shown in Figure 1, this includes a better assessment of ventriculo-arterial 

coupling (matching between the right ventricular RV contractility and afterload), atrio-ventricular 

coupling and inter-ventricular inter-dependence. 

 

 

Figure 1. The right heart-pulmonary circulation unit. Schematic representation of the interaction present within 

the cardio-pulmonary circulation, including right ventricular-arterial coupling, atrio-ventricular interaction, right-left 

inter-ventricular inter-dependance and right ventricular myocardial perfusion-metabolism matching. (adapted with 

permission from the Marie Lannelongue Hospital Research Lab). 

 

 In this chapter, we will first review the main physiological concepts of the pulmonary circulation, 

highlighting the main differences with the systemic circulation and the clinical implications. Secondly, we 

will summarize the main embryological, anatomical, molecular and physiological features of the right 

ventricle in order to better understand the challenges for right heart imaging as well as the rationale 

behind right heart failure management. Thirdly, we will define pulmonary hypertension, classification and 
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consequences on the right heart, in order to approach the concept of ventriculo-arterial coupling and 

adaptation. Lastly, we will discuss the molecular pathways underlying RV adaptation to afterload in PH. 

 

1.1 Physiology of the Pulmonary Circulation 
 

1.1.a Main definitions 

 

The right heart afterload can be simplified into two components: the resistive afterload (represented by 

the pulmonary vascular resistance, PVR) and the pulsatile afterload (represented by the pulmonary 

stiffness) (10). 

 Several parameters have been developed to provide information on local, regional, or global 

pulmonary arterial stiffness: pulse pressure, elasticity, distensibility, compliance, capacitance, and 

stiffness index b (11), as detailed in Table 1. Among them, capacitance (invasively estimated as the ratio 

of stroke volume (SV) divided by pulse pressure) has been associated with RV dysfunction, remodeling, 

and mortality, independently of the level of resistance, in a wide spectrum of diseases (idiopathic and 

scleroderma-associated pulmonary arterial hypertension PAH (12,13), heart failure with reduced ejection 

fraction HFrEF (14,15) and heart failure with preserved ejection fraction HFpEF) (16). Pulmonary arterial 

elasticity is measured as (maximal pulmonary artery (PA) area - minimum area)/minimum area, using 

phase-contrast cardiac magnetic resonance (CMR) imaging, on the transverse perpendicular plane. It may 

be valuable for the detection of exercise-induced PH or earlier stages of pulmonary vascular disease (17). 
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Table 1. Definition and clinical importance of metrics assessing right heart afterload in pulmonary 

hypertension. 

Metric Definition Modality Key 
finding 

Clinical implications 

Transpulmonary 
pressure gradient 

MPAP-PAWP RHC Increased Higher in patients with pre-
capillary PH than in those with 
post-capillary PH 

Pulmonary 
vascular 
resistance (PVR) 

(MPAP-
PAWP)/CO 

RHC Increased Mostly related to arterial tree 
resistance 
Can increase up to 4 times in PH 
as opposed to systemic 
circulation 50% increase 

Total pulmonary 
resistance (TPR) 

MPAP/CO RHC Increased  

Pulse pressure 
(PP) 

SPAP-DPAP RHC Decreased Not able to differentiate between 
a pure decreased in stroke 
volume or an increased in 
pressure (i.e. increased in 
stiffness). 

Elasticity (max PA area – 
min area) / min 
area 

Phase-contrast 
MRI, transverse 
perpendicular 
plane 

Decreased Different concept than elastance 
(change in pressure for a given 
change in volume) 

Distensibility PA elasticity / PP MRI and RHC Decreased Diagnosis of PH 
>10% is a marker of acute 
responsiveness to vasodilators in 
PAH 

Compliance (max area – min 
area) / PP 

MRI and RHC Decreased Quantifies local PA stiffness 

Capacitance Stroke 
Volume/PP 

RHC or MRI Decreased Quantifies total stiffness 
Predicts survival independently 
from resistance level in PAH, 
HFrEF and HFpEF 

Stiffness index 
beta 

log(SPAP/DPAP) 
/ elasticity 

MRI and RHC Increased Quantifies pressure-independent 
stiffness 

CO: cardiac output; DPAP: diastolic pulmonary arterial pressure; HFpEF: left heart failure with preserved ejection 

fraction; HFrEF: left heart failure with reduced ejection fraction; LVAD: left ventricular assisting device; MRI: 

magnetic resonance imaging; PA: pulmonary artery; PAWP: pulmonary arterial wedge pressure; PH: pulmonary 

hypertension; RAP: right atrial pressure; RHC: right heart catheterization; SPAP: systolic pulmonary arterial 

pressure. 
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1.1.b The inverse resistance-capacitance relationship 

 

Understanding the differences between the pulmonary circulation and the systemic circulation is key to 

understand the pathophysiology of right heart failure (RHF). In contrast to the systemic circulation, the 

pulmonary circulation is a low resistance-high compliance/capacitance system (18), in which resistance 

(R) and capacitance (C) are inversely related to each other as follows: C=τ/R where τ is the RC time 

constant of the system (Figure 2A and 2B) (19–22). Lankhaar et al. showed that the RC-time, the product 

of resistance R and compliance C, remains relatively constant in patients treated for PH (22). In mild PH, 

a decrease in resistance is accompanied by a substantial increase in compliance compared to severe PH 

(Figure 2C). This may explain the clinical observation that patients with mild PH often show a greater 

hemodynamic improvement after therapy than patients with severe PH, even if their resistance decreases 

by the same amount. Saouti et al. further demonstrated that the pulsatile component of load remains 

constant (about 23% of total load) in subjects without PH and patients with PAH over a wide range of 

pulmonary pressures, in contrast to the systemic circulation (23). As illustrated in Figure 2B, the RV 

relationship is shifted to the left in patients with post-capillary PH (i.e. secondary to left heart failure) 

(24,25). This may reflect smaller capacitance (i.e. larger stiffness) of the pulmonary vascular circulation 

in patients with pre-capillary PH than in those with post-capillary PH at a similar level of PVR severity. 

As suggested by Vonk Noordegraaf et al. in their recent review, it may also be explained by the definition 

of capacitance, invasively estimated as = stroke volume / pulse pressure, which does not include 

pulmonary arterial wedge pressure (PAWP) (19). 
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Figure 2. The pulmonary resistance-capacitance relationship and clinical implications. (A) Diagram of the 

pulmonary system showing the pulsatile and resistive components of resistance to flow (adapted from Saouti et al. 

Eur Respir Rev, 2010). (B) Schematic inverse relation between resistance and capacitance, and influence of PAWP. 

At normal and low R (early PH, blue), changes in R have a large effect on C. At high R (late PH, orange), a similar 

change in resistance has little effect on C (adapted from Vonk Noordegraaf et al. J Am Coll Cardiol, 2017). (C)	
  

Change in afterload with therapy (adapted from Lankhaar et al. Eur Heart J, 2008). (D) In the systemic circulation, 

when pressure increases, systolic, diastolic and mean pressures are not linearly related. (E) In contrast, systolic mean 

and diastolic pressures increase linearly in pulmonary hypertension. Note also that the ranges in pressures and 

resistance are extremely large in pulmonary circulation in comparison to systemic circulation (D to E are adapted 

from Saouti et al. Eur Respir Rev, 2010). (F) Linear relationship between mean pulmonary arterial pressure (MPAP) 

and diastolic (DPAP) or systolic (SPAP) pressures, expressed as Pearson correlation (R2), in 570 patients with 

pulmonary arterial hypertension or advanced lung disease (adapted from Amsallem et al. JACC:HF, 2018). C: 

capacitance; DPAP: diastolic pulmonary arterial pressure; MPAP: mean pulmonary arterial pressure; PA: pulmonary 

artery; PAWP: pulmonary arterial wedge pressure; PVR: pulmonary vascular resistance; R: resistance; RV: right 

ventricle; SPAP: systolic pulmonary arterial pressure. 
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1.1.c The mean and systolic pulmonary arterial pressures collinearity 

 

Another specific feature of the pulmonary circulation is the linear relationship between the mean 

pulmonary arterial pressure (MPAP), systolic pulmonary arterial pressure (SPAP) and pulse pressure 

(Figure 2D-F) (20,26,27). First reported by Chemla et al. in 2004 using high fidelity manometers (28), 

the simple linear equation (MPAP=0.61 x SPAP + 2 mmHg) was recently validated by our group in a 

larger cohort of more than 600 patients with PAH or advanced lung disease (26), as illustrated in Figure 

2F. 

 

1.1.d Transpulmonary-pressure gradient versus diastolic pulmonary gradient 

 

Although PVR is commonly used in clinical practice, it assumes that the closure pressure (pressure at 

zero flow) is equal to the pulmonary artery occlusion pressure, and therefore the relationship passes 

through zero (18). However, this assumption is not accurate and can lead to misinterpretation of dynamic 

changes in resistance. An increase in calculated PVR (i.e. MPAP-PAWP/cardiac output) may merely 

reflect a decrease in cardiac output and not necessarily a change in the transpulmonary-pressure gradient 

(TPG = MPAP-PAWP), which reflects the resistive afterload per se. A more physiological albeit less 

practical method of assessing resistance would be to derive the slope of the transpulmonary-pressure 

gradient-cardiac index relationship, as presented in Figure 3A (18).  
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Figure 3. Transpulmonary pressure gradient and mean pulmonary arterial pressure – cardiac output 

(MPAP-CO) relationship. (A) Pressure-flow relationship: pulmonary vascular resistance index (PVRI) is defined 

by the transpulmonary pressure gradient over cardiac index ratio (adapted from Chemla et al. Eur Respir J, 2002). 

The solid line indicates the multipoint pulmonary arterial pressure-flow relationship with closure pressure greater 

than pulmonary artery occlusion pressure. From 1 to 2, PVRI decreases while functional state of the pulmonary 

circulation remains essentially unchanged. From 1 to 3, PVRI is unchanged while the increased slope of the 

relationship attests to worsening of pulmonary hypertension (PH). (B) MPAP-CO relationships according to 

different etiology during incremental exercise. The threshold of >3.0 represents an abnormal pulmonary vascular 

response to exercise and may be indicative of early pulmonary vasculopathy (adapted from Lewis et al. Circulation, 

2013). 

 

 Recently, the diastolic pulmonary gradient was proposed to replace the transpulmonary pressure 

gradient to differentiate post-capillary from pre-capillary PH (29). The diastolic pulmonary gradient 

(defined as diastolic pulmonary artery pressure - PAWP) is believed to be less affected by left heart 

failure-induced changes in vascular compliance than the transpulmonary pressure gradient (30). The 

threshold of 7mmHg has been proposed to differentiate patients with pre-capillary PH (diastolic 

pulmonary gradient < 7mmHg and PVR ≤ 3 Wood units) from those with mixed pre- and post-capillary 

PH (7). Gerges et al. showed in a large cohort of 1,994 patients with post-capillary PH and 

transpulmonary pressure gradient > 12mmHg that a diastolic pressure gradient ≥ 7mmHg was associated 

with worse outcome than < 7mmHg, suggesting that diastolic pressure gradient may reflect more 
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advanced pulmonary vascular remodeling (31). However, Tampakakis et al. did not validate these 

findings in a large retrospective of 1,236 evaluated for unexplained cardiomyopathy, in which elevated 

diastolic pressure gradient was not associated with worse survival whereas elevated transpulmonary 

pressure gradient and PVR were (32). Perhaps the biggest caveat of using diastolic pressure gradient 

measured using fluid-filled catheters is that it may be particularly prone to measurement error; given the 

low absolute value of diastolic pressure gradient, even minor inaccuracies in diastolic pulmonary arterial 

pressure or PAWP measurements can have a significant effect on diastolic pressure gradient. 

 

1.1.e Rediscovering the pressure – cardiac output, a window to exercise-induced 

PH 

 

In the pulmonary circulation, the mean pulmonary pressure-cardiac output (MPAP-CO) relationship can 

be approximated using a linear model, although the “true” relationship is more curvilinear depending on 

the distensibility coefficient of the pulmonary circulation (Figure 3B) (33). This concept was first 

described in 1985 by Janicki et al. in patient with heart failure and is currently building a framework for a 

new definition of exercise induced PH (34–36). Prior to the 4th World Symposium on Pulmonary 

Hypertension guidelines, a MPAP with exercise >30 mmHg was used to define exercise-induced PH. 

This definition was since removed as this threshold may be reached in older normal subjects (37) or in 

patients with high cardiac output (38). A MPAP-CO slope >3 is now recognized to define exercise-

induced PH, as it was shown to be incremental to MPAP >30mmHg (36,39). 
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1.2 The Right Ventricle 

 
1.2.a Embryology and anatomy of the right heart 

 

The right ventricle and the left ventricle have distinct embryological origins; the left ventricle first derives 

from the primary heart field and the right ventricle derives from the secondary heart field (2).  

 

 During the fetal period, the right ventricle ejects blood at high pressure into a high-resistance 

vascular circulation. The RV and left ventricular (LV) wall thickness are similar (about 3.5mm at term) 

(40). After birth, the pulmonary circulation transition into a low-resistance circuit and the RV wall 

thickness remains at 4mm, while the LV wall increases at about 10mm to adapt for increased afterload 

(about 4 times). The features of the fetal heart have been recently reviewed by Guimaron et al. in the 

Supplementary article 2 (3). 

 

 The right ventricle is classically divided into three parts, as illustrated in Figure 4: the inlet, the 

apical part and the outlet. The RV wall is composed of a superficial apical layer in continuity with the left 

ventricle, and a deep longitudinal layer (41). The longitudinal component of the RV contraction is 

prominent, contributing to the high prognostic value of longitudinal metrics of RV function such as RV 

longitudinal strain. 
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Figure 4. Right heart anatomy. (A) The inlet, trabeculated apical myocardium and infundibulum of the RV. The 

tricuspid and pulmonary valves are separated by the ventriculo-infundibular fold (VIF). (B) Short-axis plane of the 

RV demonstrating its crescentic shape. (C) The 4-chamber anatomic plane of the heart showing the moderator band 

(MB) and the more apical insertion of the tricuspid valve. (D) Superficial muscle layer of the RV. SMT indicates 

septo-marginal trabeculation with its anterior (a) and posterior (p) arm; A-S, antero-superior leaflet of the tricuspid 

valve; PT, pulmonary trunk; Ao, aorta; RA, right atrium; and LA, left atrium. Reproduced from Haddad et al. 

Circulation, 2008. 

 

1.2.b Right heart versus left heart 

 

Although the separation between the right and left heart has a clear anatomical and embryological basis, it 

does not reflect the complexity of the structural and functional relationships and interactions between the 

heart and the circulation. Anatomically, the right and left ventricles are strongly connected through the 

septum and myofiber architecture (42). Because of the functional interactions between the ventricles, 

interpretation of RV performance should always be made in the context of LV function and vice versa. In 
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the absence of complex congenital heart disease, the effective stroke volume of both ventricles is equal on 

average. Consequently, RV dysfunction in patients with predominantly “left heart failure” could mainly 

reflect low stroke volume and not necessarily intrinsic myocardial involvement of the right heart. In 

addition to systolic interactions, diastolic interactions, neurohormonal factors and interventricular 

dyssynchrony blur the lines between the right and left heart (43–45). 

 

1.3 Pulmonary Hypertension 
 

1.3.a Definitions 

 

Pulmonary hypertension is defined by a resting invasive MPAP ≥25 mmHg (7). The normal value of the 

MPAP 14 ±3 mmHg leaves a “gray area” of pressures between 20-24 mmHg. The consequences of these 

values are still not completely understood, some interpreting them as “pre-PH state”. 

 The definition of exercise-induced PH has recently evolved. Initially defined as MPAP at 

exercise >30 mmHg, this definition has been removed in the latest European guidelines on PH, as this 

threshold can be reached with age or high CO (38). Janicki et al. were among the first to report in 1985 

the linear relationship between MPAP and CO during exercise, as illustrated in Figure 3B (34). More 

recently, Herve et al. revalidated the MPAP/CO slope (i.e. total pulmonary resistance), showing the 

incremental value of a >3.0 threshold at exercise to MPAP >30mmHg to predict the presence of 

pulmonary vascular disease (20,36). 
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1.3.b Classification of pulmonary hypertension 

 

The 5th World Symposium on Pulmonary Hypertension consensus (2013) proposed a new clinical 

classification of PH into 5 categories presented in Figure 5 (7). 

 

Figure 5. Classification of Pulmonary Hypertension. 

 

Group 1 - Pulmonary arterial hypertension (PAH) is characterized by vascular remodeling of the 

pulmonary arterial tree, vasoconstriction, inflammation, smooth muscle cells proliferation, endothelial 

resistance to apoptosis leading to obstruction (46). 

Group 2 - Pulmonary hypertension due to left heart diseases, previously classified as “post-capillary 

PH”, includes left heart systolic and “diastolic” dysfunction, valvular disease such as mitral stenosis or 

congenital heart disease, leading to an increase of PAWP ≥ 15mmHg. Two presentations can occur: 

“passive post-capillary PH” or “mixed pre- and post-capillary PH”. With the increase in prevalence of left 
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HFpEF, often wrongly addressed as “diastolic heart failure”, this category represents the most frequent 

cases of PH (47). 

Group 3 – Pulmonary hypertension due to lung disease and/or hypoxia is characterized usually by less 

severe MPAP elevation than in PAH (MPAP usually less than 35mmHg) (48). Vasoconstriction due to 

hypoxia is one of the main mechanisms of increased pulmonary pressure, particularly at exercise. One of 

the challenges presented by this category is being able to detect pulmonary hypertension, as this is 

associated with poor outcome in patients with advanced lung disease such as chronic obstructive 

pulmonary disease. Diagnosis of PH can be achieved invasively by right heart catheterization, although 

exposing patients to vascular complications risks. Non-invasive strategies, such as using 

echocardiography, present with the advantage of being cheap, accessible, reproducible and harmless. As 

presented in the imaging section below, PH can be detected using right ventricular systolic pressure 

(RVSP) estimation from Doppler measurement of the tricuspid regurgitation peak velocity (26). However, 

the tricuspid regurgitation signal is frequently (less than half od patients) not interpretable in patients with 

advanced lung disease, due to poor echogenicity or heart axis deviation. An alternative method is to use 

indirect signs of increase right heart pressures, such as right ventricular or right atrial enlargement or right 

ventricular dysfunction (49). We recently showed in a large cohort of patients with advanced restrictive or 

obstructive lung diseases referred for right heart catheterization and echocardiography at Stanford 

University that using echocardiography for detecting PH was more challenging in this population than in 

other etiologies of PH, as we found out that several patients had RV enlargement or dysfunction despite 

normal invasive pressures at rest (48), presented in Supplementary article 3. One hypothesis is the 

presence of PH during exercise associated with hypoxia in these patients. 

Group 4 – Chronic Thrombo-Embolic Pulmonary Hypertension (CTEPH) is a rare but severe 

complication of acute pulmonary embolism leading to RHF and premature mortality. Its cumulative 

incidence ranges from 0.1–9.1% within the first 2 years after symptomatic acute pulmonary embolism, 

although probably underestimated due to the lack of systematic follow-up and screening in clinical 

routine (50–52). The pathophysiology of CTEPH is believed to be the result of fibrotic transformation of 
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pulmonary artery thrombi causing chronic obstruction in macroscopic pulmonary arteries, associated with 

microvascular remodeling, inflammation and endothelial dysfunction (53,54). 

 Despite being associated to different etiology, PH categories have common consequences on the 

right heart, as presented in the next section. 

 

1.4 Right Heart Adaptation to Pressure Overload 
 
The right ventricle forms a functional unit with the pulmonary circulation and venous return (cardio-

pulmonary unit). In order to better understand the adaptation of the right heart to pressure overload, the 

concept of RV – pulmonary arterial coupling needs to be first defined. 

 

1.4.a Right ventricular – pulmonary arterial coupling 

 

Landmark studies from Dell’Italia et al. have shown that RV function can be approximated using a time 

varying elastance model, where contractility is estimated using end-systolic pressure-volume relationship 

and ventriculo-arterial coupling by the ventricular to arterial elastance ratio (Ees/Ea) (Figure 6A) (55). 
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Figure 6. Right heart-pulmonary arterial coupling and adaptation. (A) Examples of pressure-volume loops in 

an healthy control, patients with coupled and uncoupled pulmonary hypertension (PH). (B) Hemodynamic stages of 

right heart adaptation to increased afterload in patients with pulmonary arterial hypertension. Ea: pulmonary arterial 

elastance; Ees: ventricular elastance; MPAP: mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge 

pressure. (Adapted from Amsallem et al. JACC:HF, 2018). 

 

1.4.b Right heart adaptation to pressure overload 

 

Increased afterload of the right ventricle results in an increase in the RV wall-stress. Exposed to this 

increased wall-stress, the right heart will first adapt by increasing the wall thickness (RV hypertrophy) 

following Laplace’s law. In order to maintain cardiac output, the right heart dilates (following Starling’s 

law) and the heart rate increases (19). This adaptive remodeling initially enables maintaining RV-

pulmonary arterial coupling (i.e. Ees/Ea between 1.5 to 2.0), as presented in Figure 6A. Figure 6B 

illustrates the natural history of right heart and pulmonary circulation metrics in a patient with PAH. With 

time, tachycardia and RV enlargement becomes deleterious, increasing the myocardial oxygen 

consumption, failing to maintain cardiac index and RV uncoupling occurs (i.e. Ees/Ea decreases). Parallel 

to the decrease in cardiac index, the MPAP decreases. The decrease in MPAP should not be interpreted as 

an improvement in the pulmonary vascular disease, showing the limitation of using MPAP alone to define 

afterload (Figure 6B). In addition, contrary to the common belief, ventricular elastance (Ees, 

contractility) is increased in patients with PAH (as illustrated in Figure 6B). The ability of the right 

ventricle to reverse remodel following lung transplantation could be in part explained by its preserved 

contractility (56). 

 

 The vicious circle of RV adaptation to pressure overload has been recently reviewed by Vonk 

Noordegraaf et al.’s team (19,57) and is summarized in Figure 7. 
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Figure 7. Right ventricular response to pressure overload and possible treatment strategies. Consequences of 

increased RV wall stress with PH may include left-right asynchrony, changed cardiac oxygen delivery and energy 

metabolism, and elevates neurohumoral activation. These can in turn cause loss of pump function. In an attempt to 

maintain cardiac output the RV may dilate, with a further increase in wall stress. Treatment options target elevated 

wall stress or target the consequences of elevated wall stress. Adapted from Westerhof et al.	
  Cardiovasc Res, 2017. 

 

 Understanding the increase in wall stress following pressure overload and its consequences is the 

base to better treat right heart failure. Therapy of the failing right heart is beyond of the scope of the 

present thesis. This topic has been comprehensively covered in several reviews and state of the art 

documents (8,57,58). 

 

1.4.c Right ventricular adaptation to PH: beyond increased afterload? 

 

While heart failure has been considered as a hemodynamic story for decades, recent evidence suggests 

that the heart failure syndrome does not solely rely on hemodynamics, but also involves metabolic, 

neurohormonal and inflammatory changes. The first evidence is the wide variability in RV adaptation to 
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increased afterload, with patients presenting with compensated RV phenotypes for years, while others 

present with rapid onset of right heart failure for the same level of afterload. The second evidence is that 

among etiology of PH, there is also a wide heterogeneity in RV adaptation. Patients with Eisenmenger 

syndrome secondary to congenital heart disease present with later onset of RHF for higher pressure than 

patients with PAH secondary to scleroderma (59,60). Similarly, patients with RV pressure overload 

without pulmonary vascular disease (such as patients with pulmonary stenosis) tends to have preserved 

RV contractility for a longer period of time than patients with PAH (61,62). These observations combined 

overall suggest that there are other mechanisms underlying RV adaptation to PH beyond the increase in 

RV wall stress. 

 The heterogeneity between RV adaptations in animal models of PH also suggests the implication 

of molecular pathways in RV adaptation/maladaptation. The effects of pulmonary artery banding on the 

right heart in rats are better tolerated than the effects of PH induced by endothelial toxins, such as 

monocrotaline or Sugen 5416/hypoxic model (Sugen is an antagonist of the vascular endothelial growth 

factor receptor) (63). This further suggests the role of endothelial dysfunction and inflammation in RV 

maladaptation to increased overload, which represents two among several targets in the field. 

 

1.4.d Molecular changes underlying right heart adaptation to PH 

 

 The molecular changes associated with RV remodeling in PH include metabolic changes, 

angiogenesis impairment and the potential role of immunity, as illustrated in Figure 8.
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Figure 8. Main molecular changes underlying right ventricular (RV) adaptation and maladaptation to 

increased afterload (left panel) and main histological patterns of RV remodeling in the setting of chronic 

pressure overload (right panel, adapted from Guimaron et al. BioMed Res Int, 2018). Inflammation involving 

mononuclear cells and cardiomyocytes hypertrophy are observed at the early stage. Reduced capillary density and 

myocardial fibrosis are associated with right ventricular maladaptive phenotype.  PH: pulmonary hypertension; 

RVLS: right ventricular free-wall longitudinal strain; SV: stroke volume; TAPSE: tricuspid annular plane systolic 

excursion. 
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1.4.d.i Metabolic changes and the role of the mitochondria 

The metabolic changes and the role of the mitochondria have been recently reviewed by Ryan and 

Archer (64) and will not be extensively covered in this thesis. Briefly, mitochondria are the main actors of 

metabolic changes that similarly occur in RV cardiomyocytes and vascular cells in PAH. Glycolysis and 

glucose oxidation become uncoupled (i.e. aerobic glycolysis), leading to a cancer-like metabolic cellular 

phenotype. There is an increase in the energetic reliance on aerobic glycolysis (less efficient to produce 

adenosine triphosphate ATP) while mitochondrial respiration is inhibited (secondary to the activation of 

transcription factors such as c-Myc or hypoxia inducible factor HIF1-alpha and the inhibition of the 

phosphodehydrogenase enzyme by the phosphodehydrogenase kinases). Cells are more susceptible to 

fibrosis and hypertrophy; display increased proliferation rate and apoptosis, and impaired contractility. 

These changes can be targeted by metabolic modulators restoring depressed glucose oxidation or 

inhibiting the upregulated fatty acid oxidation and glutaminolysis. These therapies (such as 

dicholoroacetate inhibiting phosphodehydrogenase kinase) have been shown to be beneficial to the 

hemodynamic and functional states in small animal models (65,66), and have been the focus of a recent 

clinical trial (NCT01083524, assessing the tolerance of three doses of dichloroacetate: completed, results 

pending). 

 

1.4.d.ii Myocardial ischemia 

The second aspect of RV molecular changes in PH is the presence of myocardial ischemia. In 

hypertrophied right ventricles, the increase in RV wall thickness, the increase in myocardial oxygen 

consumption and the decrease in oxygen coronary supply are factors contributing to ischemia. In a normal 

right heart, the RV myocardium is perfused both in diastole and systole, because of the systolic gradient 

between the aorta and the low RV systolic pressure. In PH, the gradient between the intra-aortic pressure 

and the RV systolic pressure may be close to zero (annulling the systolic filling of the right coronary 

artery), and the aortic diastolic pressure – RV diastolic pressure difference may be reduced (reducing the 

diastolic filling of the right coronary artery) (67). Studies have shown that the threshold of intra-right 
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coronary artery pressure enabling preserved RV contractile function is 50mmHg (68). The second 

potential contributor to ischemia is capillary rarefaction observed in right ventricles exposed to increased 

afterload, associated with impaired angiogenesis.	
   The impairment in angiogenesis may result from 

decreased expression of genes such as insulin-like growth factor 1, vascular endothelial growth factor 

VEGF, or angiopoeitin-1 (69). 

 In patients with PAH, ischemia can manifest as angina, troponin elevation or evidence of low 

myocardial perfusion using nuclear perfusion stress imaging (70). Biopsy or transplanted samples of 

hearts from patients with congenital heart disease or idiopathic pulmonary arterial hypertension have also 

supported the ischemic hypothesis showing evidence of histological ischemia within the RV myocardium 

(71–73), as presented in Supplementary article 5. However, there is little evidence on RV ischemia 

features in patients with other forms of PH such as CTEPH. As evidence is emerging that PAH may 

involve systemic inflammation and endothelial dysfunction beyond pulmonary vascular remodeling, it 

can be hypothesized that patients with CTEPH may have specific features that deserve to be studied (46).  

 Determinants of the transition from RV adaptive to maladaptive phenotypes are still not fully 

understood. In particular, existing evidence on molecular mechanisms and histology features underlying 

the transition to maladaptive phenotype mainly derives from preclinical studies. Rodent and piglet animal 

models of PH studies have shown that initially RV hypertrophy is associated with an increase in hypoxic 

markers, such as HIF1-α, which leads to activation of angiogenesis (through the VEGF-A pathway) 

(53,71,72,74,75). The increase in angiogenesis is believed to enable maintaining a compensated 

phenotype. There is less evidence on the molecular pathways associated with a 

decompensated/maladaptive phenotype. One study in rats with monocrotaline-induced PH and a 

decompensated RV phenotype (defined by decreased cardiac output) showed that HIF-1α and 

angiogenesis markers were decreased, through the activation of p53. Noly et al. further demonstrated in a 

piglet model of CTEPH that the mistmatch between angiogenesis and RV workload (defined by the 

capillary density to stroke work ratio) was associated with myocardial fibrosis and RV dysfunction, 
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supporting the ischemic hypothesis (75). As histological evidence is limited in humans, a prospective 

clinical study (MVD study, clinicaltrial.gov identification number NCT03199131) has recently been 

completed at our institution comparing the histological features of RV surgical biospies from 10 patients 

with CTEPH and 10 controls referred for aortic surgeries (with normal RV phenotype and without 

coronary arterial disease). This study will provide more insight on histological and molecular changes in 

the right ventricle of patients with CTEPH, further exploring the changes in RV remodeling post-

endarterectomy.  

 

1.4.d.iii Immunity and proteomic biomarkers 

Immunity has recently emerged as another strong candidate in the transition from adapted to maladapted 

RV in PH. The body of evidence supporting the role of inflammation, either acute or chronic, in the 

pathogenesis, progression and complications of several vascular diseases (such as atherosclerosis and 

aortic aneurysms) has grown exponentially in the past decades (76–80). Figure 9 illustrates some 

examples of the different immune actors in cardiovascular disease (81). 
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Figure 9. Inflammation and angiogenesis in (A) atherosclerosis, (B) aortic aneurysm, (C) cardiac sarcoidosis 

and (D) acute heart rejection. MMP, matrix metalloproteinases; SMC, smooth muscle cell. Adapted from 

Amsallem et al. Circ J, 2016. 

 

 Immunity has also been extensively demonstrated to be involved in the pathophysiology of 

pulmonary vascular remodeling in PAH (46,82–84). High levels of circulating mediators of 

inflammation (including cytokines) have been associated with worst disease severity, impaired functional 

status and lower survival in patients with PAH (85–89). Figure 10 develops some features of the role of 

inflammation in PAH. 
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Figure 10. Distinct roles for reparative and dysregulated immunity after vascular injury. A variety of stimuli 

can be injurious to pulmonary arterioles; a health-promoting immune response will resolve inflammation after the 

stimulus has been contained and eliminated. With normal reparative immunity, inflammation is prevented from 

becoming inappropriately exuberant and prolonged by the regulatory activity of natural killer (NK) cells and Tregs. 

In processes not well understood, adaptive immune responses (T cells, B cells) driven by antigen-specific signals 

coordinate with evolutionarily ancient innate immune responses (NK cells, macrophages) to dampen immunity once 

the danger of the vascular injury has passed. This process may involve the skewing of immune responses with anti-

inflammatory molecules, such as interleukin (IL)-10 and heme oxygenase 1 (HO-1), and the induction of bone 

morphogenetic protein receptor 2 (BMPR2); the result is the restoration of vascular health. However, when there is a 

genetic or acquired predisposition to immune dysregulation, or if the vascular injury itself drives a poorly regulated 

response (eg, schistosomiasis infection), vascular injury is not quickly resolved. A useful oversimplification of this 

situation divides the dysregulated response into 2 subtypes: TH1/TH17 and TH2 immunity. In the TH1/TH17-

skewed response, the arteriole may be invaded by mononuclear cells, including cytotoxic T cells, autoreactive B 

cells, autoantibodies, mast cells, and activated macrophages expressing granulocyte-macrophage colony-stimulating 
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factor (GM-CSFR), inducible nitric oxide synthase (iNOS), and leukotriene B4 (LTB4). Injurious cytokines 

liberated in this milieu include tumor necrosis factor-α, IL-1, and IL-6.  

 In TH2-driven responses, there are unique inflammatory patterns. Transforming growth factor-β-mediated 

immunity, linked closely with enhanced IL-4 and IL-13 activity, drive a destructive eosinophil and mast cell-rich 

perivascular infiltrate. IL-6 can be vasoprotective in this setting in contrast to the TH1/TH17-skewed response, 

where it is likely harmful. With unmitigated immune dysregulation, inflammation is not resolved in a health-

promoting manner, and pulmonary vascular disease ensues. Adapted from Rabinovitch et al. Circ Res, 2014. 

 

 Immunity and systemic inflammation are also involved in the pathogenesis of CTEPH (90). This 

was first suggested by the high prevalence of systemic inflammatory comorbidities or splenectomy in 

patients with CTEPH (91–94) and by evidence on the involvement of staphylococci infection in patients 

with ventriculo-atrial shunts developing CTEPH (95). Several circulating proteins (such as tumor necrosis 

factor TNF alpha, C-reactive protein CRP, fibrinogen and interleukin-1 beta IL-1β) or adhesion molecules 

have been shown to be increased in patients with CTEPH as compared to controls (85,86,90,96), to 

influence endothelial dysfunction (97) and to decrease after endarterectomy (96,98). High fibrinogen 

levels were associated with poor functional status and hemodynamics (as assessed by pulmonary vascular 

resistance, right atrial pressure and mean pulmonary arterial pressure) in 49 patients with CTEPH (99). 

Pro-inflammatory circulating biomarkers, such as CRP, have also been shown to be prognostic of long-

term outcomes in a recent study conducted on a large cohort of patients with CTEPH, in addition to D-

dimers levels, and independently of the pulmonary resistance levels (98). The value of these biomarkers, 

and particularly CRP, for prediction of perioperative outcomes after endarterectomy to remains to be 

further explored. 

 

 In PH, inflammatory features have not only been described in the pulmonary vasculature or in the 

systemic bloodstream, but also in the right ventricle itself. In addition to in situ ventricular inflammation, 

circulating inflammatory cytokines released by the pulmonary vasculature may have a direct toxic effect 
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on the right heart, promoting local inflammation, adverse RV remodeling and eventually contributing to 

right heart maladaptation to pressure overload (100). 

 

 Immunity has been shown to be involved in both acute and chronic pressure overloaded right (as 

presented in Table 2) (100). Indeed, inflammatory cellular infiltration has been reported in the RV wall 

autopsy tissue samples from patients who died from acute pulmonary embolisms, suggesting that 

inflammation may be an early feature following acute right heart pressure overload (101,102). 

Experimental studies, using animal models of acute PH (such as rat models of acute pulmonary embolism 

induced by infusion of microspheres or pulmonary arterial banding in dogs), have also shown neutrophils 

and monocytes/macrophages infiltration in the right ventricle (103,104). The expression of several 

cytokines (including proinflammatory cytokines such as the interleukins IL-1, IL-6 and tumor necrosis 

factor TNF alpha, and chemokines recruiting leukocytes) have further been reported to be increased in the 

right ventricle of animal models of acute PH (104), as presented in Table 2 (100). The overexpression of 

IL-6 was associated with poor RV-pulmonary arterial coupling (104).	
    

 

 Evidence of the presence of inflammatory cellular infiltration and increased pro-inflammatory 

mediators in the right ventricle of animal models and patients with chronic pressure overload has also 

been widely reported. These have been summarized in a recent review by Sydykok et al. (Table 2) (100). 
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Table 2. Summary of studies investigating inflammatory mediators in the right ventricular tissue. Adapted 

from Sydykov et al. Front Physiol, 2018. 

Disease model Species/ 
subjects 

Findings References 

Acute RVF following 
transient PAB 

Dogs Increased expression of CCL2, CCR2, IL-1β, 
TNF-α mRNA. 

(104,105) 
 

Acute RVF following 
PE 

Rats Increased expression of the CC-chemokines 
(CCL-2, -3, -4, -6, -7, -9, -17, -20, -27), the 
CXC-chemokines (CXCL-1, -2, -3. -9, -10, -
16), the receptors CCR1 and CXCR4, 
ICAM-1, selectin E, the cytokines IL-1β and 
IL-6 mRNA. Elevation of CCL2 protein 
expression. Increased MPO activity. 
Accumulation of neutrophils and 
monocyte/macrophages (CD68). 

(103,106–108) 
 

Acute RVF following 
PE 

Autopsy tissues 
from patients 

Increased recruitment of macrophages 
(CD68). 

(102) 

Acute RVF following 
transplantation 

Human donors Eight of 26 recipients (30.8%) developed 
RVF. Seven of these eight (87.5%) expressed 
TNF-α, but only 4 of the 18 (22.2%) who did 
not develop RVF expressed TNF-α. Higher 
TNF-α protein expression in the myocardium 
of donor hearts that developed RVF. 

(109) 

Chronic hypoxic PH Mice Increased accumulation of CD68 positive 
cells. 

(110) 

Monocrotaline-
induced PH 

Rats Increased TNF-α, IL-1, IL-6 mRNA 
expression. Elevated protein expression of 
TNF-α, NF-kB subunits p100/p52, and Rel-
B. Increased accumulation of CD45+ cells 
enhanced MPO activity. 

(111–121) 

Sugen-injection 
induced PH 

Athymic rats Macrophage infiltration. (122) 

PH due to blockade 
of VEGF receptor 
and exposure to 
chronic hypoxia 

Female 
ovariectomized 
rats 

Increased IL-6 mRNA expression. (123) 

PH due to prolonged 
systemic-to-
pulmonary shunting 

Growing piglets Increased TNF-α, IL-1-α, IL-1β and ICAM2 
mRNA expression. 

(124,125) 

Chronic RVF 
remodeling following 
PAB 

Mice Increased mRNA expression of CCL-2, 
CCL-5, CX3CL-1, CXCL-6, CXCL-10, -16, 
CD45R, CD3, CD4, CD8, IL-6, TNF-α, 
Fn14, mMCP-2, -4, -5, -6, and CPA3. 
Increased density and activity of mast cells. 

(126–129) 

Chronic RVF 
following PAB 

Rats Increased expression of activated p65 (NF-
kB). Increased density and activity of mast 
cells, enhanced accumulation of CD68-

 
 



	
   44	
  

positive macrophages. 
PAH Autopsy tissues 

from patients 
Increased tissue content of CD68 positive 
macrophages. 

(110) 

SSc-PAH, IPAH and 
controls 

Autopsy tissues 
from patients 

RV’s from SSc-PAH patients showed 
significantly more inflammatory cells than 
those from IPAH and then controls. 

(130) 

PE: pulmonary embolism;	
  PAB: pulmonary artery banding; PH: pulmonary hypertension; PAH: pulmonary arterial 

hypertension; SSc-PAH: PAH due to systemic sclerosis; IPAH: idiopathic PAH; RV: right ventricle; RVF: right 

ventricular failure; ICAM2: intercellular adhesion molecule 2; CXCL: chemokine (C-X-C motif) ligand; CCL: CC-

chemokine; CX3CL: chemokine (C-X3-C motif) ligand; CCR2: chemokine C-C receptor 2; IL: interleukin; TNF-: 

tumor necrosis factor; NF-kB: nuclear factor “kappa-light-chain-enhancer” of activated B-cells; mMCP: mouse mast 

cell protease; CPA3: mast cell carboxypeptidase A3; MPO: myeloperoxidase; Fn1: fibroblast growth factor-

inducible molecule 14; VEGF: vascular endothelial growth factor. 

 

 Several studies have further showed a correlation between circulating inflammatory biomarkers 

and RV function (assessed by echocardiography or CMR imaging), as presented in Table 3, mainly 

exploring a small number of markers in single-center limited sized cohorts. Cytokines can contribute to 

ventricular remodeling and dysfunction through various mechanisms, mainly reported in LV heart failure, 

such as negative inotropic effects, cardiomyocyte hypertrophy and apoptosis, fibrosis, attenuation of nitric 

oxide production, inhibition of angiogenesis and endothelial dysfunction (131–135). 
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Table 3. Summary of studies evaluating the relationship of circulating inflammatory biomarkers with the 

parameters of right ventricular performance. Adapted from Sydykov et al. Front Physiol, 2018. 

Disease Sampl
e 

Population Inflammatory 
mediators 

Findings References 

CTEPH 
and CHF 

Serum Patients with 
CTEPH 
(n=49), CHF 
(n=17), 
Control 
(n=34) 

TNF- α, 
sTNFR-1, -2,  
IL-10, hs-CRP, 
and 
NT-proBNP 

High serum levels of	
  TNF-α, 
sTNFR-1, sTNFR-2, NT-proBNP 
and IL-10 in CTEPH and CHF 
patients. 
Correlations between sTNFR-1, 
sTNFR-2, IL-6, hs-CRP and NT-
proBNP and CMR-derived RVEF. 

(136) 

IPAH Plasma Patients with 
IPAH (n=61), 
Control 
(n=20) 

CXCL-10, 
CXCL-12 
(SDF-1) and 
CXCL-16 

Association of increased levels of 
CXCL-10, CXCL-12 and CXCL-16 
with RVEF and TAPSE 

(137) 

PAH Serum Patients with 
PAH (n=40) 

IL-6 Inverse correlation of serum IL-6 
levels with echocardiography-
derived RVFAC, TAPSE and right 
ventricle-pulmonary artery coupling 
parameters. Negative relationship 
between circulating IL-6 and CMR-
derived RVEF. 

(138)  

HF 
patients 
presenting 
with RVF 

Serum HF patients 
with RVF 
(n=83), 
Control 
(n=15) 

TNF-α Correlation of TNF-α levels with 
severity of peripheral edema and 
multigated acquisition (MUGA) 
technique-derived RVEF. 

(139) 

CHF: chronic heart failure; CMR: cardiac magnetic resonance imaging; CTEPH: chronic thromboembolic 

pulmonary arterial hypertension; CXCL: chemokine (C-X-C motif) ligand; hs-CRP, high-sensitivity C-reactive 

protein; IL: interleukin; IPAH: idiopathic PAH; NT-proBNP: N-terminal prob-type natriuretic peptide; PAH: 

pulmonary arterial hypertension; PTX3: pentraxin 3; RV: right ventricular; RVF: right ventricular failure; RVEF: 

RV ejection fraction; RVFAC: RV fractional area change; sTNFR: soluble tumor necrosis factor receptors; TAPSE: 

tricuspid annular plane systolic excursion; TNF-α: tumor necrosis factor alpha. 

 

 A large study assessing a wider panel of circulating immune biomarkers and their correlation to 

right heart adaptation/maladaptation in patients with PH has yet to be done. One of the main limitations to 

conduct such a screening study on circulating biomarkers of right heart failure derives from the need to a 

better phenotyping of right heart adaptation/maladaptation in this population.  



	
   46	
  

 

 The following section of the thesis will review the current state-of-the-art in right heart 

phenotyping, focusing on the two non-invasive imaging techniques: echocardiography and cardiac 

magnetic resonance.  
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Part 2- RIGHT HEART IMAGING 
 

Non-invasive imaging enables assessment of the right heart dimensions, function, coupling and 

metabolism. We recently published a review on “Right heart imaging in heart failure” providing a 

detailed update in the field (Supplementary article 6) (10). 

 

 In this chapter, we will review the four main non-invasive imaging modalities used in patients 

with PH (i.e. echocardiography, CMR imaging, computed tomography, and positron emission 

tomography PET-CT), focusing on echocardiography and CMR imaging. We will summarize for each 

modality their advantages, limitations, latest developments and unmet needs delineating future research 

directions. 

 

2.1 Echocardiography 

 
2.1.a Principles and advantages  

 

Echocardiography is based on the propagation of ultrasounds in the tissues and their reflection at the level 

of interfaces between two structures with different echogenicity characteristics. Echocardiography 

remains the mainstay of clinical evaluation, having the advantage of availability, low cost, excellent 

spatial and temporal resolution, and flow assessment (10). 

 Two-dimensional (2D) trans-thoracic echocardiography (TTE) enables measurement of right 

heart dimensions, estimation of RV function, pressures and assessment of valvular stenosis or 

regurgitation. Figure 11 illustrates the main 2D TTE metrics providing a comprehensive assessment of 

the right heart (with the exception of the inferior vena cava not shown in the figure) (8).  
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Figure 11. Right heart metrics using two-dimensional trans-thoracic echocardiography. Ao: aorta; IVA: 

isovolumic acceleration; IVC: inferior vena cava dimensions and collapsibility should also be systematically 

assessed; IVCT: isovolumic contraction time; IVRT: isovolumic relaxation time; LA: left atrium; LV: left ventricle; 

PG: pressure gradient; PT: pulmonary artery; RA: right atrium; RAP: right atrial pressure; RV: right ventricle; 

RVEDA: RV end-diastolic area; RVLS: RV longitudinal strain; RVMPI: RV myocardial performance index; RVSP: 

RV systolic pressure; TAPSE: tricuspid annular plane systolic excursion. Adapted from Amsallem et al. JACC:HF, 

2018. 
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 Right heart dimensions include the RV diameter of the outflow tract (Figure 11A), RV 

transversal diameters on the apical four-chamber view, right atrial maximal area, and ventricular areas in 

end-diastole (RVEDA) and end-systole (RVESA) (Figure 11D) (8,49,140). 

 RV systolic function can be estimated using RV fractional area change (RVFAC %= 100* 

[RVEDA-RVESA]/RVEDA) reflecting the radial and longitudinal component of RV contraction; or 

metrics assessing more the longitudinal shortening of the RV wall, such as tricuspid annular plane 

systolic excursion (TAPSE, Figures 11D and 11E), tricuspid annulus peak S’ (Figure 11G) or RV strain 

(Figure 11H). TAPSE has gained interest from clinicians because of its simplicity, reproducibility and 

prognostic value in heart failure, PH and congenital heart disease (141,142). However, the caveats of 

TAPSE should be emphasized. First, it is less sensitive than free-wall longitudinal strain (RVLS), 

RVFAC or ejection fraction (RVEF) for the early detection of RV systolic dysfunction in PH (10). 

Second, TAPSE is not reliable in the early post-operative cardiac surgery period, in contrast to RVEF or 

RVFAC leading to over-diagnosis of ventricular dysfunction (30,143,144). Finally, RVLS or end-systolic 

RV dimensions are emerging as stronger predictors of outcome than TAPSE or the once popular RV 

myocardial performance index (145,146). Inter-ventricular interdependence can be assessed by measuring 

the LV eccentricity index (EI = antero-posterior diameter divided by the latero-septal diameter, using the 

parasternal short axis view) as illustrated in Figure 11E. The eccentricity index reflects septal curvature 

flattening, classically secondary to volume overload when abnormal in end-diastole or pressure overload 

when abnormal in end-systole (42). 

 2D echocardiography-Doppler can also assess flow and estimate pressures within the right heart. 

Using the Bernoulli equation, RVSP can be estimated using the tricuspid regurgitation (TR) maximal 

velocity using continuous Doppler and the estimated right atrial pressure (RAP) as follows: RVSP = 

4*(maximal TR velocity)2 + estimated RAP (49,140) (Fig. 11C). Estimation of RVSP from the TR signal 

requires an interpretable TR signal and has been the topic of much controversy in the field as detailed 

below. Mean and diastolic pulmonary arterial pressures (MPAP and DPAP) can also be estimated from 
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the proto-diastolic and end-diastolic velocities of the pulmonary regurgitation Doppler signal respectively 

(using continuous Doppler). 

 Finally, the analysis of the pulmonary anterograde flow signal can provide indirect signs of 

increased pulmonary pressures, in case of decreased acceleration time and/or systolic notch (Figure 11B) 

(147). Acceleration time has been shown to correlate with MPAP and resistance in patients with chronic 

obstructive pulmonary disease (both areas under the curve of 0.96) (148), but it was not validated in a 

recent publication by our team in a more diverse cohort of patients with advanced lung disease (48), 

Supplementary article 3. In 1974, Nanda et al. were the first to observe that the pulmonary valve in 

patients with PH appeared straight in diastole with rapid opening slopes (>350 mm/s) and prolonged pre-

ejection periods (149). Weyman et al. further described the presence of mid-systolic fluttering, closure or 

notching of the pulmonary valve in most patients with PAH (n= 20) and in none of the controls (150). 

The changes in pulmonary valve motion and pulmonary flow in PH can be explained by the complex 

interplay between forward and reflected pulmonary pressure waves (151,152). Under normal conditions, 

the reflected wave only accounts for a small component of the total pressure wave. In patients with PH, 

the reflected pressure wave becomes significant and adds to the forward wave, imposing an added 

pressure burden on a still ejecting right ventricle. The resulting reduction in flow velocity during mid-

ejection changes the normal dome-like contour into a notched contour. Although the notched pattern of 

pulmonary flow was initially believed to be characteristic of PAH, it has been also observed in patients 

with chronic thromboembolic disease, and is a strong prognostic factor (153). The pulmonary notch has 

also been shown to be strongly suggestive of elevated pulmonary	
   vascular resistance in patients with 

predominantly “left heart failure” (154). A recent study has suggested that the ratio of notch wave to main 

wave velocities is also a reflection of RV function (155). Table 4 summarizes the main right heart 

imaging metrics and their normative values. 
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Table 4. Selection of the most relevant right heart imaging metrics. Adapted from Amsallem et al. Curr Opin 

Cardiol, 2016. 

 

Metrics Reference values Clinical relevance and comments 
Dimensional indices 
RV volumes 
- RV end-diastolic 
volume index (mL/m2) 
- RV end-systolic 
volume index (mL/m2) 

Sex dependent 
Male: 87±12 [63,111]/Female: 
78±9 [60,96] 
Male: 62±15 [32,92]/ Female: 
49±13 [23,75] 

Increased RV volumes (particularly RV end-
systolic volumes) and decreased LV end-
diastolic volume are predictors of poor 
survival in pulmonary hypertension. 

RV mass Indexed on BSA: 21±4 g/m2 Hypertrophy is predictor of poor survival in 
PAH, but of better survival in patients with 
Eisenmenger. 

RA enlargement > 11.0 cm2/m2 >15.4 cm2/m2 is associated with poor 
survival in PAH. 

Systolic functional indices 
RV ejection fraction > 50% < 35% by CMR or SPECT is often used as a 

threshold to discriminate outcome associated 
with poor survival in HFrEF and pulmonary 
hypertension. 
< 45% by 3-dimensional echocardiography 
usually reflects abnormal RV systolic 
function, though laboratory may choose to 
refer to age and gender-specific values. 

RV fractional area 
change 

> 35% < 25% denotes moderate-to-severe 
dysfunction. 

TAPSE > 17mm < 14mm is predictor of poor survival in 
pulmonary hypertension. 
Is load-dependent and has limited value after 
cardiac surgery. 

S’ peak velocity > 12cm/s < 8cm/s is considered abnormal. 
Is load-dependent. 

Deformation indices 
Global longitudinal 
strain 

≤ -20% Considered severely altered when ≥-15% by 
speckle tracking. 
Predictor of survival in pulmonary 
hypertension. 

Systolodiastolic functional index 
RVMPI-puled tissue < 0.55 > 0.88 predicts poor survival in idiopathic 

PAH. 
Can be pseudonormalized in case of severe 
RV dysfunction. 

Diastolic metric 
IVRT (TDI) < 65ms > 75ms (value non adjusted for heart rate) has 

been associated with RV dysfunction. 
Requires indexation by heart rate (e.g. IVRT 
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divided by the square root of RR interval); no 
consensus on the method. 

Pulmonary flow 
Pulmonary 
acceleration time 

> 93ms Role for screening for pulmonary 
hypertension, particularly in case of severe 
tricuspid regurgitation. 
Is time-dependent (in theory would require 
adjustment to the heart rate). 

Ventricular interdependency 
Left ventricular 
eccentricity index 

No normative value 
Usually < 1 

Is predictor of poor survival in pulmonary 
hypertension (no consensus on the threshold). 
End-systolic eccentricity index reflects 
pressure overload while end-diastolic 
eccentricity index reflects volume overload. 

 

Data are presented as mean±standard deviation [range]. BSA: body surface area; CMR: cardiac magnetic resonance; 

HFrEF: left heart failure with reduced ejection fraction; IVRT: isovolumic relaxation time; LV: left ventricle; PA: 

pulmonary artery; PAH: pulmonary arterial hypertension; PET: positron emission tomography; PH: pulmonary 

hypertension; RA: right atrium; RV: right ventricle; RVMPI: RV myocardial performance index; SPECT: single 

photon emission computed tomography; TAPSE: tricuspid annular plane systolic excursion; TDI: tissue Doppler 

imaging. Normative values and thresholds are from the following references: (49,140,145,146,156–160).  
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2.1.b Latest developments in echocardiography 

 

2.1.b.i Right ventricular deformation imaging 

Myocardial deformation imaging has gathered a lot of attention in recent years, leading to several 

thousand publications (161). Myocardial deformation encompasses different concepts, including strain, 

usually expressed as longitudinal, circumferential, or radial strain; strain rate, which represents the 

deformation over time; and velocity-based parameters. As summarized in a statement study by Voigt et 

al., strain may refer to either natural strain or Lagrangian strain (161). One of the landmark studies in the 

field is that of Dumesnil et al., which outlines the principles of axial and transverse shortening of the left 

ventricle (162). While natural and Lagrangian strain both reflect deformation of the myocardial wall, they 

differ from the fact that natural strain is expressed relative to the length at a previous time and Lagrangian 

strain is expressed relative to the initial length as follows: (end-systolic length – end-diastolic length)/end-

diastolic length. Lagrangian strain is usually assessed using speckle tracking or by manual tracing (Figure 

12) (163,164). Both concepts are related to each other mathematically, but are not equivalent. Moreover, 

studying strain adds value to other volumetric metrics, especially in cases of non-dilated ventricles (164). 

Kobayashi et al. showed that in left heart failure, LV ejection fraction and LV strain are more collinearly 

related to each other in patients with reduced ejection fraction compared with higher ejection fraction. 

Primarily developed in the left ventricle, several studies have explored the value of longitudinal 

shortening of the RV-free wall in patients with advanced heart failure referred for heart transplant and 

outpatients with heart failure (165,166). The software used for speckle tracking has mainly been 

developed for the left ventricle. Tracking of the right ventricle may be more challenging and is often more 

reliable in the basal and mid portion. Recently, Ryo et al. have developed software evaluating both axial 

and surface RV strain using three-dimensional methodology (167). Finally, it should be highlighted that 

right heart strain derived by CMR imaging often focuses on the circumferential strain, whereas strain 

derived by echocardiography focuses on the longitudinal strain. 
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Figure 12. Myocardial deformation imaging based right ventricular longitudinal strain. (A) Lagrangian strain 

of the right ventricular (RV) free-wall (RVLS, % = 100* [L1-L0]/L0), using manual tracing on the apical 4-chamber 

view focused on the right ventricle. Note the tracing from the annular plane to the septal insertion of the right 

ventricular free–wall. (B) Superposed RV speckle tracking tracing with numbers representing segmental peak strain. 

Example from Philips tracking (developed for left ventricle and applied to the right ventricle); specific RV tracking 

has also been developed by other vendors. (C) Strain-time curves of the different signals. ApL,apex lateral; ApS, 

apex septum; BIS, basal interventricular septum; BL, basal lateral; GLS, global longitudinal strain; LA: left atrium; 

LV, left ventricle; MIS, mid interventricular septum; ML, mid lateral; RA: right atrium; RV, right ventricle. Adapted 

from Amsallem et al. Curr Opin Cardiol, 2018. 
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2.1.b.ii Three-dimensional echocardiography 

As the complex crescent shape of the right ventricle makes 2D echocardiographic limited for estimation 

of RV dimensions, estimation of volumes and function using CMR remain the gold standard. Three-

dimensional (3D) echocardiography opens up the possibility of evaluating RV volumes by overcoming 

the limitations of conventional two-dimensional echocardiography RV views with regard to orientation 

and reference points. A meta-analysis has indeed shown the good correlation between CMR and 3D 

echocardiography for RV volumes and ejection fraction assessment in patients and healthy study 

participants, with 3D echocardiography slightly underestimating volumes as compared with CMR (160). 

So far, only one multicenter study provides age, body size, and sex-specific reference values of 3D 

echocardiography-derived RV volumes and ejection fraction in 507 healthy study participants (168). 

Overall, women have smaller indexed RV volumes and higher ejection fraction compared with men, 

whereas older age is associated with smaller RV volumes (a decrement of 5 mL per decade for end-

diastolic volume and 3 mL per decade for end-systolic volume) and higher ejection fraction (an increment 

of 1% per decade) (168). Lastly, a recent quantitative 3D echocardiography study has explored 

morphological subsets of RV adaption and remodeling in 92 patients with PH, and linked them to clinical 

outcomes (167). Three-dimensional RV end-systolic volume had indeed significantly better predictive 

values than end-diastolic volume or global strain to predict the combined endpoint of hospitalization, 

death, or lung transplantation. 
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2.1.c Limitations and unmet needs 

 

2.1.c.i Controversy of estimating pulmonary arterial pressure by echocardiography 

One of the major controversies in the field of PH is whether echocardiography is reliable to estimate 

pulmonary pressures. The original 1984 publication from Yock and Popp in 1984 (169) reported an 

excellent correlation between RVSP measured by right heart catheterization and RVSP simultaneously 

estimated by echocardiography from the TR maximal velocity and estimated RAP (r=0.93, p<0.001). This 

was later confirmed by several other investigators (170–172), as presented in Table 4. However, in recent 

years, the accuracy and reliability of echocardiography for estimating RVSP has been challenged, 

especially in the field of advanced lung disease and PH. In Fisher et al.’s frequently cited study on 63 

subjects with mild or no PH, a weak correlation between invasive and estimated RVSP was reported 

(r=0.23, p<0.05), including one third of patients having a difference >10mmHg (173). Rich et al. more 

recently reported similar findings (174). 
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Table 5: Studies assessing correlation between invasive and echocardiography based right ventricular systolic 

pressure estimations. 

Authors, 
year 

(reference) 

Population 
 

n % of 
interpretable 

TR 

Correlatio
n (r) 

Significant 
difference 

Limitations 

Yock et al., 
1984 (169) 

Signs of elevated 
right-sided 
pressure 

62 87% 0.89† SEE=8mmHg RAP estimated 
using JVP 

Currie et al., 
1985 (170) 

PH or no PH 127 87% 0.96 SEE=7mmHg RAP assumed 
10mmHg 

Berger et al., 
1985 (171) 

PH or no PH 69 59% 0.97 SEE=4.9mmH
g 

- 

Laaban et 
al., 1989 
(175) 

ALD  
PH or no PH 

41 66% 0.65 SEE=9mmHg RAP assumed 
5mmHg 

Tramarin et 
al.,1991 
(176) 

ALD  
PH or no PH 

100 30% 0.73 SEE=7.4mmH
g 

- 

Brecker et 
al., 1994 
(177) 

Mostly PAH 
Severe PH 

10 - - Mean 
underestimatio

n =38 
±21mmHg 

- 

Shapiro et 
al., 1997 
(172) 

PAH 69 71% 0.85 - Comparison with 
ventricular-atrial 

gradients 
Hinderliter 
et al., 1997 
(178) 

PAH 81 86% 0.57 31% 
>20mmHg 
difference 

RAP assumed 
14mmHg 

Bach et al., 
1998 (179) 

ALD 92 27% 0.69 - - 

Arcasoy et 
al., 2003 
(180) 

ALD 374 44% 0.69 52% 
>10mmHg 
difference 

- 

Dambrauska
ite et al., 
2005 (181) 

PH or no PH 66 100%‡ 0.79 - ‡Only included 
interpretable TR 

Fisher et al., 
2007 (173) 

ALD 63 39% 0.23 33% 
>10mmHg 
difference 

Time delay 
between RHC 

and TTE 23 days 
Haddad et 
al., 2009 
(182) 

PAH 51 - 0.97 2% >20% 
difference 

- 

Rich et al., 
2011 (174) 

PH 160 - 0.68 51% 
>10mmHg 
difference 

Time delay 30 
days 

PH 23 - 0.71 - -  

Lafitte et al., 
2013 (183) 

PH or no PH 310 - 0.80 - - 

D’Alto et 
al., 2013 
(184) 

PH or no PH, 
mostly PAH or 
left-sided heart 
disease 

161 94% - Bias mean 
±SD [95%CI]: 
-0.5 ±9 [-2;1] 

RAP assumed 
5mmHg 
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Correlation between echocardiography-based RVSP and invasive RVSP is presented as Pearson coefficient (r). 

ALD: advanced lung disease; JVP: jugular venous pressure; PAH: pulmonary arterial hypertension; PH: pulmonary 

hypertension; RAP: right atrial pressure; RHC: right heart catheterization; SEE: standard error of estimate; TR: 

tricuspid regurgitation; TTE: trans-thoracic echocardiography; %: percentage. †: after exclusion of one patient with 

pulmonary stenosis. 

  

 The heterogeneity in the findings in previous studies may be related to the fact that the different 

studies have not always considered the quality of the TR signal. Several methodological pitfalls can lead 

to misestimating of the TR maximal velocity, including not aligning the Doppler cursor with the TR jet, 

or failing to pay attention to the shape of the TR signal. This controversy has led to the general 

consideration in the field that echocardiography is not reliable to detect PH and that the gold standard 

remains right heart catheterization. However, catheterization is an invasive procedure exposing to rare but 

severe complications such as pulmonary arterial ruptures or bleeding, with limited accessibility and 

repeatability. 

 

2.1.c.ii Need for standardization of 2D echocardiography 

The crescent shape of the right ventricle makes standardization of 2D echocardiographic RV views 

challenging. The conventional apical four-chamber view (i.e. focused on the left ventricle) results in 

considerable variability in the way the right ventricle is sectioned, as illustrated in Figure 13. 

Consequently, RV linear dimensions and areas may vary widely with relatively minor rotations in 

transducer position. For these reasons, the American Society of Echocardiography/ European Association 

of Cardiovascular Imaging recommend imaging the right heart using RV focused apical four-chamber 

view (i.e. four-chamber view passing through the RV maximal transverse diameter) (140). 
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Figure 13.	
   Example of right ventricular focused and unfocused apical 4-chamber views derived from 3-

dimensional dataset, in end-diastole, in a patient with normal right ventricular phenotype and in a patient 

with mild pulmonary arterial hypertension (PH). Unfocused views provided 23% and 22% underestimation of 

RV end-diastolic area (RVEDA) respectively. *Note the drop in spatial resolution of the RV anterior wall, 

particularly in the patient with PH. LV: left ventricle; RV: right ventricle. Adapted from Amsallem et al. Int J 

Cardiovasc Img, 2018, Supplementary article 7. 

 

Obtaining an RV focused apical four-chamber view may however be challenging without 3D 

guidance. Although not done routinely, one could verify that the transverse RV diameter obtained in the 

apical four-chamber view corresponds to the maximal transverse diameter obtained in the short axis view. 

An alternate method would be to use 3D echocardiography dataset to identify the maximal RV transverse 

diameter and extract the optimal tomographic RV focused apical view (3D-RV-focused method), Figure 

9. We recently published a study validating this method comparing it to the gold standard CMR, showing 

excellent inter- and intra-observer reproducibility and test-retest characteristics (Supplementary article 

7) (185). We also explore the value of an alternative method based on the rotational matrix technology, 

iRotate technology (Philips, Amsterdam, The Netherlands), which is an xMATRIX technology that, 
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instead of manually rotating the transducer, enables rotation of the tomographic ultrasound view through 

a single acoustic window and fixed transducer position. We show that iRotate can also be used to identify 

the maximal transverse RV plane. 

 

2.1.c.iii Non-invasive assessment of right heart adaptation to load 

A major pitfall in the non-invasive assessment of ventricular function is to equate clinical metrics such as 

RVEF or TAPSE with contractility. In fact, Guihaire et al. showed in a large animal model of PH that 

RVFAC or TAPSE are more closely related to ventriculo-arterial coupling (Ees/Ea) than to ventricular 

elastance (contractility) (186). Mathematically, the Ees/Ea ratio is equal to [(RVESP – V0)/RVESV] / 

[RVESP/SV], similarly to the left ventricle (187,188). Usually, the assumption that V0 is equal to zero is 

made (i.e. ventricular volume when pressure is equal to zero), which is incorrect in patients with RV 

enlargement such as in PH (189). The Ees/Ea ratio then becomes equal to [RVESP/(RVEDV – SV)] * 

[SV/RVESP] = SV/(RVEDV – SV) = RVEF/(1-RVEF). The closer correlation between ventricular 

function metrics and ventriculo-arterial coupling than with contractility has direct implications for 

understanding RV recovery in pressure overload states. For example, in severe PAH despite the decrease 

in RVEF and impaired ventriculo-arterial coupling, RV contractility is usually increased. 

 

 There has been an interest in identifying less invasive indices of RV-arterial coupling or load 

adaptability.	
   Several indices of load adaptability have been proposed, although referring to different 

concepts: ventriculo-arterial coupling, simple ratio of function and load, or indices	
  assessing whether the 

RV is well adapted, considering the load being subjected to (Figure 14) (21).  
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Figure 14.	
   Load adaptability indices. Ea: arterial elastance and Ees: ventricular elastance both derived from 

pressure-volume loops; EF: ejection fraction; PP: pulse pressure; PVR: pulmonary vascular resistance; RAP: right 

atrial pressure; RVESV: end-systolic volume; RVESA: end-systolic area; RVFAC: fractional area change; SPAP: 

systolic pulmonary arterial pressure; SV: stroke volume; TAPSE: tricuspid annular plane systolic excursion.  

 

 Simplified, although less accurate, indices of coupling have been proposed, such as the SV 

divided by end-systolic volume (189), but this latter assumes that volume at pressure 0 passes through the 

origin (190). Ratiometric indices combining measures of load and function have also been used, but they 

fail to take into account the physiological dependence of load and function (191,192). The last category 

assessed whether ventricular dysfunction or enlargement is “proportional or disproportional” to the load 

imposed on the ventricle. As recently suggested, RV function may follow an allometric function with load 

in PH (193), and this may have implications when assessing the relationship between load and RV 

adaptation  (Figure 15) (10). 
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Figure 15. Relationships between right ventricular function (A) or end-systolic size (B) and ventricular 

afterload. This figure schematically represents the curvilinear fit of the relationships between RV function, or end-

systolic dimension, and afterload metrics (such as pressure, resistance, capacitance, or estimation of the RV wall 

stress). Estimation of the wall stress is more challenging, but better reflects the force opposing ventricular function. 

The shape of the fit would be reversed if capacitance were used as afterload. Two examples are depicted in this 

figure (patient 1 and patient 2). Despite similar moderate right ventricular function, patients 1 and 2 differ in terms 

of RV adaptation. Patient 1 has a disproportional dysfunction, as the function is worse than would be expected for 

the mild increase in afterload compared with patient 2. Adapted from Amsallem et al. Curr Opin Cardiol, 2016. 

 

 Overall, these surrogate metrics of load adaptation have conceptual limitations and their 

incremental prognostic value over simple metrics (such as RV size or function) has not been proven yet. 

 

2.2 Cardiac Magnetic Resonance 
 

2.2.a Principles and advantages 

 
Magnetic resonance imaging is a non-invasive technique based on the interaction of biological tissues 

with electromagnetic fields. CMR enables volumetric acquisition of the heart and vessels, which provides 

estimation of RV volumes, mass and RVEF (194). RVEF (%) is defined as 100*(RV end-diastolic 
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volume – RV end-systolic volume)/ RV end-diastolic volume. Figure 16 presents the anatomical 

structures visible using CMR (195). 

 

Figure 16. Freehand drawings (a, c) and corresponding cine SSFP images on four-chambers (b) and three-

chambers (d) views demonstrating normal RV anatomy: moderator band (arrow), tendinous cords of 

tricuspid valve and trabeculations (T). RA right atrium, RV right ventricle, LA left atrium, LV left ventricle, 

orange triangle right atrioventricular groove containing the right coronary artery and small cardiac vein, SCV 

superior vena cava, Ao aorta, PA pulmonary artery, OT right ventricular outflow tract. Adapted from Galea et al. 

Insights Imaging, 2013. 

 

 As well described by Swift et al. in their recent review, “a standard protocol in the clinical 

assessment of patients with suspected PH based on current evidence includes a lung volume anatomic 

scan at breath-hold for localization, volumetric cardiac imaging for assessment of biventricular mass, 

volume, and function, and stroke volume and cardiac output derived by phase-contrast magnetic 

resonance imaging at the pulmonary artery and aorta.” (196). Figure 17 illustrates the short axis medial 

plane in a patient with PAH across the cardiac cycle, highlighting severe RV enlargement and septal 

inversion predominant in end-systole in the context of pressure overloaded RV. CMR also enables 

assessment of pulmonary arterial stiffness, as described in Table 1. 
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Figure 17. Short-axis images from the systolic phase of the cardiac cycle in a patient with PAH. The 

interventricular septum is flattened, and there is marked RV dilatation and hypertrophy. Adapted from Swift et al. J 

Thorac Imaging, 2014. 

 
2.2.b Latest developments 

 

2.2.b.i Extracellular matrix – Fibrosis 

1. Delayed contrast enhancement 

Beyond volumetric and functional analysis, CMR also allows tissue characterization. One of the novelties 

in the field is the ability to assess myocardial fibrosis by delayed contrast enhancement or T1 mapping 

(81). 

 Several CMR studies have reported the frequent presence of delayed contrast enhancement 

(DCE) in patients with PH (197–201). DCE is usually localized at the septal insertion point of the right 

ventricle, as illustrated in Figure 18 (197), and is inconsistently found at the inter-ventricular septal level. 

The pattern of septal RV point DCE is not specific to the etiology of PH, as it has been described in 

patients with PAH or CTEPH (197,200) or congenital heart disease (201). Interestingly, septal DCE was 

also found in two patients with exercise-induced PH (202). 
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Figure 18. Severe idiopathic pulmonary hypertension in a 28 year-old man; pulmonary arterial pressure at 

right catheterization was 70 mmHg. Focal areas of hyperintense signal are observed at the level of both 

ventricular junctions on STIR T2WI (a, arrows) matching mesocardial spots of late enhancement in the same 

location (b, arrows). Severe concentric RV hypertrophy is observed on short-axis cine-SSFP endsystole image with 

flattening and inversion of the interventricular septum during contraction (c). Adapted from Galea et al. Insights 

Imaging, 2013. 

 

 The mechanisms underlying DCE in pressure overloaded right ventricles are still unclear. The 

delayed washout of gadolinium in an “unhealthy” myocardium has been extensively reported in the left 

ventricle, in infarct-related scars or in hypertrophic cardiomyopathy at the inter-ventricular septum level 

(203,204), and has been linked to fibrosis. However, there is very few evidence linking DCE with 

pathological findings in the right ventricle. McCann et al. first reported in 2007 the autopsy finding of two 

patients with PAH who however did not undergo CMR (197). Both patients had similar histological 

findings: “at the insertion points of the right ventricle to the inter-ventricular septum was seen 

cardiomyocyte disarray with marked expansion of extracellular spaces adjacent to areas of interstitial or 

replacement fibrosis and increased fat deposition, beyond the perivascular regions” (197). Bradlow et al. 

were the only to report the pathological analysis of the heart of a patient who had DCE identified on 

CMR, showing myocardial disarray with plexiform fibrosis without replacement fibrosis (205). 

 The predominant localization of delayed contrast enhancement at the RV septal hinge points 
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(Figure 18) is believed to be linked with the myocardial regions that are the most strained with RV 

increased pressure and enlargement (206,207). The signaling pathways underlying fibrotic deposition in 

pressure overloaded RVs are poorly known. There is some evidence of distinct pathophysiological 

pathways between LV and RV fibrosis, precluding generalization of left heart disease findings for the RV 

(206,208). Hypoxia is also believed to be a trigger of RV fibrosis through the TGF-beta1 signaling 

pathway and inflammation cytokines such as interleukin IL-6 (209). 

 

 Correlations between presence of delayed contrast enhancement and RV metrics, hemodynamics 

or clinical features have been inconsistent in the literature, mainly due to small samples, heterogeneous 

etiology, disease severity and PH-specific therapy (197–199,202). In their study conducted in 19 patients 

with PAH and 6 with CTEPH, Blyth et al. showed the presence of delayed contrast enhancement at the 

level of the RV septal insertion points in 23/25 patients (198). Estimated delayed contrast enhancement 

mass correlated significantly with RV dysfunction (using RVEF), RV mass and end-diastolic volume 

index and MPAP. In McCann et al.’s cohort of 11 patients with idiopathic PAH and 4 scleroderma-

associated PAH (receiving PH-specific therapy), RV delayed enhancement (expressed as percentage of 

myocardial mass) was significantly correlated with RV dysfunction (assessed using RVEF) and stroke 

volume, but not with hemodynamics or clinical characteristics (197). In contrast, Junquiera et al.’s study 

found no correlation between presence of RV delayed contrast enhancement (not quantified) and RV size 

or function, or hemodynamics, but only with duration of the disease in their 13 patients with PAH and 7 

with CTEPH (199). In Sanz et al.’s cohort of 55 patients with PH or suspected PH, only SPAP remained 

significantly associated with the presence of delayed contrast enhancement on multivariate analysis (202).  

 Whether DCE is more a marker of disease severity than an independent prognostic significance 

remains unclear. In two cohorts of patients with PH or suspected PH, DCE has been associated with 

clinical worsening or death in univariable analysis but was not retained in multivariate analysis (210,211). 

 One of the main pitfalls of delayed contrast enhancement imaging is that it may fail to adequately 

characterize diffuse interstitial myocardial fibrosis because of reliance on relative signal intensity changes 
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and nulling of normal-appearing myocardium (212).  

 

2. T1 Mapping 

Quantitative assessment of the myocardial longitudinal relaxation time constant (T1) has in parallel 

emerged as a promising technique to assess for diffuse myocardial changes (81). T1 maps can be 

produced of non-contrast (native) myocardial T1 values (providing information on both myocytes and the 

interstitium) or after gadolinium-based contrast administration (enabling quantification of the 

extracellular space) (213,214). In healthy controls, RV non-contrast T1 values have been shown to be 

higher than LV values, which may be explained by the higher collagen content of the RV myocardium 

(215,216). In the setting of RV dysfunction and pulmonary hypertension, RV and hinge point non-

contrast T1 and extracellular volume fraction values are elevated, regardless of PH etiology (idiopathic or 

scleroderma related PAH or CTEPH) (213). Native T1-values of the inter-ventricular insertion points 

correlated significantly with right atrial pressure, RV end-diastolic and end-systolic volume index, RVEF 

and NT-proBNP (213). Post-contrast T1 values showed an increase in the myocardial extra-cellular 

volume that correlates with RV volume and function (216). Finally, several advanced techniques have 

been proposed to improve T1 quantification of thin-walled structures such as the RV, including imaging 

in end-systole (215) and higher resolution sequences (216). 
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2.2.b.ii 4D MRI blood flow 

Three-dimensional time-resolved flow magnetic resonance imaging (i.e. 4D flow MRI) is an evolving 

imaging technique that yields both a vector of blood velocity and the magnitude signal intensity over an 

imaging volume. It enables simultaneous acquisition of both flow and volume/function information in a 

single acquisition (about < 10 minutes), without needing detailed operator knowledge of cardiac anatomy 

(217,218). For each temporal phase of the cardiac cycle, 4D flow MRI allows the evaluation of blood 

flow, including valvular regurgitation (as shown in Figure 19, left panel) (10), quantification of 

biventricular volumes, function and mass, and visualization of intra-cardiac and extra-cardiac structures 

(217,219). A recent study demonstrated that RV volume, function, and mass can be quantified with 4D 

flow MRI with precision and inter-observer agreement comparable to those of cine steady-state free 

precession (220). Whole heart 4D flow MRI also enables detection and visualization of both normal and 

abnormal right heart flow patterns (221). In patients with PH, 4D flow MRI often demonstrates a vortex 

pulmonary artery flow pattern (as shown in Figure 19, right panel (222); the relative period of existence 

of the vortex significantly correlates to the mean pulmonary artery pressure (222,223). Peak systolic 

velocity, peak flow, stroke volume and wall shear stress by three-dimensional time-resolved flow MRI are 

significantly lower in patients with PAH compared with healthy study participants (224,225). The 

prognostic value of three-dimensional time resolved flow MRI still needs to be proven. However, it could 

offer in the future a noninvasive alternative to catheterization for flow assessment and may help in early 

detection of RV dysfunction. 
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Figure 19. Four-dimensional flow MRI of a patient with pulmonary valvular disease (left); patients with 

pulmonary hypertension compared with a healthy control (right panel). Left panel: Flow pattern of a patient 

with both pulmonary regurgitation (a and b, acquired during diastole) and pulmonary stenosis (c and d, acquired 

during systole). Right panel: Typical flow patterns in the RV outflow tract at different cardiac phases for a patient 

with manifest PH (a, d, and g), a patient with latent PH (b, e, and h), and a normal study participant (c, f, and i). PA, 

main pulmonary artery; PH, pulmonary hypertension; PV, pulmonary valve; RV, right ventricle. Adapted from 

Amsallem et al. Curr Opin in Cardiol, 2016. 

 

2.2.c Limitations and unmet needs 

 

2.2.c.i Reversibility of DCE after PH surgery 

One of the questions warranting further investigation in the field of CMR is whether DCE or T1 mapping 

abnormalities are reversible after surgical correction of PH. Indeed, reduction of RV fibrosis has been 

shown in animal models of PH (226). Lung transplantation in PAH and pulmonary arterial 

endarterectomy in CTEPH have both been shown to be associated with RV reverse remodeling (227–

229). However, whether RV reverse remodeling is associated with a reduction in DCE or T1 mapping 

signal (reflecting an improvement in myocardial disarray and fibrosis) remains to be investigated. 
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 Another potential application of tissue characterization using CMR would be to assess whether 

the pre-operative DCE or T1 mapping pattern is associated with differential RV reverse remodeling after 

lung transplantation in PAH or endarterectomy in CTEPH. 

 

2.2.c.ii Validation of MRI 4D flow in PH 

While there has been a growing number of studies using 4D blood flow MRI to characterize intra-cardiac 

or intra-pulmonary artery flow patterns (i.e. vortex), the validity of 4D blood flow sequences to accurately 

estimate ventricular volumes and mass remains to be explored. If proven to be accurate, one could 

envision only one 4D flow acquisition in the future (lasting <10 minutes) that would provide estimation 

of ventricular masses, volumes and ejection fraction, as well as hemodynamics estimation. 

 To date, the few studies that have shown the accuracy of 4D flow MRI for estimation of volumes 

and mass have been conducted in young patients with congenital heart disease (217,220). Hanneman et al. 

has shown the accuracy of ferumoxytol-enhanced 4D flow MRI for estimation of volumes and mass in 22 

young patients (age range 0.2–25 years) with congenital heart disease (including one third with Tetralogy 

of Fallot) (220). Of note, ferumoxytol is an agent used and approved by the FDA for iron-deficient 

anemia; the use for CMR was an off-label use by the authors. Figure 20 illustrates the methodology used 

in the study. The authors found excellent correlations between 4D estimated left ventricular volumes and 

corresponding volumes estimated using the gold standard cine SSFP acquisitions (correlation coefficient 

0.97 for LV end-systolic and end-diastolic volumes, between 0.91 and 0.93 for LV mass and 0.93 for LV 

ejection fraction). However, RV measurements of end-diastolic and end-systolic volumes were 

significantly lower when using 4D flow compared to SSFP (p<0.05), with differences of 8.8 mL/m2 

(8.5% of the mean) and 4.8 mL/m2 (6.4% of the mean), respectively. The mean difference in volumes 

between techniques was within 10% of zero for all measurements, and Bland-Altman relative limits of 

agreement were between −22% to 20% for the LV and −52% to 34% for the RV. Whether these results 

are similar in patients with more dilated RV secondary to PAH or CTEPH remains to be explored. 
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Figure 20. Example of estimation of ventricular dimensions using 4D flow MRI in a 9-year-old male with 

aortic coarctation. Screen captures of multiple short-axis 4D flow images demonstrating left ventricular (LV) and 

right ventricular (RV) endocardial (upper row) and epicardial (lower row) end-diastolic contours, with color velocity 

overlay to facilitate identification of the myocardial blood boundary. Left: LV contours; Right: RV contours. 

Hanneman et al. JMRI, 2016. 

 
2.3 Multimodality of Right Heart Phenotyping  
 

Although this thesis focuses on echocardiography and CMR, the two modalities mainly used in our 

studies, there are other imaging modalities providing information on RV phenotype, metabolism and the 

pulmonary circulation (such as computed tomography and positron emission tomography PET). 

 

 In patients with PH, computed tomography angiography is widely used to rule out CTEPH and 

underlying lung disease, as well as to characterize precise anatomy in the setting of congenital heart 

defects (7). A recent study evaluated the utility of routinely performed non-ECG gated chest computed 

tomography to screen for PH (230). Spruitj et al. showed that both pulmonary arterial dilation (ratio 

relative to the ascending aorta diameter ≥1) and RV enlargement (ratio relative to the left ventricular 
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diameter ≥1.2), measured on the axial view, were incremental for the detection of PH in 51 patients with 

advanced precapillary PH versus 25 non-PH controls (230). The application of this screening detection in 

a large population still remains to be done. 

 
 As summarized above, multiple molecular changes occur in a failing right ventricle exposed to an 

increased afterload. Four of them represent potential targets for imaging. The first target derives from the 

RV metabolic shift from lipolysis toward glycolysis, which has been linked to worse ventricular function 

and poor survival (231). The increased uptake by the cardiomyocytes of the alternative source of energy 

(glucose) can be easily quantified using PET 18F-2-deoxy-2-fluoro-D-Glucose. An increase in the RV-to-

LV ratio tracer uptake has been reported in patients with PAH (232,233). It remains, however, unclear 

whether this increased ratio is explained by an increased RV glucose uptake, a decreased LV uptake or 

both. Moreover, preclinical studies have suggested that this metabolic shift may be transient during 

progression of RV failure (74), which compromises the relevance of RV PET18F-2-deoxy-2-fluoro-D-

Glucose uptake as a routine biomarker in PAH. The second target is the myocardial oxygen consumption, 

which can be imaged using 15O-labeled tracer or11C-acetate tracers. An increased resting oxygen 

consumption by the right ventricle, and hence a reduced efficiency, has been shown in patients with PAH 

(234). Neurohormonal dysregulation is the third target. There has been growing evidence of the 

importance of upregulated sympathetic nervous system and renin–angiotensin–aldosterone system in the 

pathophysiology of right heart failure in PAH (235). Finally, angiogenesis and apoptosis are additional 

promising targets for detection of maladaptive RV in pulmonary hypertension (236). Although these 

processes have been imaged in LV diseases (81) and PH animal models, their clinical application in PAH 

is still pending. 

 

 Improving deep phenotyping of the right heart is mandatory to better understand and study 

mechanisms underlying right heart adaptation/maladaptation. This thesis work will thus be articulated 

around three main objectives: first validating imaging assessment of the right heart (such as 
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echocardiography), then identifying the most relevant right heart metrics to define right heart adaptation/ 

maladaptation in PH, finally explore pathophysiology mechanisms (such as immunity) associated with 

right heart adaptive phenotypes. 
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HYPOTHESIS and OBJECTIVES 

 

Right heart failure is the main cause of mortality and morbidity in patients with PH, regardless of the 

etiology. Chronic pressure overload of the right ventricle results not only in an increase in RV wall stress 

leading to remodeling, but also several molecular changes within the right myocardium itself (i.e. 

metabolic switch, ischemia, active inflammation). Right heart adaptation to pressure overload is very 

heterogeneous between patients even with similar afterload levels. The mechanisms underlying the 

progression from RV adaptation to maladaptation in patients with PH remain to be fully elucidated, and 

they have been identified as a research priority in the latest American Thoracic Society Research 

Statement (237). 

 

 Non-invasive imaging (such as echocardiography) provides information on right heart 

dimensions, remodeling and function, as well as hemodynamic estimations. However, the accuracy of 

Doppler-echocardiography for estimation of pulmonary pressures remains controversial. In addition, 

several right heart imaging metrics (i.e. size, function, load-adaptation metrics) have been published in 

PH, and it remains unclear which metric better reflects right heart adaptation and outcomes in PH. 

 

 In this thesis, we hypothesized that using non-invasive imaging to improve right heart 

phenotyping would allow to investigate circulating proteomic biomarkers associated with right heart 

failure in patients with PH.  
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In order to test this hypothesis, we articulated this thesis around three main objectives:  

 

1- The first objective of the thesis was to assess the accuracy and reliability of echocardiography for 

estimation of pulmonary pressures in a large cohort of patients with pre-capillary PH (groups 1 and 3 

of the WHO classification). RV systolic pressure was estimated based on the tricuspid regurgitation 

maximal velocity using continuous Doppler and estimated right atrial pressure according to the 

Bernoulli equation, and compared to the gold standard measured by right heart catheterization. In this 

study, we focused on the quality of the Doppler tricuspid regurgitation signal, aiming to provide a 

clear methodological checklist to improve accuracy of echocardiography in the following studies on 

the right heart. 

 

2- The second objective of the thesis was to identify the best phenotyping biomarkers of right heart 

adaptation/maladaptation in pulmonary hypertension.  

a. The first study compared the prognostic value of RV free-wall strain and right ventricular 

end-systolic remodeling index in a large cohort of patients with idiopathic, familial, drug and 

toxins or connective tissue disease related pulmonary arterial hypertension, and assessed their 

incremental value to validated risk scores. 

b. The second study defined the three concepts behind “right heart load adaptation” to 

increased afterload, modeled the physiological relationship between the right ventricle and its 

afterload, and validated the prognostic value of several previously published load adaptability 

metrics in pulmonary arterial hypertension.  

c. The third study compared the right heart adaptation to load of patients with scleroderma-

related pulmonary arterial hypertension to well-matched patients with idiopathic pulmonary 

arterial hypertension, as patients with scleroderma have been shown to have poor ventricular 

adaptation to afterload.  
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3- The third objective of the thesis was to explore the association between circulating pro-

inflammatory biomarkers and right heart adaptive phenotypes or outcomes in patients with 

pulmonary hypertension. 

a. The first study assessed the value of preoperative circulating C-reactive protein levels for 

prediction of adverse in-hospital outcomes after pulmonary endarterectomy in two 

retrospective cohorts of patients with chronic thromboembolic pulmonary hypertension. 

The association between circulating inflammatory markers and right heart phenotype was 

also explored in a subgroup of patients. 

b. The second study investigated the circulating proteomics profiles associated with right 

heart failure phenotype (using the Mayo risk score and the Stanford score determined in 

objective 2.a.) in two prospective cohorts of patients with pulmonary arterial hypertension. 

Proteomics profiles were determined using the LUMINEX© technology and included pro-

inflammatory cytokines and growth factors. 
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MATERIAL and METHODS 

 

This section will present the general methods used in the several studies; the specificities for each study 

will be detailed in the respective methods section. 

 

1. Study Cohorts 

 
This thesis includes studies performed on several clinical cohorts including patients with predominantly 

pre-capillary PH, i.e. group 1 (PAH), group 3 (advanced lung disease) or group 4 class (CTEPH) of the 

WHO classification, and healthy controls. 

 

1.1 Ethical and regulatory aspects 

 

 Clinical cohorts were included from patients referred to Stanford University – Stanford Health 

Care Hospitals (CA, USA) or to Marie Lannelongue Hospital (Le Plessis Robinson, France). All studies 

were approved by either Stanford University Institutional Review Board (for studies conducted at 

Stanford) or the Comité de Protection des Personnes and the Agence Nationale de Sécurité du 

Médicament et des Produits de Santé (for studies conducted at Marie Lannelongue Hospital). All research 

subjects gave written informed consent before inclusion in the studies, which were performed in 

agreement with the Helsinki-II declaration. 

 

1.2 Diagnosis of pulmonary hypertension and classification 

 

 Pulmonary hypertension was invasively defined as a MPAP ≥ 25mmHg using right heart 

catheterization (7). Group 1 PH (PAH) was defined as mean pulmonary arterial pressure ≥ 25 mmHg, 
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PAWP ≤ 15 mmHg and exclusion of other PH groups. In this thesis, idiopathic, familial, drug and toxin 

related or connective tissue disease-related PAH were included; no study included patients with 

congenital heart disease related PH. Group 3 PH (advanced lung disease) included patients with chronic 

obstructive pulmonary disease, interstitial lung diseases, idiopathic pulmonary fibrosis, or cystic fibrosis. 

Group 4 PH (CTEPH) was defined MPAP ≥ 25mmHg, at least 1 segmental perfusion defect detected by 

lung scanning, and typical lesions of CTEPH on multidetector computed tomographic angiography and/or 

pulmonary angiography after at least 3 months of effective anticoagulation). 

 

1.3 Demographics, functional status and pulmonary functional testing 

 

In addition to age and sex, patients underwent a clinical examination during which were collected: 

weight, height, body mass index, body surface area using DuBois formula adjusted for ideal weight (in 

order to limit the influence of peripheral edema in patients with right heart failure), resting heart rate, non-

invasive systemic systolic, diastolic and mean arterial pressure, and presence of symptoms (dyspnea 

assessed using the New York Heart Association NYHA functional classification from I to IV, syncope, 

hemoptysis). Functional status was also assessed using the six-minute walk test distance (meters). Results 

from pulmonary functional tests (including the forced expiratory volume in 1 second FEV1, diffusing 

capacity of the lungs for carbon monoxide DLCO) and resting arterial blood oxygen were also collected 

when available. 
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2. Right Heart Assessment 

 
2.1 Hemodynamics using right heart catheterization 

 

The methodology of invasively measuring hemodynamics using right heart catheterization was similar in 

both institutions (Stanford Health Care Hospitals and Marie Lannelongue Hospital). A balloon catheter 

was introduced through the right femoral vein or internal jugular vein after local anesthesia. Patients 

could be premedicated with 1 to 3 mg of diazepam 30 min before the procedure. The following 

measurements were obtained: mean right atrial pressure, right ventricular systolic pressure, systolic 

pulmonary arterial pressure, diastolic pulmonary arterial pressure, mean pulmonary arterial pressure, 

pulmonary arterial wedge pressure, and cardiac output. Cardiac output was estimated using the 

thermodilution method, or the Fick method in presence of severe tricuspid regurgitation. To estimate the 

potential effect of premedication on blood pressure, systolic, diastolic and mean blood pressures were 

measured at baseline before sedation and during the invasive procedure. 

 

2.2 Resting trans-thoracic echocardiography 

 

Resting two-dimensional trans-thoracic echocardiograms were performed using different vendors, 

acquiring 3 cardiac cycles or 5 in case of arrhythmia. Echocardiograms were interpreted off-line by a 

certified cardiologist trained on right heart assessment (MA) and a second reader for inter-observer 

variability assessment, all blinded to the diagnosis, clinical status and hemodynamics data. The following 

views were acquired (as presented in the introduction chapter): parasternal long axis view, RV-modified 

parasternal long axis views centered either on the tricuspid valve or on the pulmonary valve, short axis 

views, standard apical 4-chamber view, 2-chamber view, 3-chamber view and 3-chamber view, RV-

focused apical 4-chamber view, subcostal view and suprasternal view. 
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 Right heart dimension and function were assessed on the RV-focused apical 4-chamber view as 

recently published (185). Right atrial maximal area was indexed on body surface area. RV dimension 

metrics included RV end-diastolic area and end-systolic area, both indexed on body surface area. The RV 

end-systolic remodeling index was calculated as the RV free-wall length / septal height in end-systole as 

recently published (145).  

 RV systolic function metric included RV fractional area change (RVFAC), RV free-wall 

longitudinal Lagrangian strain (RVLS) and the tricuspid annular plane systolic excursion (TAPSE). The 

RVFAC (%) was defined as 100* [RV end-diastolic area – RV end-systolic area]/RV end-diastolic area. 

The RVLS (%) was derived from manually tracing of the RV free-wall in end-systole and end-diastole, 

and calculated as 100* [RV free-wall end-systolic length – end-diastolic length]/RV end-systolic length 

(145). 

 Right ventricular systolic pressure was estimated using the maximal velocity of the tricuspid 

regurgitation signal using continuous Doppler when interpretable, and the estimation of right atrial 

pressure based on the size and the compliance of the inferior vena cava following a sniff test, as 

extensively detailed in our first study (26). Pericardial effusion was considered significant if >5mm in 

end-diastole. 
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3. Circulating Biomarkers 
 

3.1 Enzyme-Linked ImmunoSorbent Assay (ELISA) 

 

3.1.a Principles 

The ELISA method is a solid-phase enzyme immunoassay enabling detection and/or quantification of an 

antigen (i.e. protein such as a cytokine) in a liquid sample (i.e. plasma or serum). Among the several 

different ELISA methods illustrated in Figure 21, the double antibody sandwich immunoassay method 

(R&D Systems® ELISA kits, R&D Systems, Inc., Minneapolis, MN) was used in this thesis for 

quantification of the following plasmatic protein levels: interleukin-1β (IL-1β), interleukin-6 (IL-6) and 

monocyte chemoattractant protein-1 (MCP-1). This method uses two antibodies, which bind to different 

sites on the antigen or ligand. The capture antibody is attached to a solid surface. The antigen is then 

added, followed by addition of a second antibody, the detection antibody, which is linked to an enzyme. 

The addition of the enzyme’s substrate leads to color development. The amount of color (absorbance) is 

directly proportional to the analyte concentration. 

 

 

Figure 21. Illustration of the three most common ELISA methods. E: enzyme. Adapted from 

https://microbeonline.com/elisa-test-for-antigenantibody-detection.  
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3.1.b Advantages 

The ELISA method enables accurate and sensitive detection of the antigen, the cytokine of interest, and 

provides highly quantitative and generally reproducible results (238). Because of these qualities and the 

long experience with this technology over time, ELISA remains considered as the gold standard cytokine 

measurement method and is widely utilized in clinical laboratories and biomedical research. 

3.1.c Limitations 

The ELISA method has however several limitations. First, the ELISA technique allows the measurement 

of only one cytokine at a time per sample aliquot, requiring large blood volumes and increasing the costs. 

Second, there can be significant variability on the results deriving from the antibody affinity, quantity, kit 

manufacturer and operator expertise (239). 

 

3.2 Multiplex Arrays (Luminex®) 

3.2.a Principles 

Multiplex arrays enable the measurement of multiple cytokines in the same biological sample at the same 

time, making it the choice method for screening. There are different multiplex arrays methods based on 

chemoluminescence, electroluminescene or flow cytometry. In this thesis, we used the flow cytometry 

multiplex arrays, also called bead-based multiplex arrays, from Luminex® (Flexmap 3D® Luminex 

multi-analyte profiling xMAP technology, Luminex Corporation, Austin, TX). Each bead set is coated 

with a specific capture antibody, and fluorescence-labeled detection antibodies bind to the specific 

cytokine-capture antibody complex on the bead set (238). The fluorescent emission detected in each bead 

is detected using flow cytometric analysis (Figure 22).  
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Figure 22. Example of flow cytometry multiplex arrays (Flexmap 3D® Luminex multi-analyte 

profiling xMAP technology, Luminex® Corporation - HIMC, Stanford University). 

 

3.2.b Advantages 

Multiplex arrays allow the quantification of multiple cytokines (up to 96) in the same sample at a given 

time, requiring smaller sample volume than standard ELISA test. This not only reduces time and costs, 

but also enable to assess one cytokine in the context of other cytokines. Finally, the multiplex arrays 

enable detection of different cytokines with different concentrations, without requiring multiple dilution. 

3.2.c Limitations 

While enabling simultaneous detection of different cytokines, bead-based multiplex arrays expose to the 

risk of cross-reaction of the secondary antibodies, resulting in false positive reactions. In addition, there is 

a risk of variability secondary to different experiment times, handlers, plates or reagent lots. This 

technical heterogeneity referred to as “batch effects” needs to be taken into consideration as they can 

potentially confound the discovery of real explanatory variables from “big data” such as proteomic-

profiling data. The different statistical methods enabling batch effect mitigation are beyond the scope of 

this thesis. The principles and challenges of batch effect correction methods (i.e. data cleaning approach 

where batch effects are estimated and removed from the data) have been recently reviewed by Goh et al. 

(240). 
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Summary: This study aimed to address the controversy of the accuracy and reliability of 

echocardiography to estimate pulmonary pressures and detect PH. As previously developed in the 

introduction, there has been various studies reporting discrepant correlations between invasive pressures 

and RVSP estimated from the maximal TR velocity and estimated RAP (Table 2). In the present study, 

we hypothesized that the heterogeneity in the findings noted in previous studies is likely related to the fact 

that different studies have not always considered TR signal quality. Moreover, there is still no consensus 

in the literature on which RVSP threshold should be used to classify patients with or without PH 

(thresholds ranging from 35 to 45 mm Hg) (241). To address these questions, we retrospectively analyzed 

transthoracic echocardiograms from patients with advanced lung disease (group 3 PH) or idiopathic PAH 

(group 1 PH) who underwent right heart catheterization. Our first objective was to determine the 

relationship between MPAP and SPAP in a large hemodynamic cohort to provide guidance for the 

selection of the best criteria for RVSP. Our second objective was to assess the accuracy of 

echocardiography in estimating pulmonary artery pressures and analyze the factors associated with under- 

or overestimation. Our final objective was to compare diagnostic performance for classifying PH using 

commonly used metrics of RV size and function, in patients with uninterpretable TR signals.  

 Our study brings new perspective to the controversy. First, our results validate, in the largest 

series to date, the relationship between MPAP and SPAP described by Chemla et al. (28).  Second, our 

study provides a critical appraisal of the diagnostic performance of echocardiographic estimations of 

pulmonary artery pressure, providing a practical checklist for methodological quality. Finally, we 

highlight the limitations of using metrics of RV remodeling or function such as systolic eccentricity 

index, relative RV size, and TAPSE for classifying PH in patients with advanced lung disease or mild PH. 

Overall, this study shows that echocardiography provides reliable estimation of RVSP in patients with 

advanced lung disease or PAH when careful attention is paid to signal quality and proper interpretation of 

modal frequency. 
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Chapter 2- RIGHT HEART NON-INVASIVE IMAGING, LOAD 
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Communications: 
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Summary: Right heart failure is the main cause of mortality in patients with PAH. Indices of right heart 

end-systolic remodeling integrate information of both size and function and are emerging as strong 

predictors of outcome in patients with PAH. In this longitudinal study, we describe a novel and simple 

index of RV end-systolic remodeling defined as the RV free wall length divided by septal length. We 

demonstrate that RV end-systolic remodeling index is centrally connected to other right heart metrics and 

improves risk prediction based on the REVEAL score and the Pulmonary Hypertension Connection score. 

Moreover, our study highlights that New York Heart Association functional class, NT-proBNP (N-

Terminal Pro-B-Type Natriuretic Peptide) levels, and RV end-systolic remodeling index capture key 

features of the clinical right heart adaptation continuum in pulmonary arterial hypertension. 

 This study is also the largest to demonstrate the importance of changes in RV end-systolic 

remodeling over time showing the increment to baseline remodeling indices and the REVEAL score. 

Although RV free wall longitudinal strain is predictive of outcome, it does not capture the same level of 

prediction than RV end-systolic remodeling index and is less reproducible. In terms of clinical impact, 

our study may simplify clinical risk assessment and offer a simple tool for stratified randomization in 

clinical trials. 
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Summary: Several indices of right heart load adaptability have been proposed, although referring to 

different concepts: ventriculo-arterial coupling, simple ratio of function and load, or indices assessing 

whether the RV is well adapted, considering the load being subjected to.	
   As recently suggested, RV 

function may follow an allometric function with load in PH (193). 

 In this study we hypothesized that using allometric modeling (i.e., RV function or size = a.Loadb, 

where a and b are constants) enables derivation of ratios of “proportional” load adaptability. This study is 

the first to critically evaluate and compare the different concepts associated with load-adaptability in a 

derivation and a validation cohort of patients with PAH. Our findings confirm the allometric relation 

between RV function-dimension and load, defining a method to quantify proportionality of adaptation. 

Patients with moderate dysfunction at a lower degree of elevation of resistance may warrant closer 

attention and more intense or combined specific therapies than other patients with moderate dysfunction 

at a higher degree of load. The clinical implication is the need to use allometric correction to load in 

multivariate models. 

 Our study is also the first to compare the prognostic value of right load adaptability metrics, 

including our validated allometric-based method to quantify the proportionality of RV adaptation. 

Although end-systolic–based load-adaptability metrics are helpful in risk stratifying patients, their 

incremental value to end-systolic structural indices is modest	
   reinforcing the prognostic value of simple 

RV end-systolic structural indices in PAH. 
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Summary: Systemic sclerosis (i.e. scleroderma) is a connective tissue disease characterized by fibrosis 

and vascular remodeling that can affect multiple organ systems, including the pulmonary arterial tree. 

Scleroderma-associated pulmonary arterial hypertension (SSc-PAH) occurs in 8-13% of patients and is 

associated with a median survival of 3 years after diagnosis (13,242,243). Despite similar level of 

afterload, SSc-PAH has been associated with worse outcomes than other forms of PAH including 

idiopathic PAH (IPAH), as well as PAH secondary to other connective tissue diseases as shown in the 

REVEAL Registry (Registry to Evaluate Early And Long-term PAH Disease Management) (60,244–

246). 

 Different non-invasive indices of load adaptability have been proposed in the literature in patients 

with heart failure or pulmonary hypertension. The first objective of this study was to compare right heart 

size, function and RV load adaptability between patients with incident SSc-PAH or IPAH. The second 

objective was to compare therapeutic response in terms of right heart remodeling and load adaptability 

indices in the two groups. Finally, our third objective was to explore potential difference in clinical 

outcomes in the SSc-PAH or IPAH groups, recognizing the limitation due to small sample size. 

Our study is one of the first providing “deep” RV adaptation phenotyping of patients with 

incident scleroderma-associated PAH. Resting load-adaptability metrics do not significantly differ 

between SSc-PAH and IPAH and do not appear to capture the increased risk of heart failure and mortality 

in SSc-PAH. Consistent with previous studies, our exploratory analysis suggests worse 1-year outcomes 

in SSc-PAH and shows less improvement in RV remodeling in response to therapy in SSc-PAH than 

IPAH. In conclusion, resting non-invasive load adaptability indices at baseline and 1 year follow-up do 

not appear to capture the complexity of ventricular adaptation and increased risk of heart failure in 

patients with SSc-PAH, and other modalities such as exercise testing or CMR should be assessed in future 

studies. 
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Chapter 3- RIGHT HEART REMODELING AND IMMUNITY 
 

Study 1: Preoperative C-Reactive Protein Predicts Early Postoperative Outcomes 

After Pulmonary Endarterectomy in Patients with Chronic ThromboEmbolic 

Pulmonary Hypertension 
 

Summary: Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare but severe complication 

of acute pulmonary embolism, characterized by progressive intraluminal thrombus organization, fibrosis 

and vascular inflammatory remodeling. Patients with CTEPH have features of systemic inflammation 

such as increased circulating levels of cytokines. This study assesses whether high preoperative C-

reactive protein (CRP) levels are associated with in-hospital outcomes post-endarterectomy (PEA). 

 Using the French prospective registry of patients referred for PEA, this study had three 

objectives. The first objective was	
   to evaluate the association between high preoperative CRP levels and 

hemodynamics, functional and RV adaptive phenotype in a first derivation cohort of 161 patients with 

CTEPH. The second objective was to map the preoperative circulating inflammatory network in this 

cohort. The third objective was to explore the association between high preoperative CRP levels and in-

hospital adverse outcomes (i.e. death or lung transplant or extracorporeal membrane oxygenation need or 

extensive inotropic or catecholamine need) post-PEA in the derivation cohort and in a validation cohort of 

241 patients. 

 Our study confirms that high preoperative plasmatic CRP levels are associated with severe 

preoperative hemodynamics in patients with CTEPH referred for PEA. In addition, CRP levels ≥10mg/L 

are associated with adverse in-hospital outcomes after PEA, independently of the pulmonary disease 

severity, in both the derivation and the validation cohorts. Patients with high preoperative CRP levels 

require more vasopressor support than those with low CRP, potentially secondary to inflammation-

triggered systemic vasodilation. Closer perioperative hemodynamic monitoring of patients displaying 

preoperative features of systemic inflammation is recommended. 
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ABSTRACT 

 

Background: Patients with chronic thromboembolic pulmonary hypertension (CTEPH) display features 

of systemic inflammation. This study assesses whether high preoperative C-reactive protein (CRP) levels 

are associated with in-hospital outcomes post-endarterectomy. 

Methods: Using the French prospective CTEPH registry, this study included 159 patients who underwent 

endarterectomy from 2009 to 2013 (derivation cohort) and 238 patients from 2015 to 2016 (validation 

cohort). The correlations between pro-inflammatory markers (CRP, interleukins 1 and 6, fibrinogen and 

leukocytes) and hemodynamics were assessed in the derivation cohort. Pre-, perioperative characteristics 

and 30-day outcomes (primary endpoint: death or lung transplant or extracorporeal membrane 

oxygenation need or inotropic or vasopressor need ≥ 3 days) of patients with high or low CRP levels were 

compared. 

Results: Median age of the derivation cohort was 63 [52-73] years with 48% of female, 80% in NYHA 

class III/IV. CRP levels moderately correlated with fibrinogen, interleukin-6 and neutrophils count (r 

range 0.28-0.47). The validation cohort had similar demographics and disease severity. Patients with high 

CRP had higher resistance levels and lower cardiac index than those with low CRP in both cohorts. The 

primary endpoint was reached in 38% (derivation) and 42% (validation) of patients. In multivariable 

logistic regression analysis, CRP ≥10mg/L was associated with the primary endpoint in both the 

derivation cohort (odd ratio = 2.49 [1.11-5.61], independently of NYHA class IV and aortic clamping 

duration) and the validation cohort (odd ratio = 1.89 [1.09-3.61], independently of age and aortic 

clamping duration). 

Conclusion: Preoperative CRP levels ≥10mg/L are independently associated with adverse early outcomes 

post-endarterectomy. 

 

KEYWORDS: C-reactive protein; endarterectomy; inflammation; outcomes; pulmonary hypertension. 
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GRAPHICAL ABSTRACT 

 

 

6MWTD: six-minute walk test distance; CRP: C-reactive protein; CTEPH: chronic thromboembolic pulmonary 

hypertension; ECMO: extracorporeal membrane oxygenation; MPAP: mean pulmonary arterial pressure; NYHA: 

New York Heart Association functional class; PVR: pulmonary vascular resistance.  
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INTRODUCTION 

Chronic thromboembolic pulmonary hypertension (CTEPH) is a severe complication of acute pulmonary 

embolism, characterized by progressive intraluminal thrombus organization, fibrosis and vascular 

inflammatory remodeling (54,90). Pulmonary endarterectomy (PEA) enables luminal desobstruction, 

reduction of pulmonary vascular resistance and survival improvement (7,247). However, PEA is 

frequently associated with perioperative hemodynamic instability, particularly due to profound systemic 

vasodilation (96). 

 The role of immunity in the pathogenesis of CTEPH is first suggested by the high prevalence of 

systemic inflammatory comorbidities and splenectomy in these patients (91–94) and evidence of the 

involvement of staphylococci infection in patients with ventriculo-atrial shunts who have developed 

CTEPH (95). In addition, patients with CTEPH frequently display features of systemic inflammation, 

including high plasmatic pro-inflammatory mediators levels (i.e. fibrinogen, interleukin-1 or C-reactive 

protein CRP) (85,96,99). High fibrinogen levels have been associated with poor functional status and 

hemodynamics (i.e. pulmonary vascular resistance, right atrial pressure RAP and mean pulmonary arterial 

pressure MPAP) in 49 patients with CTEPH (99). CRP is an acute-phase protein produced by the liver in 

response to infection, inflammation or tissue injury (248). It is a sensitive but nonspecific marker of 

inflammation that responds rapidly to changes in underlying inflammatory disease activity, making it an 

optimal clinical biomarker to detect and monitor systemic inflammation (249). There is little evidence to 

date on the value of preoperative CRP levels for prediction of perioperative outcomes post-PEA in 

patients with CTEPH, particularly on right heart failure and hemodynamic instability. In this study we 

hypothesized that high preoperative CRP levels would be associated with worse in-hospital outcomes in 

patients undergoing PEA for CTEPH. 

 Using the national prospective PEA registry, this study had three objectives. The first objective 

was to evaluate the association between high preoperative CRP levels and hemodynamics, functional and 

right ventricular (RV) adaptive phenotype in a cohort of 161 patients with CTEPH referred for PEA from 

2009 to 2013 (derivation cohort). The second objective was to map the preoperative circulating 
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inflammatory network in this cohort. The third objective was to explore the association between high 

preoperative CRP levels and in-hospital adverse outcomes (i.e. death or lung transplant or extracorporeal 

membrane oxygenation need or extensive inotropic or catecholamine need) post-PEA in the derivation 

cohort and in a validation cohort of patients who underwent PEA from 2015 to 2016. 

 

METHODS 

This retrospective study is based on the prospective registry of patients with CTEPH undergoing PEA at 

Marie Lannelongue Hospital (Le Plessis Robinson, France), the only French center performing this 

procedure (250)(15). Marie Lannelongue Institutional Review Board approved the study, which was 

conducted in agreement with the Helsinki-II-declaration. Two cohorts were included: a derivation and a 

validation cohort. 

Derivation cohort 

Between January 2009 and December 2013, 529 consecutive patients underwent elective PEA for 

suspected CTEPH (i.e. MPAP ≥25 mmHg, at least one segmental perfusion defect detected by lung 

scanning, and typical lesions of CTEPH on multi-detector computed tomographic angiography and/or 

pulmonary angiography after at least 3 months of effective anticoagulation) (7). Indications of surgery 

were weekly discussed by an expert multidisciplinary CTEPH team, including at least one experienced 

surgeon (250). Patients were considered operable if presenting with sufficient surgically accessible 

thromboembolic material relating to pulmonary hemodynamics and absence of high-risk comorbidities 

precluding surgery (251). Among them, 161 patients who gave their informed written consent for 

inclusion in this study exploring the value circulating biomarkers in patients with operable CTEPH had 

preoperative serum samples available (Figure 1a). The exclusion criterion was pulmonary artery sarcoma 

on pathological analysis of the surgical sample (n=2). 

Validation cohort 



	
   153	
  

Between January 2015 and December 2016, 238 patients were included (Figure 1b). Exclusion criteria 

were: pulmonary artery sarcoma (n=3) and unavailable complete postoperative inotropic or catecholamine 

support data (n=5). 

Inflammatory biomarkers 

Blood samples were collected on EDTA within 24 hours of surgery and plasma was prepared. No patient 

had clinically active infection at the time of preoperative blood sampling. CRP levels were measured 

using Dimension© Xpand Plus (Siemens, Munich, Germany) with an upper limit of normal of 10mg/L 

during the first period (2009-2013) and 5mg/L during the second period (2015-2016). Fibrinogen was 

measured using the HemosIL® Fibrinogen-C kit and D-dimers using HemosIL® D-dimer HS 500 kit 

(Instrumentation Laboratory - Werfen, Austria). In the derivation cohort, plasma levels of inflammatory 

cytokines (monocyte chemoattractant protein-1, interleukin-1β, and interleukin-6) were measured using a 

sandwich enzyme-linked immunosorbent assay Quantikine ELISA kit (R&D Systems, Minneapolis, MN), 

according to the manufacturer’s instruction. Other routine preoperative laboratory data performed at the 

hospital laboratory were collected. 

Preoperative characteristics 

Clinical, functional and pulmonary functional tests data available within a month of surgery were 

collected. Screening for autoimmune and haematological disorders was not systematic, as left at the 

discretion of the referring physicians.   

 Hemodynamics, obtained by right heart catheterization, included: mean RAP, MPAP, pulmonary 

artery wedge pressure, cardiac output (using thermodilution, or direct Fick method in case of severe 

tricuspid regurgitation), total pulmonary resistance (defined as MPAP/cardiac output) and pulmonary 

vascular resistance. Total pulmonary resistance was preferred to pulmonary vascular resistance as wedge 

pressure was not measurable in all patients particularly in case of proximal obstruction. 

 Echocardiograms available within one month of surgery were interpreted offline by a certified 

cardiologist (MA) using GE EchoPAC ultrasound workstation software (GE Healthcare, NY). Right heart 

metrics, measured on RV focused-apical 4-chamber view, included right atrial maximal area, RV end-
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diastolic and end-systolic areas indexed on body surface area, RV fractional area change, tricuspid 

annular plane systolic excursion and RV free-wall longitudinal strain (145). RV systolic pressure was 

estimated from the tricuspid regurgitation maximal velocity using continuous Doppler and estimated RAP 

(26). 

Perioperative characteristics 

The PEA procedure did not change during the study period and was performed as previously described 

(252). Cardiopulmonary bypass was first established between the ascending aorta and the two vena cava; 

body temperature was decreased to 20°C before cross-clamping of the aorta. Right, and then left 

endarterectomy procedures were performed with sequential circulatory arrests for distal pulmonary 

arterial recanalization. Thrombus type and location was classified according to the Jamieson’s 

classification (253). Duration of cardiopulmonary bypass, aortic clamping, circulatory arrest and need of 

extracorporeal membrane oxygenation assistance at the end of surgery were collected. Postoperative 

inotropic (dobutamine) and catecholamine support (norepinephrine, epinephrine) was left at the discretion 

of the physicians, targeting a central venous pressure < 15mmHg, mean arterial pressure > 65mmHg and 

cardiac index > 2 L/min/m2 in the operative room and during the postoperative phase. In case of 

predominant cardiogenic shock, dobutamine was initiated at the dose of 5µg/kg/min and increased by 

2.5µg/kg/min every hour, up to 20µg/kg/min if needed. In case of predominant or associated systemic 

vasodilation, noradrenaline was initiated, and in case of severe shock, adrenaline would be preferred. In 

the intensive care unit, inotropic and vasopressor supports were weaned as the heart recovered, based on 

invasive monitoring and echocardiography. A mean arterial pressure of 65-90mmHg was targeted to 

support renal perfusion with a central venous pressure < 15mmHg while maintaining a cardiac index > 2 

L/min/m2. 

Early postoperative outcomes 

The primary endpoint was the composite early (within 30-day post-PEA) outcome of postoperative 

hemodynamic failure defined as all-cause death, or heart-lung or double-lung transplantation for 

persistent pulmonary hypertension, or ECMO need immediately after surgery, or inotropic or 
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catecholamine support need for ≥ 3 days post-PEA. The secondary endpoints included: [1] early all-cause 

death or heart-lung or double-lung transplantation, and [2] early all-cause death, or heart-lung or double-

lung transplantation, or ECMO need post-PEA. All-cause mortality was verified through chart review. 

Statistical analysis 

Continuous variables are summarized as median and interquartile range; categorical variables are 

presented as number (%). Comparisons between groups were performed using non-parametric 

independent Mann-Whitney test for continuous variables and Chi-square test for categorical data. 

Spearman correlation coefficients (r) were used to express the correlation between immune markers. 

Logistic regression analyses were performed on preoperative variables to identify correlates of the 

primary endpoint or the secondary endpoints occurring within 30 days of surgery. Odds ratios of 

continuous variables are presented per standard deviation of the considered variable for comparison 

purposes. P-values <0.05 were considered statistically significant. Statistical analyses were performed 

using SPSS v.23.0 (SPSS, Chicago, IL). 

 

RESULTS 

Derivation cohort – preoperative characteristics 

Median age was 63 [52-73] years with 48% of females; 80% were in NYHA functional class III or IV 

(Table 1). Patients with preoperative CRP ≥10mg/L (n=37) had significantly lower cardiac index and 

higher MPAP and higher resistance levels than patients with CRP < 10mg/L (n=122) without any 

difference in terms of PH-specific or statins therapy. Three patients received immunosuppressive therapy 

for history of systemic inflammatory disease (1 with Lupus treated by hydroxychloroquine, 1 with Crohn 

disease treated by methotrexate, azathioprine and corticosteroids and 1 with Wegener treated by 

azathioprine and corticosteroids); their CRP level was below 10mg/L. In the subgroup of patients with 

complete preoperative echocardiographic data (n=59), patients with CRP ≥10mg/L (n=18) had similar 
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resistance and cardiac index than those with CRP < 10mg/L (n=41, Table 2). In these two subgroups with 

similar hemodynamics, RV size and systolic function were similar (all p>0.23). 

 Patients with CRP ≥10mg/L had higher neutrophils and monocytes counts than patients with 

normal CRP levels, which translated into higher neutrophil to lymphocyte ratio (Table 3). No patient had 

high CRP but normal other inflammatory markers because of liver failure. Figure 2 illustrates the 

correlation heatmap of immune markers, highlighting the moderate correlation between CRP levels and 

fibrinogen, interleukin-6, neutrophils and monocytes count (all p<0.01). CRP levels were also 

significantly correlated with D-dimers levels (r=0.27, p<0.01), but not with resistance or cardiac index. 

Derivation cohort – perioperative characteristics 

The Jamieson classification did not significantly differ between patients with preoperative CRP ≥10mg/L 

and those with low CRP level (p=0.11). There was no significant difference between the groups in term of 

cardiopulmonary bypass, aortic clamping or circulatory arrest duration (all p>0.68, supplementary Table 

S1). 

Derivation cohort – outcomes 

At 30-days, 8 patients from the derivation cohort had died (Figure 1a). Causes of death included 

persistent pulmonary hypertension associated with refractory right heart failure in 3 patients, sepsis in 3 

patients and severe hemorrhage in 2 patients. One patient underwent emergent heart-lung transplantation 

for refractory right heart failure but died on day-1 of the transplant. Median duration of intensive care unit 

stay was 8.0 [5.0-15.0] days; 57 patients (35.4%) required prolonged (≥ 3 days) inotropic or 

catecholamine support post-surgery. Median in-hospital stay duration was 18.0 [11.0-46.3] days. The 

primary composite endpoint was reached in 60/159 (37.7%) patients, more frequently in patients with 

preoperative high CRP (n=21, 56.8%) than in those with low CRP (n=39, 32.0%, p<0.01). Patients with 

CRP ≥10mg/L required more frequently norepinephrine for ≥ 3 days (45.9% versus 21.3%, p<0.01), 

while there was no difference for epinephrine (5.4% versus 2.5%, p=0.38) and dobutamine need (10.8% 

versus 11.5%, p=0.83) than those with low CRP (Figure 3a). Regarding the secondary endpoints, 8 

patients (5.0%) died or required heart-lung transplant, including 3 (8.1%) in the high CRP group versus 5 
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(4.1%) in the low CRP group (p=0.33). Twelve patients (7.5%) reached the endpoint of “death or heart-

lung transplant or ECMO need”; 4 (10.8%) in the high CRP group versus 8 (6.6%) in the low CRP group 

(p=0.42). There was no statistical difference between the groups in term of intensive care unit stay 

duration (9.0 [5.0-16.0] days in the high CRP group versus 8.0 [5.0-15.0] in the low CRP group), or 

mechanical ventilation duration (2.0 [1.0-7.0] days versus 1.0 [1.0-3.0] respectively). 

 Table 4 presents the univariable analyses for /correlates of the primary endpoint. Short 

preoperative 6-minute walk test distance, NYHA class IV, high invasive RAP and RV enlargement were 

associated with worse postoperative outcome. A CRP level ≥10 mg/L was associated with a three-fold 

increased risk of the primary endpoint. To minimize overfitting the multivariable model, only 5 variables 

were included in addition to age and sex: NYHA class IV, invasive RAP, total pulmonary resistance, CRP 

≥10 mg/L and aortic clamping duration. The choice of variables was based on the following rationale: [1] 

NYHA class IV as previously reported, [2] RAP is a strong predictor of outcomes in pulmonary 

hypertension, [3] total pulmonary vascular resistance as a reflection of the disease severity (a similar 

model including pulmonary vascular resistance provided the same results), [4] CRP ≥10mg/L, and [5] 

aortic clamping duration reflecting the duration of the procedure associated with the accessibility of 

lesions. On multivariable analysis in the total cohort (n=159), CRP ≥10mg/L (odd ratio = 2.49 [1.11-

5.61], p=0.04), NYHA class IV (4.98 [1.54-16.12], p<0.01) and aortic clamping duration (1.55 [1.14-

2.39], p<0.01) were retained in the model for the primary endpoint (χ2=23.7; p<0.001). An alternative 

model including RV end-systolic area index (which emerged as one of the strongest echocardiographic 

metric in univariable analysis) in the subgroup with echocardiographic data available (n=59), retained 

female sex (6.44 [1.09-38.20], p=0.04), CRP ≥10 mg/L (7.62 [1.34 – 43.31], p=0.02), RAP (2.13 [1.01-

4.36], p=0.046) and aortic clamping duration (3.65 [1.55-10.19], p<0.01) for the primary endpoint 

(χ2=29.2, p<0.0001). High CRP levels (≥10 mg/L) were not significantly associated with any of the 

secondary endpoints. 

Validation cohort – pre and perioperative characteristics 
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Patients from the validation cohort (n=238) had similar demographics (median age 63.5 [50.0-70.0] years, 

with 46% of female) and disease severity as assessed using hemodynamics or functional parameters 

(supplementary Table S2). Patients were more frequently treatment naïve than in the derivation cohort 

(88.7% versus 80.7%, p=0.03). Patients with preoperative CRP ≥5mg/L had significantly higher RAP and 

MPAP levels and higher resistance levels than patients with <5 mg/L (supplementary Table S2). Fifty-

eight patients had CRP levels ≥10mg/L, representing 24.4% of the total validation cohort and 55.8% of 

the CRP ≥5mg/L subgroup. 

Validation cohort - outcomes 

At 30-days, 11 patients from the validation cohort had died (Figure 1b). Causes of death included 

persistent pulmonary hypertension associated with refractory right heart failure in 5 patients, sepsis in 4 

patients, severe hemorrhage in 1 patients and acute pancreatitis in 1 patient. One patient underwent 

double-lung transplantation for refractory right heart failure within the same index hospitalization after 

30-days. Median in-hospital stay was 16.0 [11.0-24.5] days). Median duration of intensive care unit stay 

was 11.0 [4.0-18.0] days; 99 patients (41.6%) required prolonged inotropic or catecholamine support 

(Figure 3b). Overall, 104 (43.7%) patients reached the primary endpoint. Using univariable analysis 

(Table 5), CRP ≥10mg/L was associated with the primary endpoint (1.85 [1.02-3.36], p=0.03) while CRP 

≥5mg/L did not reach significance (p=0.05). On multivariable analysis using the same variables as in the 

derivation cohort, age, CRP ≥10mg/L and aortic clamping duration were retained in the model for the 

primary endpoint (χ2=33.0, p<0.001, Table 5). Patients with high CRP required more frequently 

norepinephrine (46% if CRP ≥10, 4% if [5-10[, 37% if <5mg/L, p<0.001) or epinephrine for ≥ 3 days 

(7%, 0% and 0% respectively, p<0.01) than in those with low CRP levels (Figure 3b); while there was no 

difference for dobutamine need (7%, 13% and 6% respectively, p=0.28). Regarding the secondary 

endpoint of death or lung transplantation (reached in n=11 patients, 4.6%), when testing the same 

variables in multivariable analysis, CRP ≥10mg/L (6.55 [1.22 – 35.11], p=0.03), aortic clamping duration 

(3.31 [1.63-5.25], p<0.01) and NYHA class IV (10.18 [1.52-68.11], p=0.02) were retained in the model 

(χ2=32.5; p<0.001). 
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DISCUSSION 

Our study confirms that high preoperative plasmatic CRP levels are associated with severe preoperative 

hemodynamics in patients with CTEPH referred for PEA. In addition, CRP levels ≥10mg/L are associated 

with adverse early outcomes after PEA, independently of the pulmonary disease severity, in both the 

derivation and the validation cohorts. 

 CRP is a pentameric protein of hepatic origin whose plasmatic levels rise in response to 

inflammation. The main factor influencing the plasmatic level of CRP is its rate of hepatic production by 

the liver (248). In our study, no patient had high CRP levels because of isolated liver failure without 

features of inflammation using other markers, or because of renal failure, confirming that high CRP levels 

reflects systemic inflammation in CTEPH. Interestingly, patients with high CRP levels had more 

frequently congestive liver features, which can be related to more severe disease and secondary right heart 

failure. The expression of CRP is predominantly under transcriptional control by the cytokine interleukin-

6, and to a lesser extent interleukin-1 and tumor necrosis factor, secretion by macrophages and T cells 

(254). As illustrated in our heatmap, CRP levels consistently correlated with interleukin-6 level, 

fibrinogen level and neutrophils and monocytes counts, confirming the activation of these pro-

inflammatory pathways in CTEPH. 

 There is a strong body of evidence on the value of CRP as a prognostic biomarker in 

cardiovascular diseases, such as atherosclerosis (77,249), left heart failure (255–257) and pulmonary 

arterial hypertension. Elevated circulating levels of interleukin-6 and CRP have been reported to be 

associated with adverse outcomes in several cohorts of patients with pulmonary arterial hypertension, and 

membrane-bound interleukin-6 receptor has been recently shown to plays a role in the prosurvival 

phenotype of smooth muscle cells in these patients. There have been fewer studies conducted in CTEPH 

(85,98). Quarck et al. reported elevated plasmatic levels of high sensitive CRP in 79 patients with CTEPH 

(including 44 undergoing PEA) (85). CRP levels, however, did not correlate with the disease severity and 
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were not predictive of outcomes in this study that may have been underpowered. Recently, Skoro-Sajer et 

al. have shown in a large CTEPH cohort (n=289, including 157 undergoing PEA) that high CRP levels 

negatively correlated with the six-minute walk test distance and RV function assessed using tricuspid 

annular plane systolic excursion (98). CRP levels superior to 10mg/L (determined by the receiver 

operating characteristic curve) were further associated with death or lung transplant need during the 57 

[45-69] months follow-up, independently of pulmonary resistance levels. Our study further validates the 

prognostic value of CRP for prediction of early outcomes post-endarterectomy independently of 

pulmonary resistance levels and duration of surgery. 

 In our derivation cohort, the association between high CRP levels (≥10mg/L) and the primary 

composite endpoint was mainly driven by the “prolonged catecholamine support” component of the 

endpoint, suggesting a strong link between preoperative systemic inflammation and perioperative 

hemodynamic instability characterized by profound vasoplegia. This finding was confirmed in the 

validation cohort (with the same threshold of 10mg/L). This latter had sufficient statistical power to 

further demonstrate the association between CRP ≥10mg/L and 30-day mortality post-endarterectomy. 

The effect of pro-inflammatory circulating cytokines (such as interleukin-6 and tumor necrosis factor) on 

perioperative hemodynamic instability has been first investigated in a cohort of 14 patients undergoing 

PEA, reporting the positive correlation between perioperative maximum vasopressor support and peak 

levels of interleukin-6 that was also released during surgery (r = 0.82), suggesting cytokines-triggered 

vasoregulation (96). CRP was however not investigated in this study. 

 In CTEPH, the vascular effect of CRP has been mainly explored at the pulmonary arterial level. 

In vitro studies have shown that CRP stimulates pulmonary smooth muscle cells proliferation, induces 

endothelial dysfunction by increasing the expression of adhesion molecules (such as intercellular 

adhesion molecule-1) resulting in increased monocytes adhesion to pulmonary arterial endothelial cells 

(53,97,258). When incubated with endothelial cells, CRP directly decreases nitric oxide (NO) production 

through post-transcriptional effects on endothelial NO synthase mRNA stability, further inhibiting 

angiogenesis (259). A recent study further showed that the effect of CRP on NO production by 
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endothelial cells differed according to the isoform: the native CRP reducing NO production while 

monomeric CRP increases it (260). 

 The main originality of our study is to assess the relationship between preoperative pro-

inflammatory marker CRP and adverse early outcomes post-endarterectomy, focusing on postoperative 

hemodynamic instability and mortality. Our results have practical clinical implication to recommend 

closer perioperative hemodynamic monitoring of patients with preoperative biological features of 

systemic inflammation. To date, there are no strong guidelines on perioperative hemodynamic 

management or indications of ECMO after PEA, which remains left at the discretion of anesthesiologists, 

surgeons and intensivists based on general hemodynamic thresholds. Increasing the level of evidence on 

perioperative management post-endarterectomy faces the same design trial challenges than perioperative 

management post-cardiac surgery (such as left ventricular assist device implantation). Further studies 

should explore whether the level of mechanical and drug support post-endarterectomy would be stratified 

according to pre- and perioperative pro-inflammatory biomarkers levels. 

 This study has several limitations. The first limitation comes from the limited echocardiographic 

data that was available in a subset of 59 patients, whose characteristics were different than the total 

population, limiting the extrapolation of RV phenotyping results. Recent studies have reported a negative 

correlation between CRP levels and RV function (either assessed by cardiac magnetic resonance-derived 

ejection fraction or by echocardiographic tricuspid annular plane systolic excursion), although not 

adjusting for pulmonary vascular resistance levels (98,136). In our subgroup with available 

echocardiographic data, patients with high CRP had similar hemodynamics than those with low CRP, and 

similar RV size and function as assessed by comprehensive RV parameters including strain. Further 

investigations are needed to assess whether, after matching for afterload, patients with high CRP have 

different RV function or remodeling than those with low CRP. The second limitation is the absence of 

data on dynamic changes in CRP levels during and after surgery. Langer et al. previously demonstrated 

that, in addition to preoperative increased levels of pro-inflammatory cytokines (such as interleukin-6), 

endarterectomy resulted in the release of these cytokines, particularly following deep hypothermic 
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circulatory arrest (96). Regarding CRP, evidence is missing on early postoperative levels as data available 

have only been reported at 12 months after PEA (85,98). Finally, data on maximal doses of catecholamine 

and dobutamine are not available in all patients, as it was not prospectively recorded in the CTEPH 

registry. The current study thus used prolonged inotropic/vasopressor support to reflect hemodynamic 

instability. 

 

 In conclusion, preoperative CRP plasmatic levels ≥10mg/L are associated with worse 

hemodynamics and adverse early outcomes post-endarterectomy in CTEPH. Patients with high 

preoperative CRP levels require more vasopressor support than those with low CRP, potentially 

secondary to inflammation-triggered systemic vasodilation. Closer perioperative hemodynamic 

monitoring of patients displaying preoperative features of systemic inflammation is recommended.
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FIGURES 

 

Figure 1. Flow chart of the derivation (a) and validation cohorts (b) and their respective early 

postoperative outcomes. 

 

 

CTEPH: chronic thromboembolic pulmonary hypertension; ECMO: extracorporeal membrane oxygenation; PEA: 

pulmonary arterial endarterectomy.  
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Figure 2. Correlation heatmap of immune markers and hemodynamics in the derivation cohort.  

 

Correlations are expressed using Spearman (rho) correlations between variables in all patients (n=159), 

except for correlations with IL-1, IL-6 and MCP-1 only available in n=72 patients. Only statistically 

significant correlations (p values <0.05) are shown. Baso: basophils; CRP: C-reactive protein; Eo: 

eosinophils; Fg: fibrinogen; IL-1: interleukin-1; IL-6: interleukin-6; Leuco: leucocytes; Lymph: 

lymphocytes; MCP-1: monocyte chemoattractant protein-1; Mono: monocytes; Neutro: neutrophils; TPR: 

total pulmonary resistance. Correlations were similar when using pulmonary vascular resistance.  
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Figure 3. Frequency and type of inotropic (dobutamine) or catecholamine (norepinephrine and 

epinephrine) support ≥ 3 days post-endarterectomy in the derivation (a) and validation cohorts (b), 

according to the preoperative plasmatic level of C-reactive protein (CRP).  

 

 

P-value for comparison between CRP groups using Chi-square test. 
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TABLES 

Table 1. Comparative preoperative characteristics of the derivation cohort according to 

preoperative CRP levels. 

 Total cohort 

n=159 

CRP <10mg/L 

n=122 

CRP ≥10mg/L 

n=37 

p 

value* 

Age (years) 63.1 [51.7-72.9] 63.0 [52.0-73.0] 65.50 [53.0-73.9] 0.49 

Female sex (%) 76 (47.8) 60 (49.2) 16 (43.2) 0.52 

Body mass index (kg/m2) 25.6 [23.2-28.8] 25.6 [23.8-29.0] 24.9 [22.0-28.8] 0.45 

Body surface area (m2) 1.81 [1.69-1.98] 1.84 [1.69-1.99] 1.75 [1.70-1.92] 0.56 

History of deep venous 

thrombosis or acute 

pulmonary embolism (%) 

 

117 (73.6) 

 

92 (75.4) 

 

25 (67.6) 

 

0.35 

Inferior venous cava filter 

(%) 

9 (5.7) 9 (7.4)  0 0.18 

Presence of endovascular 

device** (%) 

10 (6.3) 6 (4.9) 4 (10.8) 0.20 

History of splenectomy (%) 3 (1.9) 3 (2.5) 0 0.76 

Thrombophilia or blood 

disorder (%) 

23 (14.5) 20 (16.4) 3 (8.1) 0.21 

Chronic inflammatory 

systemic disease (%) 

3 (1.9) 3 (2.5) 0 0.76 

Active or recent (<3 years) 

smoker (%) 

12 (7.5) 9 (7.4) 3 (8.1) 0.89 

New York Heart Association functional class    

II 32 (20.1) 25 (20.5) 7 (18.9)  

III 105 (66.0) 84 (68.9) 21 (56.8) 0.11 

IV 22 (13.8) 13 (10.7) 9 (24.3)  

Hemoptysis on admission 

(%) 

5 (3.1) 4 (3.3) 1 (2.7) 0.86 

Six-minute walk test distance 

(m) 

(n=86) 

400.0 [305.5-

462.0] 

(n=65) 

404.0 [342.5-

480.0] 

(n=21) 

346.0 [251.0-

442.0] 

 

0.08 
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Therapies     

Treatment naïve (%) 128 (80.5) 97 (79.5) 31 (83.8) 0.56 

Double therapy (%) 12 (7.5) 10 (8.2) 2 (5.4) 0.78 

Prostanoid therapy (%) 1 (0.6) 1 (0.8) 0  0.55 

Phosphodiesterase inhibitors 

(%) 

19 (11.9) 14 (11.5) 5 (13.5)  0.95 

Endothelin receptor blockers 

(%) 

23 (14.5) 20 (16.4) 3 (8.1) 0.28 

Statins (%) 21 (13.2) 20 (16.4) 1 (2.7) 0.05 

Hemodynamics     

RAP (mmHg) 7.0 [4.0-10.0] 7.0 [4.0-10.0] 8.0 [4.0-10.0] 0.31 

Mean PAP (mmHg) 45.0 [38.0-53.0] 44.0 [38.0-52.0] 50.0 [43.0-56.0] 0.01 

PAWP (mmHg) (n=156) 

5.0 [3.0-7.0] 

(n=121) 

5.0 [3.0-7.0] 

(n=35) 

5.0 [3.0-8.0] 

 

0.42 

Cardiac Index (L/min/m2) 2.5 [2.1-2.9] 2.6 [2.2-2.9] 2.3 [1.9-2.8] 0.02 

Total Pulmonary Resistance 

(WU) 

10.1 [7.0-11.5] 9.3 [6.8-11.9] 11.6 [10.3-14.1] <0.01 

Total Pulmonary Resistance 

index (WU/m2) 

18.1 [13.4-22.8] 16.7 [12.9-21.7] 20.6 [17.4-26.4] <0.01 

Pulmonary Vascular 

Resistance (WU) 

(n=156) 

8.7 [6.1-11.5] 

(n=121) 

8.2 [5.9-10.2] 

(n=35) 

9.8 [9.1-12.6] 

<0.01 

Pulmonary Vascular 

Resistance index (WU/m2) 

(n=156) 

15.5 [11.6-20.5] 

(n=121) 

14.4 [11.0-19.6] 

(n=35) 

18.8 [15.1-23.3] 

<0.01 

Pulmonary functional tests     

DLCO (%) (n=76) 

64.9 [51.0-75.5] 

(n=62) 

65.5 [51.0-75.4] 

(n=15) 

64.1 [47.9-82.4] 

 

0.73 

Resting paO2 (mmHg) (n=121) 

64.0 [57.3-74.0] 

(n=95) 

64.1 [57.8-72.8] 

(n=26) 

61.9 [55.4-77.5] 

 

0.87 

*Comparison between the two subgroups preoperative CRP levels lower or higher than the detection 

threshold (10mg/L) (using Mann-Whitney test or Chi-square test). **Including implantable port, 

pacemakers, ventricular-arterial derivation. DLCO: diffusing capacity for carbon monoxide); PAP: 

pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; RAP: right atrial pressure. 



	
   169	
  

Table 2. Comparative preoperative characteristics of the subgroup with available 

echocardiography data according to preoperative CRP levels. 

 

 Total cohort 

with echo 

n=59 

CRP <10mg/L 

n=41 

CRP ≥10mg/L 

n=18 

p 

value* 

Age (years) 62.3 [50.3-72.3] 63.1 [48.4-72.3] 61.2 [48.9-73.4] 0.97 

Female sex (%) 24 (40.7) 17 (41.5) 7 (38.9) 0.85 

Body surface area (m2) 1.8 [1.6-2.0] 1.8 [1.6-2.0] 1.8 [1.7-2.0] 0.90 

New York Heart Association functional class   0.31 

II 16 (27.1) 11 (26.8) 5 (27.8)  

III 38 (64.4) 28 (68.3) 10 (55.6)  

IV 5 (8.5) 2 (4.9) 3 (16.7)  

RAP (mmHg) 7.0 [4.0-10.3] 6.0 [3.5-11.0] 8.0 [5.0-10.0] 0.67 

Mean PAP (mmHg) 45.0 [35.0-53.0] 42.0 [35.0-52.5] 50.0 [44.5-55.3] 0.15 

Cardiac Index (L/min/m2) 2.5 [2.1-3.0] 2.5 [2.2-3.0] 2.4 [2.0-2.9] 0.77 

Total Pulmonary Resistance 

(WU) 

10.4 [7.4-13.8] 10.1 [6.8-13.9] 11.2 [10.2-13.6] 0.20 

Pulmonary Vascular 

Resistance (WU) 

9.5 [6.6-11.2] 8.2 [6.0-11.7] 9.8 [8.9-11.3] 0.22 

RV end-diastolic area index 

(cm2/m2) 

17.1 [14.1-19.6] 17.3 [13.5-19.8] 16.9 [14.3-19.4] 0.91 

RV end-systolic area index 

(cm2/m2) 

12.4 [9.8-15.2] 12.8 [9.8-15.2] 12.0 [9.8-15.5] 0.74 

RV end-systolic remodeling 

index 

1.35 [1.24-1.43] 1.31 [1.23-1.43] 1.36 [1.24-1.45] 0.49 

RV fractional area change 

(%) 

24.9 [20.7-28.7] 24.8 [21.4-27.9] 25.5 [18.9-30.1] 0.74 

RV longitudinal strain (%) 16.3 [12.4-19.2] 16.0 [12.7-19.7] 16.4 [11.8-18.4] 0.77 

Tricuspid annular plane 

systolic excursion (mm) 

15.0 [12.7-18.0] 15.3 [12.8-18.0] 15.0 [10.8-19.4] 0.93 

Right atrial area index 

(cm2/m2) 

11.6 [9.0-14.4] 12.6 [8.9-14.8] 10.0 [9.2-13.6] 0.48 
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Severe tricuspid 

regurgitation (%) 

1 (0.6) 1 (0.8) 0 0.55 

Estimated RAP (mmHg) 10.0 [10.0-15.0] 10.0 [10.0-15.0] 10.0 [10.0-17.5] 0.92 

Estimated RVSP (mmHg) n=57 

85.0 [66.0-99.5] 

n=40 

80.5 [65.5-97.3] 

n=17 

92.0 [72.5-107.5] 

 

0.23 

Left ventricular ejection 

fraction (%) 

60.0 [60.0-65.0] 60.0 [60.0-65.0] 60.0 [60.0-65.0] 0.65 

*Comparison between the two subgroups preoperative CRP levels lower or higher than the detection 

threshold (10mg/L) (using Mann-Whitney test or Chi-square test). PAP: pulmonary arterial pressure; 

PAWP: pulmonary arterial wedge pressure; RAP: right atrial pressure; RV: right ventricular; RVSP: RV 

systolic pressure. 
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Table 3. Comparative preoperative biological characteristics of the derivation cohort according to 

preoperative CRP levels. 

 Total cohort 

n=159 

CRP <10mg/L 

n=122 

CRP ≥10mg/L 

n=37 

p 

value* 

Leucocytes (G/L) 6.7 [5.6-8.1] 6.7 [5.4-7.9] 7.6 [6.0-9.6] 0.03 

  Neutrophils (%) 63.5 [56.4-70.9] 62.6 [55.2-69.9] 68.5 [58.3-72.9] 0.04 

  Neutrophils (G/L) 4.2 [3.2-5.6] 4.0 [3.2-5.0] 4.7 [4.0-7.0] <0.01 

  Lymphocytes (%) 25.7 [18.1-31.7] 26.3 [20.0-31.9] 21.1 [16.7-30.3] 0.03 

  Lymphocytes (G/L) 1.7 [1.3-2.1] 1.8 [1.4-2.1] 1.6 [1.2-2.1] 0.34 

  Monocytes (%) 7.1 [5.8-9.0] 7.0 [5.6-9.0] 7.5 [6.1-9.4] 0.31 

  Monocytes (G/L) 0.5 [0.4-0.6] 0.5 [0.4-0.6] 0.6 [0.5-0.7] <0.01 

  Eosinophils (%) 2.0 [1.4-3.1] 2.0 [1.4-3.2] 1.8 [1.3-3.1] 0.34 

  Eosinophils (G/L) 0.1 [0.1-0.2] 0.1 [0.1-0.2] 0.2 [0.1-0.2] 0.76 

  Basophils (%) 0.8 [0.6-1.0] 0.8 [0.6-1.1] 0.7 [0.5-0.9] 0.23 

  Basophils (G/L) 0.05 [0.04-0.07] 0.05 [0.03-0.07] 0.05 [0.04-0.07] 0.99 

Red blood cells (G/L) 4.8 [4.3-5.2] 4.8 [4.3-5.2] 4.8 [4.1-5.2] 0.67 

Hemoglobin (g/dL) 14.4 [13.4-15.9] 14.4 [13.3-15.9] 14.6 [13.5-16.0] 0.73 

Platelet count (G/L) 244.0 [190.1-

303.5] 

236.0 [189.8-

292.8] 

265.0 [190.5-

314.5] 

0.33 

Neutrophil/Lymphocyte 

ratio 

2.5 [1.9-3.9] 2.4 [1.8-3.5] 3.3 [1.9-4.4] 0.03 

Monocyte/Lymphocyte 

ratio 

0.29 [0.22-0.41] 0.27 [0.21-0.37] 0.34 [0.28-0.51] <0.01 

Monocyte/Neutrophil 

ratio 

0.12 [0.09-0.15] 0.12 [0.09-0.16] 0.10 [0.09-0.15] 0.64 

Fibrinogen (mg/dL) 4.0 [3.3-4.6] 3.7 [3.2-4.3] 4.8 [4.3-5.5] <0.001 

Interleukin-1 (ng/mL) 

 

n=72 

1.7 [0.6-4.3] 

n=50 

1.6 [0.6-4.2] 

n=22 

1.8 [0.7-4.6] 

 

0.77 

Interleukin-6 (ng/mL) n=78 

10.2 [2.9-39.9] 

n=54 

6.3 [2.4-36.7] 

n=24 

24.1 [9.2-56.6] 

 

<0.01 

MCP-1 (ng/mL) n=72 

399.5 [251.0-

649.6] 

n=50 

416.2 [227.7-

671.1] 

n=22 

352.6 [279.7-

622.1] 

 

0.79 
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D-dimers (ng/mL) 372.0 [239.8-

677.3] 

350.0 [224.3-

596.8] 

564.0 [315.0-

1135.8] 

<0.01 

Antithrombin III (%) 103.0 [92.0-

111.0] 

101.5 [92.0-111.0] 104.0 [93.0-

113.0] 

0.78 

Blood urea nitrogen 

(mg/dL) 

7.3 [5.8-9.5] 7.0 [5.6-9.2] 8.2 [6.8-10.5] <0.01 

Creatinine clearance 

(mL/min) 

    

   ≥60mL/min 52 (32.7) 42 (34.4) 10 (27.0)  

0.70    59 - 30mL/min 103 (64.8) 77 (63.1) 26 (70.2) 

   <30mL/min 4 (2.5) 3 (2.5) 1 (2.7) 

Aspartate transaminase 

(U/L) 

28.0 [22.0-36.5] 26.0 [21.0-36.0] 31.0 [24.0-39.0] 0.04 

Alanine transaminase 

(U/L) 

25.0 [19.0-34.0] 25.0 [19.0-34.5] 24.0 [20.0-33.0] 0.61 

Gamma-glutamyl 

transferase (U/L) 

64.5 [35.0-

119.5] 

58.0 [33.8-105.0] 89.5 [51.3-157.5] 0.04 

Alkaline phosphatase 

(U/L) 

77.0 [61.5-

100.5] 

73.0 [60.0-97.0] 89.5 [65.5-105.0] 0.13 

Total bilirubin (µmol/L) 14.0 [10.0-21.0] 14.0 [10.0-21.0] 14.5 [11.0-21.0] 0.34 

Conjugated bilirubin 

(µmol/L) 

3.0 [2.0-4.0] 2.0 [2.0-4.0] 3.0 [2.0-5.8] <0.01 

Lactate dehydrogenase 

(U/L) 

247.0 [209.0-

283.0] 

236.0 [202.8-

275.0] 

264.0 [231.5-

305.5] 

0.01 

Creatine phosphokinase 

(U/L) 

84.0 [54.8-

127.0] 

78.0 [55.0-135.5] 86.0 [51.5-117.0] 0.77 

BNP (pg/mL) 132.0 [39.5-

393.5] 

115.0 [31.8-319.5] 280.0 [101.0-

626.0] 

0.04 

*Comparison between the two subgroups with preoperative CRP levels lower or higher than the detection 

threshold (10mg/L) (using Mann-Whitney test or Chi-square test). BNP: B-type natriuretic peptide; MCP-

1: monocyte chemoattractant protein-1. 
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Table 4. Univariate analysis of correlates of the primary endpoint (early death or heart-lung 

transplant or ECMO need or prolonged inotropic/catecholamine support) in the derivation cohort 

(n=159). 

Variables Odd 

ratio* 

95% confidence 

interval 

p-value 

Age (years) 1.33 0.98 – 1.75 0.20 

Female sex 1.04 0.55 – 1.97 0.92 

History of splenectomy 3.38 0.30 – 38.09 0.33 

History of endovascular device 1.11 0.30 – 4.10 0.88 

Active or <3 year smoking 0.81 0.23 – 2.86 0.74 

NYHA class (reference class = II)   0.02 

  III 1.18 0.51 – 2.75 0.70 

  IV 4.38 1.67 – 11.50 <0.01 

6-minute walk test distance (m) 0.60 0.40 – 1.00 0.04 

Preoperative right heart catheterization (n=159) 

Heart rate (bpm) 1.75 0.69 – 4.42 0.24 

Right atrial pressure (mmHg) 1.39 1.05 – 1.96 0.04 

Mean pulmonary arterial pressure (mmHg) 1.30  0.93 – 1.69 0.15 

Cardiac index (mmHg) 0.97 0.69 – 1.33 0.82 

Total pulmonary resistance (WU) 1.06 0.78 – 1.43 0.71 

Pulmonary vascular resistance (WU) 1.10 0.79 – 1.50 0.56 

Preoperative laboratory data (n=159) 

CRP ≥ 10 mg/L (%) 2.79 1.32 – 5.93 <0.01 

CRP levels (<10; [10;20[ and ≥20 mg/L) 1.82 1.10 – 3.00 0.02 

LogCRP 1.42 1.02 – 1.97 0.04 

Fibrinogen (mg/dL) 0.84 0.71 – 1.40 0.96 

Interleukin-1 (ng/mL) n=72 0.61 0.28 – 1.39 0.24 

Interleukin-6 (ng/mL) n=78 1.94 1.25 – 3.70 0.01 

MCP-1 (ng/mL) n=72 1.00 0.03 – 1.00 0.84 

D-dimers (ng/mL) 1.00  0.99 – 1.79 0.93 

Antithrombin III (%) 1.15 0.75 – 1.75 0.64 

Leucocytes (G/L) 1.54 1.01 – 2.32 0.04 

Neutrophils (G/L) 1.46 1.04 – 2.02 0.03 
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Monocytes (G/L) 1.43 1.02 – 2.01 0.04 

Neutrophil/Lymphocyte ratio 1.26 0.81 – 1.96 0.31 

Hemoglobin (g/dL) 0.79 0.56 – 1.10 0.16 

Platelets (G/L) 1.00 0.41 – 1.00 0.83 

Blood urea nitrogen (mg/dL) 1.03 0.87 – 1.22 0.74 

Creatinine clearance < 60 mL/min 2.03 0.99 – 1.11 0.05 

Aspartate transaminase (U/L) 1.52 0.79 – 2.96 0.21 

Alanine transaminase (U/L) 0.49 0.24 – 0.98 0.04 

Gamma-glutamyl transferase (U/L) 0.77 0.46 – 1.47 0.47 

Alkaline phosphatase (U/L) 1.38 0.82 – 2.33 0.23 

Total bilirubin (µmol/L) 1.60 0.88 – 2.94 0.13 

Conjugated bilirubin (µmol/L) 0.72 0.33 – 1.56 0.41 

BNP (pg/mL) 1.55 1.00 – 1.09 0.28 

Preoperative echocardiograms (n=59) 

RV end-diastolic area index (cm2/m2) 2.75 1.34 – 5.41 <0.01 

RV end-systolic area index (cm2/m2) 2.59 1.32 – 4.89 <0.01 

RV end-systolic remodeling index 3.46 1.57 – 7.63 <0.01 

RV fractional area change (%) 0.56 0.30 – 1.08 0.08 

RV longitudinal strain (absolute %) 0.68 0.38 – 1.17 0.18 

Tricuspid annular plane systolic excursion (mm) 0.69 0.40 – 1.24 0.23 

Right atrial area index (mmHg) 2.28 0.96 – 2.91 0.08 

Perioperative data (n=159) 

Jamieson classification (reference group = 1) 

Group 2  

Group 3 

Group 4 

 

2.76 

6.57 

12.00 

 

0.58 – 13.15 

1.31 – 32.86 

1.56 – 92.29 

0.01 

0.20 

0.02 

0.02 

Associated cardiac procedure (%) 1.72 0.53 – 5.61 0.37 

Cardiopulmonary bypass duration (min) 2.08 1.45 – 2.99 0.02 

Aortic clamping duration (min) 1.55 1.25 – 1.93 0.01 

Circulatory arrest duration (min) 1.22 0.82 – 1.63 0.31 

*Odd ratios are presented as odd ratio adjusted by the standard deviation of the continuous variable 

(ORSD) for comparison purposes. CRP: C-reactive protein; MCP-1: monocyte chemoattractant protein-1; 

RV: right ventricular. 
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Table 5. Logistic regression analysis of correlates of the primary endpoint (early death or heart-

lung transplant or ECMO need or prolonged inotropic/catecholamine support) in the validation 

cohort (n=238). 

 Univariate analysis Multivariate analysis 

Variables Odd 

ratio* 

95% CI p-

value 

Odd 

ratio* 

95% CI p-

value 

Age (years) 1.73 1.32 – 2.57 <0.01 1.73 1.32 –2.25 <0.01 

Female sex 0.76 0.45 – 1.27 0.29 - - - 

Body mass index (kg/m2) 0.80 0.60 – 1.06 0.08    

NYHA class (reference = I)   <0.01    

II 0.36 0.05 – 2.80 0.33    

III 0.93 0.13 – 6.80 0.94    

IV 1.29 0.16 – 10.30 0.81 - - - 

6-minute walk test distance 

(m) 

0.29 0.28 – 3.46 0.16    

Right heart catheterization    

Right atrial pressure 

(mmHg) 

1.09 0.84 – 1.46 0.58 - - - 

Mean pulmonary arterial 

pressure (mmHg) 

1.97  1.41 – 2.45 <0.01    

Cardiac index (mmHg) 0.65 0.48 – 0.87 <0.01    

Total pulmonary resistance 

(WU) 

1.82 1.33 – 2.43 <0.01 - - - 

Pulmonary vascular 

resistance (WU) 

1.66 1.19 – 2.25 <0.01    

Laboratory data    

CRP ≥ 5 mg/L (%) 1.58 0.99 – 2.65 0.05    

CRP ≥ 10 mg/L (%) 1.85 1.02 – 3.36 0.03 1.89 1.09 – 3.61 0.04 

LogCRP 1.37 1.05 -1.92 0.02    

Creatinine clearance < 60 

mL/min 

 

2.99 

 

1.68 – 5.34 

 

<0.01 

   

Perioperative data    

Jamieson classification       
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(reference group = 1) 

Group 2  

Group 3 

Group 4 

 

0.73 

0.79 

2.00 

 

0.21 – 2.62 

0.21 – 2.98 

0.24 – 16.36 

 

0.63 

0.73 

0.52 

Cardiopulmonary bypass 

duration (min) 

1.44 1.09 – 1.84 <0.01    

Aortic clamping duration 

(min) 

2.06 1.28 – 3.31 <0.01 1.63 1.28 – 2.06 <0.01 

Circulatory arrest duration 

(min) 

1.10 0.85 – 1.43 0.47    

*Odd ratios are presented as odd ratio adjusted by the standard deviation of the continuous variable 

(ORSD) and their adjusted confidence interval (95% CI) for comparison purposes. CRP: C-reactive 

protein. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Table S1. Perioperative characteristics of the total study population and 

comparison between patients with low versus high preoperative CRP levels. 

 

 Total cohort 

n=159 

CRP <10mg/L 

n=122 

CRP ≥10mg/L 

n=37 

p 

value* 

Jamieson classification 

  Group 1 (%) 

 

14 (8.8) 

 

10 (8.2) 

 

4 (10.8) 

 

 

  Group 2 (%) 92 (57.9) 73 (59.8) 19 (51.4) 0.11 

  Group 3 (%) 44 (27.7) 35 (28.7) 9 (24.3)  

  Group 4 (%) 9 (5.7) 4 (3.3) 5 (13.5)  

Associated surgical 

procedure (%)** 

12 (7.5) 10 (8.2) 2 (5.4) 0.78 

Cardiopulmonary bypass 

duration (min) 

222.0 [199.0-

244.0] 

222.0 [200.0-

242.5] 

222.0 [196.0-

249.0] 

0.68 

Aortic clamping duration 

(min) 

96.0 [85.0-

112.3] 

98.0 [85.5-111.5] 96.0 [83.0-119.5] 0.91 

Circulatory arrest duration 

(min) 

28.0 [23.0-35.5] 27.5 [23.0-35.0] 29.0 [22.0-36.0] 0.79 

*Comparison between the two subgroups with negative or positive preoperative CRP levels (using Mann-

Whitney test or Chi-square test). **Including coronary arterial bypasss graft or ascending aortic 

procedures. 
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Supplementary Table S2. Characteristics of the validation cohort and comparison between patients 

with low and high preoperative CRP levels. 

 Total cohort 

n=238 

CRP <5mg/L 

n=134 

CRP ≥5mg/L 

n=104 

p value* 

Age (years) 63.5 [50.0-70.0] 65.4 [51.8-71.1] 61.0 [48.6-69.0] 0.11 

Female sex (%) 110 (46.2) 59 (44.0) 51 (49.0) 0.56 

Body mass index 

(kg/m2) 

25.8 [23.0-29.4] 26.0 [23.2-29.4] 25.5 [22.9-31.1] 0.78 

Presence of 

endovascular 

device** (%) 

8 (3.4) 3 (2.2) 5 (4.8) 0.27 

History of 

splenectomy (%) 

4 (6.7) 1 (0.7) 3 (2.9) 0.19 

New York Heart Association functional 

class 

   

I 4 (6.7) 2 (1.5) 2 (1.9)  

II 60 (25.2) 38 (28.4) 22 (21.2) 0.21 

III 141 (59.2) 81 (60.4) 60 (57.7)  

IV 32 (13.4) 13 (9.7) 19 (18.3)  

Six-minute walk test 

distance (m) 

(n=106) 

384.5 [293.5-

460.0] 

(n=68) 

390.0 [293.3-

460.8] 

(n=38) 

371.5 [291.0-

460.0] 

 

0.86 

Hemodynamics     

RAP (mmHg) 8.0 [5.0-10.0] 7.5 [5.0-10.0] 9.0 [5.0-11.0] 0.04 

Mean PAP (mmHg) 45.0 [38.0-53.0] 43.0 [35.0-50.0] 49.0 [40.0-55.0] <0.01 

Cardiac Index 

(L/min/m2) 

2.4 [2.0-2.8] 2.5 [2.1-2.8] 2.3 [2.0-2.8] 0.05 

Total Pulmonary 

Resistance (WU) / 

index (WU/m2) 

10.0 [7.3-13.3]/ 

17.7 [13.9-24.3] 

9.4 [6.8-12.6]/ 

16.8 [12.8-22.8] 

10.4 [8.4-13.5]/ 

19.7 [14.5-27.2] 

0.04/ 

<0.01 

Pulmonary Vascular 

Resistance 

(WU)/index (WU/m2) 

(n=189) 

 7.6 [5.0-10.8]/ 

13.6 [10.1-19.7] 

(n=112) 

7.3 [4.8-9.2]/ 

13.1 [9.6-17.9] 

(n=77) 

8.0 [5.7-11.7]/ 

15.3 [10.5-22.6] 

  

0.09/ 

0.08 
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Therapies     

Treatment naïve (%) 211 (88.7) 123 (91.8) 88 (84.6) 0.08 

Double therapy (%) 9 (3.8) 7 (5.2) 2 (1.9) 0.19 

Triple therapy (%) 2 (0.8) 0  2 (1.9) 0.11 

Prostanoid therapy 

(%) 

9 (3.8) 0 9 (8.7) <0.01 

Phosphodiesterase 

inhibitors (%) 

8 (3.4) 4 (3.0) 4 (3.8) 0.73 

Endothelin receptor 

blockers (%) 

15 (6.3) 8 (6.0) 7 (6.7) 0.83 

Riociguat (%) 8 (3.4) 2 (1.5) 6 (5.8) 0.07 

Statins (%) 29 (12.2) 14 (10.4) 15 (14.4) 0.35 

Laboratory data     

Creatinine clearance (mL/min)  

   ≥60mL/min 165 (69.3) 97 (72.4) 68 (65.4)  

0.22    59 - 30mL/min 68 (28.6) 34 (25.4) 34 (32.7) 

   <30mL/min 0 0 0 

Jamieson 

classification 

  Group 1 (%) 

 

 

10 (4.2) 

 

 

4 (3.0) 

 

 

6 (5.8) 

 

  Group 2 (%) 154 (64.7) 85 (63.4) 69 (66.3) 0.56 

  Group 3 (%) 68 (28.6) 42 (31.3) 26 (25.0)  

  Group 4 (%) 6 (2.5) 3 (2.2) 3 (2.9)  

Associated cardiac 

procedure (%)** 

12 (5.0) 2  (0.7) 10 (9.6) <0.01 

Cardiopulmonary 

bypass duration (min) 

218.0 [193.5-

251.0] 

212.0 [194.0-

250.0] 

223.5 [193.3-

255.3] 

0.35 

Aortic clamping 

duration (min) 

97.0 [82.0-110.5] 97.0 [81.5-

109.0] 

98.0 [83.0-117.0] 0.23 

Circulatory arrest 

duration (min) 

30.0 [22.0-38.0] 30.5 [22.8-38.3] 28.0 [21.0-36.0] 0.19 

*Comparison between the two subgroups with preoperative CRP levels lower or higher than the detection 

threshold (5mg/L) (using Mann-Whitney test or Chi-square test). **Including implantable port, 
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pacemakers, ventricular-arterial derivation. None of the patients had chronic inflammatory disease. PAP: 

pulmonary arterial pressure; RAP: right atrial pressure; RV: right ventricular.  
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Study 2: Proteomics of Right Heart Failure in Patients with Pulmonary Arterial 

Hypertension. 
 

Summary: Immunity plays a major role in the pathogenesis and progression of pulmonary vascular 

remodeling in PAH. Having previously defined right heart maladaptive phenotyping in part 2 of the 

results section, this study aimed to identify the immune proteomic profile associated with right heart 

maladaptation in patients with PAH. Two clinical prospective cohorts from the Stanford Vera Moulton 

Wall center who underwent plasmatic proteomic profiling using 48-plex flow cytometry multiplex 

Luminex® (including interleukins, chemokines and growth factors) were included. Right heart 

maladaptive phenotype was defined using two prognostic right heart scores: the Mayo right heart score 

(based on right ventricular RV longitudinal strain, NYHA class and NT-proBNP) and the Stanford right 

heart score (based on RV end-systolic remodeling index, NYHA class and NT-proBNP). 

 This screening proteomics study identified three circulating cytokines to be associated with right 

heart maladaptive features in a discovery and validation cohort of patients with PAH. High plasmatic 

levels of hepatic growth factor (HGF), nerve growth factor (NGF) and stem cell growth factor (SCGFβ) 

were significantly associated with worst Mayo and Stanford right heart scores, RV dysfunction based on 

RVLS, RV adverse end-systolic remodelling based on RVESRI, worst NYHA functional class and higher 

NT-proBNP levels. These cytokine levels were not associated with pulmonary hemodynamic severity, 

suggesting these biomarkers	
   to reflect the compromised right ventricle itself rather than pulmonary 

vascular disease. 

 These exploratory results illustrate the use of right heart phenotyping including non-invasive 

imaging biomarkers to explore circulating biomarkers and molecular pathways associated with right heart 

failure. Flow cytometry multiplex arrays enable to screen a wide range of plasmatic cytokines in a limited 

blood volume. Validation of the value of these circulating biomarkers and their role in right heart 

remodeling and failure in PAH remains to be proven.  
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ABSTRACT 

 

Background: Immunity has extensively been demonstrated to play a major role in the pathophysiology 

of pulmonary vascular remodeling in pulmonary arterial hypertension (PAH). There has also been 

increasing evidence of the presence of inflammation within pressure-overloaded right ventricle, 

suggesting a link between immunity and right heart adaptation to increased overload. To date, most of the 

proteomics studies have focused on the pulmonary vasculature rather than on the right ventricle itself. 

Objective: To determine the circulating immune proteomic profile associated with right heart 

maladaptive phenotype in patients with PAH. 

Methods: This study included 121 patients with PAH from 2008 to 2011 (discovery cohort) and 76 

patients from 2011 to 2014 (validation cohort), who underwent plasmatic proteomic profiling using 48-

plex flow cytometry multiplex Luminex® (including interleukins, chemokines and growth factors). Right 

heart maladaptive phenotype was defined using two prognostic right heart scores: the Mayo right heart 

score (based on right ventricular RV longitudinal strain, NYHA class and NT-proBNP) and the Stanford 

right heart score (based on RV end-systolic remodeling index, NYHA class and NT-proBNP). The 

association between cytokines and right heart maladaptive phenotype was assessed using partial least 

square (PLS) regression analysis. 

Results: The median age of the discovery cohort was 50 [39 – 59] years, with a majority of female 

(74%), and connective tissue disease as the most frequent etiology of PAH (33%). Patients from the 

validation cohort were more frequently female (p=0.04) and had more severe features (lower six minute 

walk test distance, lower cardiac index and higher levels of NT-proBNP) than patients from the discovery 

cohort, while pulmonary vascular resistance levels and right heart echocardiography metrics were similar. 

Using PLS analysis, high levels of hepatic growth factor (HGF), stem cell growth factor beta (SCGFβ) 

and nerve growth factor (NGF) were significantly associated with worst Mayo scores and worst Stanford 

scores but not with pulmonary vascular resistance or mean pulmonary arterial pressure, in both cohorts. 

No cytokine was consistently associated with favorable right heart scores in our study. 
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Conclusion: High plasmatic levels of HGF, SCGFβ and NGF are associated with right heart adaptive 

phenotypes beyond pulmonary resistance in patients with PAH. Validation of the expression of these 

biomarkers and their receptors in the right ventricle remains to be performed. 

 

KEYWORDS: Biomarkers; Immunity; Proteomics; Right Heart Failure; Pulmonary Hypertension. 
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INTRODUCTION 

Pulmonary arterial hypertension (PAH) is characterized by the progressive remodeling and narrowing of 

the pulmonary arterial tree, leading to pulmonary hypertension, right heart remodeling and eventually 

right heart failure (RHF) and death in the absence of transplant (244). Right heart failure is a cornerstone 

in the natural history of the disease. Recent non-invasive imaging studies have improved right heart 

adaptive phenotyping, identifying right ventricular (RV) end-systolic remodeling and RV deformation 

imaging-based strain using as the two strongest prognostic markers of RV adaptation to afterload, in 

association with the New York Heart Association (NYHA) functional class and the N-terminal pro b-type 

natriuretic peptide (NT-proBNP) (145,146,261). 

 Better understanding the pathophysiology underlying the progression from RV adaptation to 

maladaptation to increased afterload in PAH is essential to improve early detection of RHF and identify 

potential targets for RV-focused therapies (262,19,263). Immunity has extensively been demonstrated to 

be involved in the pathophysiology of pulmonary vascular remodeling in PAH (46,82–84). High levels of 

circulating mediators of inflammation (such as the interleukin-1 cytokine) have been associated with 

worst disease severity, impaired functional status and lower survival (85–88,264). Inflammatory features 

have not only been reported in the pulmonary vasculature or in the systemic bloodstream, but also in the 

right ventricle itself (100,137,138). In addition to in situ ventricular inflammation, circulating cytokines 

released by the pulmonary vasculature may have a direct toxic effect on the right heart, promoting local 

inflammation, adverse right ventricular remodeling and eventually contributing to right heart 

maladaptation to pressure overload (100). 

 To our knowledge, there has been no proteomics screening study focusing on the right heart in 

PAH, partially because of the longstanding challenges of RV phenotyping. In this study, we used the 

recently published right heart risk scores based on the Mayo Clinic model (i.e. RV strain, NYHA class 

and NT-proBNP) and the Stanford model (i.e. RV end-systolic remodeling index, NYHA class and NT-

proBNP) to define right heart maladaptive phenotypes (145,146). We hypothesized that patients with 
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PAH would express a specific blood circulating biomarker profile according to right heart maladaptive 

phenotype, beyond the pulmonary vascular disease severity. 

 Using the Stanford Vera Moulton Wall Center prospective registry of patients with PAH, this 

study sought to identify the circulating immune and growth factor biomarkers profile associated with 

right heart maladaptive phenotype in a discovery and a validation cohort, using flow cytometry multiplex 

arrays. 

 

METHODS 

Study population 

This study includes patients from the prospective registry for PAH of the Vera Moulton Wall Center for 

Pulmonary Hypertension at Stanford (CA, USA). Between 2008 and 2014, 245 consecutive patients were 

included in the registry. Inclusion criteria were: diagnosis of PAH according to the latest guidelines (mean 

pulmonary arterial pressure MPAP ≥25mmHg and pulmonary arterial wedge pressure PAWP ≤15mmHg 

(7); plasmatic proteomics profiling using flow cytometry multiplex arrays and NT-proBNP levels 

available within 2 weeks of echocardiography. Exclusion criteria were the following: 1) proteomics data 

not available (n=30); 2) congenital systemic-to-pulmonary shunts (n=10); 3) complete echocardiographic 

study not available for review (n=6), 4) advanced cancer at baseline (n=1). The cohort was divided in a 

discovery cohort (121 patients included between 2008 and 2011, in whom proteomics were analysed in 

2012, and a validation cohort (76 patients included from 2011 to 2014, in whom proteomics were 

analysed in 2014). Baseline was defined by the date of blood sampling. Stanford University Institutional 

Review Board approved the study, which was conducted in agreement with the Helsinki-II-declaration. 

All patients gave written informed consent. 

Sample Preparation and Cytokine Analysis 

Blood samples were collected, and plasma was prepared. To measure a panel of cytokines, we used a 48-

plex flow cytometry multiplex arrays Luminex® bead kit (Affymetrix, Santa Clara, CA, USA), presented 

in Table 1 and supplementary Table S1. Each sample was measured in duplicate. Plates were read using 
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a Luminex LabMap200 instrument with a lower bound of 100 beads per sample per measured cytokine. 

The Luminex LabMap200 outputs the fluorescence intensity of each bead measured for a given cytokine 

in a sample. For each well, we considered the median fluorescence intensity (MFI) of all beads measured 

for a given cytokine and average the MFI of the two duplicates.  

Clinical, Laboratory and Hemodynamic assessment 

New York Heart Association (NYHA) functional class, six minute walking distance (m), diffusing 

capacity of the lung for carbon monoxide, glomerular filtration rate calculated using the MDRD formula 

based on serum creatinine and NT-proBNP (Roche Diagnostics, Mannheim, Germany) within a month of 

inclusion were collected. Right heart catheterization, within 3 months of inclusion (available within a 

week for 77% of patients), was performed through the internal jugular or right femoral vein. The 

following measurements were collected: right atrial pressure, MPAP, PAWP, pulmonary vascular 

resistance (PVR, measured as transpulmonary gradient divided by cardiac output) and cardiac index 

(using the thermodilution method or the Fick method in case of severe tricuspid regurgitation). 

Echocardiographic assessment 

Digitized echocardiographic studies were acquired by the Stanford Biomarker and Phenotypic 

Laboratory, using Hewlett Packard Sonos 5500 or Philips IE 33 ultrasound systems (Philips, Amsterdam, 

The Netherlands). All measures were averaged over three cycles, performed according to latest guidelines 

(49,140) and assessed off-line by two blinded certified readers, as recently described (145). Right heart 

dimensions and functional metrics were measured on RV-focused apical 4-chamber views (185). RV end-

systolic area was indexed on ideal body weight-adjusted body surface area (RVESAI). RV end-systolic 

remodeling index (RVESRI) was defined by the lateral wall to septal height ratio (145). RV function was 

assessed using free-wall Lagrangian longitudinal strain (RVLS, measured from mid-endocardial end-

diastolic and end-systolic manually traced lengths), RV fractional area change (RVFAC) and tricuspid 

annular plane systolic excursion (TAPSE). 

Right heart risk scores 
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Right heart adaptive phenotypes were defined using the two following right heart scores predicting 

outcomes in PH (presented in supplementary Table S2): the Mayo Clinic score, derived from Fine et al.’s 

model in patients with suspected or confirmed pulmonary hypertension, including RVLS, NYHA class 

and NT-proBNP (146), and the Stanford score derived from the Vera Moulton Wall Center PAH cohort 

model (including the presented study cohort) integrating RVESRI, NYHA class and NT-proBNP (145). 

The REVEAL score was also calculated: low risk was defined by a score between 0 and 7, average if 

equal to 8, moderate high if equal to 9, high if equal to 10 or 11 and very high if ≥12 (244). 

Statistical analysis 

Data are summarized as median and interquartile range for continuous variables, and number of subjects 

(%) for categorical variables. Comparisons between groups were performed using Mann-Whitney test and 

Chi-square test respectively. Mean fluorescent intensity (MFI) of Luminex® data were averaged 

(duplicates) and logarithmically transformed to normalize its distribution prior to analysis. In addition, 

pre-processing also include normalization for plate-effect and non-specific binding. Identification of 

cytokines associated with Mayo right heart score and Stanford right heart score (as continuous variables) 

was performed using sparse partial least squares discriminant analysis (sPLSDA) in both cohorts. 

Identification of cytokines associated with the components of the scores (RVLS, NYHA, NT-proBNP and 

RVESRI) and pulmonary hemodynamics (MPAP and pulmonary vascular resistance) was also performed 

using the same methodology in both cohorts. Results were considered significant when two-sided p 

values were <0.05. Statistical analysis was performed using SPSS® statistical software (SPSS V.19, Inc, 

Chicago, IL) and	
  RStudio Version 1.0.136 (© 2009-2016 RStudio, Inc). 

 

RESULTS 

Study cohorts 

In total, 198 patients were included in the study, 121 in the discovery cohort and 76 in the validation 

cohort. Comparative baseline characteristics of the two cohorts are presented in Table 2. The median age 

of the discovery cohort was 50 [39 – 59] years, with a majority of female (74%), and connective tissue 
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disease as the most frequent etiology of PAH (33%). Patients from the validation cohort were more 

frequently female (p=0.04) and had more severe features (lower six minute walk test distance, lower 

cardiac index and higher levels of NT-proBNP) than patients from the discovery cohort. As patients from 

the validation cohort were more frequently incidental cases, they were less frequently treated by PAH 

therapies. The PVR and echocardiographic metrics did not significantly differ from the two cohorts. The 

REVEAL risk categories repartition was similar in the two cohorts: 61.2% were classified low risk in the 

discovery cohort versus 60.5% in the validation cohort, 14.0% versus 19.7% were classified as 

average/moderately high risk, and 24.8% versus 19.7% were classified as high/very high risk respectively 

(p=0.48). Similarly, the repartition of the right heart risk scores did not differ between the two groups. 

Regarding the Mayo risk score, 47.1% patients had a low score  (0-5) in the discovery cohort versus 

43.4% in the validation cohort, 33.1% versus 36.8% had an intermediate score (6-8), and 19.8% versus 

19.7% had a score higher than 9 (p=0.85). Regarding the Stanford risk score, 40.5% patients had a low 

score (0-2) in the discovery cohort versus 39.5% in the validation cohort, 38.0% versus 34.2% had an 

intermediate score (3), and 21.5% versus 26.3% had a score higher than 4 (p=0.72). 

Proteomics profiling of right heart maladaptation 

The circulating biomarkers significantly associated with right heart metrics using partial least square 

regression analyses in the discovery cohort (n=121) are presented in Table 3 and Figure 1. High levels of 

HGF, SCGFβ and NGF were significantly associated with worst Mayo risk score, worst Stanford risk 

score, RV dysfunction based on RVLS, RV adverse remodelling based on RVESRI, higher NT-proBNP 

and NYHA functional class, but not with pulmonary disease severity (mean pulmonary arterial pressure 

and PVR). High SDF1a levels were significantly associated with worst Mayo and Stanford scores and RV 

dysfunction. None of the cytokines was consistently and significantly associated with favorable right 

heart metrics. Supplementary Figure S1 presents the raw Volcano plots of the partial least square 

analyses. 

 When performing partial least square regression analyses in the validation cohort (n=76), high 

levels of HGF, SCGFβ and NGF were significantly associated with worst Mayo score, worst Stanford risk 
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score and RV dysfunction based on RVLS (Table 3 and Figure 1). High HGF levels were also associated 

with adverse RV end-systolic remodeling and high NT-proBNP, and high SCGFβ levels were associated 

with high NT-proBNP. None of the cytokines was consistently and significantly associated with favorable 

right heart metrics.  

 

DISCUSSION 

This screening proteomics study identifies three circulating cytokines to be associated with right heart 

maladaptive features in a discovery and validation cohort of patients with PAH. High plasmatic levels of 

HGF, NGF and SCGFβ were significantly associated with worst Mayo and Stanford right heart scores, 

RV dysfunction based on RVLS, RV adverse end-systolic remodelling based on RVESRI, worst NYHA 

functional class and higher NT-proBNP levels. These cytokine levels were not associated with pulmonary 

hemodynamic severity, suggesting these biomarkers	
   to reflect the compromised right ventricle itself 

rather than pulmonary vascular disease. Finally, none of the cytokines screened was consistently 

associated with favorable right heart metrics in both cohorts. 

 HGF (hepatic growth factor) is a mesenchymal-derived pleiotropic cytokine controlling cell 

migration, morphogenesis, apoptosis and proliferation. HGF binds to its tyrosine kinase receptor Met, the 

product of the c-Met proto-oncogene, expressed in different cell types such as epithelial, endothelial and 

mesenchymal cells (265). During embryogenesis, HGF influences cardiomyocyte proliferation and 

differentiation (266). In the adult heart, HGF/Met signaling controls homeostasis and prevents oxidative 

stress in normal cardiomyocytes (265). HGF is also a strong angiogenic growth factor; exogenous HGF 

has been shown to increase myocardial capillary density in rats before and after myocardial infarction 

(267). Overall, activating HGF and its receptor Met after myocardial infarction are thought to be 

cardioprotective through pro-survival (anti-apoptotic and anti-autophagic) effects in cardiomyocytes, 

increased angiogenesis, inhibition of fibrosis, anti-inflammatory and immunomodulatory effects, as well 

as increasing regeneration through activation of cardiac stem cells (268–270). Regarding its effects on the 

endothelium, HGF has been shown to inhibit vascular permeability and inflammation, while increasing 
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levels of VEGF (promoter of endothelial permeability and oedema) (271). HGF has also anti-fibrotic 

properties, reported in animal models of myocardial infarction and left cardiomyopathy (272–274), 

through the inhibition of the transforming growth factor-β1 production (275). In addition, HGF has anti-

inflammatory properties, decreasing the expression of adhesion molecules (such as intercellular adhesion 

molecule ICAM-1) on endothelial cells, thus decreasing recruitment of leukocytes by the endothelium 

(276). HGF is also an immunomodulator, promoting the differentiation of macrophages into dendritic 

cells and regulating T-cells (277). Figure 2, adapted from Gallo et al.’s excellent review, summarizes all 

the cardioprotective functions of HGF/Met axis that has been reported in the left heart (265). 

 Evidence on the role of HGF in the right heart is sparse. Several studies using different small 

animal PH models (e.g. rats with monocrotaline-induced PH, rabbits with shunt flow-induced PH) have 

shown that exogenous HGF or HGF gene transfection reduced the development of PH in these animals, 

which presented with lower MPAP associated with less marked right heart hypertrophy and lower 

inflammatory profiles (lower IL-6 levels and higher IL-10 levels) than shams (278–281). In humans, 

higher levels of HGF have been reported in patients with scleroderma-associated PAH than in healthy 

controls (282), as well as in a small cohort of patients with PAH from diverse etiology or idiopathic PAH 

in whom HGF positively correlated with MPAP (283). HGF has been described to increase expression of 

the Bone Morphogenetic Protein Receptor 2, a pathway found to be mutated in the familial form of PAH 

and downregulated in non-genetic forms (284), which was shown to be beneficial in PAH and RV failure 

when activated (285).  

 Despite all the cardioprotective effects of HGF mentioned previously, several studies have 

reported the association between high circulating levels of HGF and left ventricular remodeling and 

dysfunction and adverse outcomes in several pressure overloaded cardiac diseases, such as hypertension 

and aortic stenosis, or advanced left heart failure secondary to ischemic cardiomyopathy (286–288). In 

our study, we show that high levels of HGF are associated with right heart adverse remodeling and 

maladaptation, beyond the pulmonary vascular disease, in patients with PAH. As it promotes tissue 

repair, the increase of HGF can be expected in pressure overload or heart failure conditions, but it can be 
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hypothesized that high circulating levels of HGF may become detrimental eventually, potentially through 

down-regulation of the Met receptor (289). The potential beneficial role of HGF as a therapy in PAH has 

also been discussed (290), but the role of HGF in the right heart remains to be first elucidated. While the 

extensive literature on HGF and its role in the left heart provides a valuable external validation for the 

finding of this cytokine in our study, further validation is required to explore its role in the pressure-

overloaded right heart. 

 NGF (nerve growth factor), discovered in 1976 by Rita Levi-Montalcini who was later awarded a 

Nobel Prize for her discovery, is the main neurotrophic factor that increases cardiac sympathetic activity 

(291–293). NGF binds to two receptors: the high-affinity tropomyosine-related receptor kinase A (TrkA) 

and the low-affinity NGF receptor (LNGFR/p75NTR). The pro-survival effects of NGF on 

cardiomyocytes has been reported through its binding to the TrkA receptor downstream signalling (294). 

Regarding the right heart – pulmonary circulation, a previous study documented higher secretion and 

endothelial expression of NGF from pulmonary arteries of patients with PH secondary to chronic 

obstructive pulmonary disease than controls without PH (295). However, there was no significant 

increase in the secretion or lung expression of NGF in patients with idiopathic PAH. In this study, the 

authors showed that NGF induced hyperreactivity to vasoconstrictors in rat and human isolated 

pulmonary arteries, proliferation and migration of human pulmonary arterial smooth muscle cells and 

endothelial cells, and secretion of the proinflammatory cytokines IL-1β and TNF-α (295). Anti-NGF 

blocking antibodies has been shown to reverse PH in the animal models of PH, decreasing pulmonary 

vascular remodeling, hyperreactivity and inflammation, suggesting the potential of NGF as a therapy 

target in PH (295). Recently, an experimental study demonstrated rats with RV hypertrophy secondary to 

monocrotaline-induced PH demonstrated NGF upregulation associated with deterioration of neuronal 

cellular function (296). Two studies have shown that NGF is downregulated in patients with end-stage 

left heart failure (297,298), suggesting a time-variability of this factor in heart failure, highlighting the 

need to further explore the involvement and role of NGF in the right ventricle of patients with PAH. 
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 SCGFβ (stem cell growth factor beta, also known as C-type lectin domain family 11 member A) 

is a human growth factor whose function and downstream signalling pathways remains underexplored. 

Higher plasmatic concentrations of SCGFβ has been documented in patients with idiopathic and 

scleroderma-associated PAH than in patients with scleroderma without PAH (299). Higher plasmatic 

levels of SCGFβ have also been reported in patients with dilated cardiomyopathy and Chagas disease, 

without a link with outcomes (300). Taken together with our results suggest further investigations on the 

role of SCGFβ in right heart failure. Finally, in our study, SDF1a (stromal cell-derived factor 1, also 

known as the chemokine CXCL12) was significantly associated with worst right heart scores in the 

discovery cohort but not in the validation cohort. Increased plasmatic levels of SDF1a has been 

previously reported in 61 patients with idiopathic PAH as compared to healthy controls; SDF1a levels 

also correlated with NT-proBNP and RV function (assessed by tricuspid annular plane systolic excursion 

and RV ejection fraction) (137). 

 

Clinical implications 

A recent multicentered study by Rhodes et al. has analyzed the plasmatic proteomics associated with 

survival in 4 cohorts of patients with PAH using DNA-based aptamer reagents, known as SOMAmers 

(301). The study identified among a panel of 1129 proteins (including HGF, NGF and SCGFβ) 9 proteins 

associated with adverse outcomes, independently from NT-proBNP and the REVEAL score (301,302). 

The authors can be commended for their precise and robust methodology enabling to offer a large 

screening in PAH. 

 To our knowledge, our study is the first to screen proteomics profiles associated with specific 

right heart features of maladaptation to pressure overload in two cohorts of patients with PAH. Including 

two cohorts differing in terms of demographics, prevalence/incidence repartition, and functional severity 

strengthens the results, suggesting that the biomarkers identified are associated to right ventricular 

adaptation, across PAH etiology. These exploratory results illustrate the use of right heart phenotyping 

including non-invasive imaging biomarkers to explore circulating biomarkers and molecular pathways 
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associated with right heart failure. Flow cytometry multiplex arrays enable to screen a wide range of 

plasmatic cytokines in a limited blood volume. Validation of the value of these circulating biomarkers and 

their role in right heart remodeling and failure in PAH remains to be proven. 

Study limitations 

This study has several limitations. The first limitation derives from its single-center design. This study 

includes two separate and independent cohorts, providing internal clinical validation. The fact that the two 

cohorts were collected and analysed at two different time points, excluding the risk of batch effect in the 

proteomics analysis, contributes to increase the confidence in the results. The current preliminary results 

however remain exploratory and required external clinical validation and/or translational validation. 

Indeed, the second and main limitation of this proteomics study is its screening nature, providing 

biomarkers candidate associated with right heart adverse remodeling in PAH. These results should be 

seen as hypothesis generating, leading to several validation studies that will be developed in the following 

section. However, the purpose of this work in the present thesis is to illustrate an application of the right 

heart deep phenotyping methods that have been presented in the previous chapter. 

 

PERSPECTIVES – FURTHER INVESTIGATIONS 

Our clinical screening study has identified three circulating biomarkers levels to be associated with right 

heart maladaptive phenotype in patients with PAH. 

 The following step is to experimentally demonstrate the expression of HGF, NGF and SCGFβ 

and their receptors within the right ventricle of patients with PAH. Indeed, one cannot exclude for 

example that high circulating levels of HGF are not related to the heart itself but to hepatic congestion 

related to right heart failure. In order to study the cardiac expression of these biomarkers in PAH, we will 

use right and left ventricular samples from patients with PAH who underwent heart and lung 

transplantation at Marie Lannelongue Hospital, and compare them with samples from controls. Using 

immunofluorescence and Western blot analyses, we will compare the expression and localization of HGF, 

Met, NGF, TrKA and SCGFβ (as its receptor has not been identified yet) in patients with end-stage right 
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heart failure and controls. We are aware that choosing patients who underwent heart-lung transplantation 

for PAH, likely presenting with end-stage right heart maladaptive phenotype, will only provide 

information on the expression of these markers in end-stage right heart failure. 

 We will consequently explore these markers, and specifically the HGF/Met signalling pathway, in 

a small animal model of PH. Recent single-cell RNA-sequencing (scRNAseq) in healthy mouse tissue 

(Tabula Muris Consortium “Mouse atlas”) shows only mildly expressed HGF in the heart at baseline in 

fibroblasts (PDGFRa) as well as smooth muscle cells (Acta2), whereas c-Met is expressed in 

inflammatory cells (Ptprc) as well as smooth muscle cells (Acta 2) (Figure 3) (303). In the liver, at 

baseline HGF is predominantly expressed in endothelial cells, whereas c-Met is mainly expressed in 

different subtypes of hepatocytes (303). In order to further explore the role of HGF in RV failure in 

pulmonary hypertension, we will study the expression of HGF and its receptor in the mouse model of 

pulmonary artery banding. Finally, the ongoing prospective clinical PRINCEPT study will provide 

information on the circulating levels of these biomarkers before and after endarterectomy in patients with 

chronic thromboembolic pulmonary hypertension and in patients undergoing lung transplantation for 

PAH. 

 

CONCLUSION 

This screening proteomic study identified high plasmatic levels of HGF, SCGFβ and NGF to be 

associated with right heart adaptive phenotypes beyond pulmonary resistance in patients with PAH. 

Validation of the expression of these biomarkers and their receptors in the right ventricle remains to be 

performed. 
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FIGURES 

 

Figure 1. Variable Importance in Projection (VIP) scores and correlations for each cytokine with 

respect to right heart scores and metrics in both cohorts.  

MPAP: mean pulmonary arterial 

hypertension; NYHA: New York 

Heart Association; PVR: pulmonary 

vascular resistance; RVLS: right 

ventricular free-wall longitudinal 

strain is presented in absolute value 

(lowest values indicate worst right 

ventricular dysfunction); RVESRI: 

right ventricular end-systolic 

remodeling index. For cytokines 

abbreviations, please see Table 1 and 

supplementary Table S1. 
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Figure 2. Existing evidence on the cardioprotective functions of HGF/Met axis in the left heart, 

Adapted from Gallo et al. (265).  

 

 

 

Schematic representation of the cardioprotective roles played by HGF mainly studied in the left heart. 

HGF/Met axis acts on the different cell populations of the cardiac tissue. HGF exerts anti-oxidant, anti-

autophagic and anti-apoptotic effects in cardiomyocytes. It has a mitogenic effect on endothelial cells, 

leading to induction of angiogenesis, and inhibits fibrosis. Furthermore, HGF/Met presents an anti-

inflammatory action, through modification of endothelial cells and macrophages. It also promotes 

expansion of regulatory T cells (T-REG), leading to immune tolerance. Finally, HGF activates cardiac 

progenitor cells (CPC) to induce regeneration of injured heart. 
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Figure 3. Unsupervised clustering and tSNE (t-distributed stochastic neighbor embedding) 

visualization of Single cell RNA Sequencing data revealing distinct types of cells (18 groups) in normal 

mouse heart tissue (Mouse atlas, Tabula Muris – upper panel) and tSNE plots for selected genes from 

single cell RNA seq of normal mouse heart (Mouse atlas) including Hepatocyte Growth Factor (HGF), 

Met-Receptor, endothelial cell markers (CdH5), smooth muscle cell markers (Acta2), mesenchymal 

markers (Col1a1, Pdgfra), inflammatory markers (Ptprc), BMPR2, downstream targets of BMPR2 (Id1, 

Id2, Id3) and Cardiomyocyte marker (Tnnc1).  
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TABLES 

Table 1. Circulating proteomic biomarkers assessed in the study using flow cytometry multiplex 

arrays. 

Class Biomarkers 

Interleukins IL-1α, -1β, -2, -3, -4, -5, -6, LIF, IL-7, -9, -10, -12p70,  

- 13, -15, -16, -17, -18 

Interleukin receptors IL-1Rα, -2Rα  

Chemokines MCP1=CCL2, MIP1α=CCL3, MIP1β=CCL4, RANTES=CCL5, 

MCP3=CCL7, CTACK=CCL27, Eotaxin, GROa=CXCL1,  

IL-8=CXCL8, MIG=CXCL9, IP10=CXCL10, SDF1=CXCL12 

Growth factors MCSF (Macrophage colony-stimulating factor)=CSF1 (Colony 

stimulating factor 1), NGF (Nerve growth factor), SCF (Stem 

cell factor), SCGFβ (Stem cell growth factor beta), TNFα 

(Transforming growth factor alpha), TNFβ (Transforming 

growth factor beta 1), HGF (Hepatic growth factor), PDGFbb 

(Platelet-derived growth factor bb), FGF2=FGFβ (Basic 

fibroblast growth factor), GCSF (Granulocyte colony-

stimulating factor), GMCSF (Granulocyte-macrophages colony-

stimulating factor), VEGF-A (Vascular endothelial growth 

factor-A) 

Other cytokines MIF (Macrophage migration inhibitory factor), TRAIL (TNF-

related apoptosis-inducing ligand), IFNA2 (Interferon alpha-2), 

IFNγ (Interferon gamma) 
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Table 2. Comparative baseline characteristics of the discovery and validation cohorts. 

 

Variables Discovery cohort 

n=121 

Validation cohort 

n=76 

p value 

Age (years) 50 [39 – 59] 52 [43 – 61] 0.20 

Female sex 90 (74.4) 66 (86.8) 0.04 

Body mass index (kg/m2) 26.9 [22.5 – 31.9] 27.4 [24.7 – 33.5] 0.12 

PAH etiology  

   Connective tissue disease 

   Idiopathic 

   Drugs and toxins  

   Congenital heart disease 

   Portal pulmonary hypertension 

   Heritable PAH 

 

40 (33.1) 

34 (28.1) 

21 (17.4) 

13 (10.7) 

11 (9.1) 

2 (1.7) 

 

31 (40.8) 

14 (18.4) 

18 (23.7) 

7 (9.2) 

5 (6.6) 

1 (1.3) 

0.40 

 

 

NYHA functional class 

   Class I 

   Class II 

   Class III 

   Class IV 

 

8 (6.6) 

48 (39.7) 

50 (41.3) 

15 (12.4) 

 

5 (6.6) 

20 (26.3) 

41 (53.9) 

10 (13.2) 

0.26 

Six minute walk distance (m) 427 [342 – 537] 392 [299 – 476] 0.03 

NT-proBNP (pg/mL) 235 [67 – 977] 536 [150 – 1441] 0.04 

DLCO (% predicted) 73 [60 – 86] 69 [53 – 92] 0.91 

GFR (mL/min/1.73m2) 68 [53 – 90] 66 [54 – 79] 0.21 

Hemodynamics    

   Right atrial pressure (mmHg) 7 [5 – 11] 7 [5 – 12] 0.49 

   Mean pulmonary arterial 

pressure (mmHg) 

50 [40 – 59] 49 [40 – 58] 0.78 

   Pulmonary arterial wedge 

pressure (mmHg)  

10 [8 – 13] 10 [7 – 14] 0.72 

   Pulmonary vascular resistance 

(WU) 

9/9 [6.1 – 14.2] 10.3 [6.8 – 15.7] 0.56 

   Cardiac Index (L/min/m2) 

 

2.2 [1.8 – 2.5] 2.0 [1.6 – 2.3] 0.03 
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Echocardiographic metrics    

   RVESAI (cm2/m2) 12.7 [10.5 – 16.4] 12.9 [10.2 – 16.2] 0.81 

   RVESRI  1.4 [1.3 – 1.6] 1.5 [1.3 – 1.6] 0.43 

   RVLS (absolute value, %) 16.9 [13.9 – 20.0] 16.6 [13.2 – 21.1] 0.93 

   RVFAC (%) 27.1 [22.7 – 30.7] 26.6 [23.1 – 32.8] 0.91 

   TAPSE (cm) 1.8 [1.4 – 2.1] 1.7 [1.3 – 2.0] 0.20 

PAH Therapy     

Therapy extent   <0.01 

   Treatment naive 35 (28.9) 38 (50.0)  

   Monotherapy 34 (28.1) 24 (31.6)  

   Dual therapy 36 (29.8) 12 (15.8)  

   Triple therapy 16 (13.2) 2 (2.6)  

Phosphodiesterase-5 inhibitors 62 (51.2) 28 (36.8) 0.04 

Endothelin receptor antagonists   39 (32.2)  12 (15.8) 0.01 

Prostanoid therapy 53 (43.8) 14 (18.4) <0.01 

Values are expressed as mean ±SD or number (percentage), or median and interquartile range (IQ). RVSP 

was estimable from the TR signal in 194 (85% patients). NYHA: New York Heart Association; PAH: 

pulmonary arterial hypertension; RV: right ventricular; RVESAI: RV end-diastolic area indexed on BSA: 

RVFAC: fractional area change; RVLS: free-wall longitudinal strain; RVSP: right ventricular systolic 

pressure; TAPSE: tricuspid annular plane systolic excursion. 
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Table 3. Biomarkers with significant partial least square regression coefficients for association with 

right heart metrics. 

 High cytokine level associated 

with “unfavorable” metric 

High cytokine level associated 

with “favorable” metric 

 Discovery Validation Discovery Validation 

 

Mayo right heart 

score 

SCGFβ 

HGF 

NGF 

MCSF 

SDF1a 

MIG 

HGF 

SCGFβ 

NGF 

TRAIL 

IL2Rα 

None 

 

Stanford right heart 

score 

SCGFβ 

HGF 

NGF 

SDF1a 

Eotaxin 

SCGFβ 

HGF 

NGF 

VEGF 

None None 

 

RVLS 

SCGFβ 

HGF 

SDF1a 

NGF 

HGF 

SCGFβ 

NGF 

PDGFβ 

GMCSF 

TNFα 

 

None 

 

RVESRI 

HGF 

SCGFβ 

NGF 

MCP1 

Eotaxin 

SCGFβ  

HGF 

 

 

PDGFβ 

IL3 

GCSF 

 

None 

 

NT-proBNP (log) 

HGF 

SCGFβ 

NGF 

MIG 

SDF1a 

HGF TRAIL 

ILR2α 

PDGFβ 

LIF 

IL3 

MCP3 

None 

 

NYHA class 

HGF 

SCGFβ 

None None None 
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MIG 

MCSF 

MPAP None None MCP3 None 

PVR None None SCF SCF 

IL12 

P values <0.05 using Jacknife test were considered significant. MPAP: mean pulmonary arterial pressure; 

PVR: pulmonary vascular resistance; NT-proBNP: N-terminal pro-b type natriuretic peptide; NYHA: 

New York Heart Association; RVESRI: right ventricular end-systolic remodeling index; RVLS: right 

ventricular free-wall longitudinal strain. For circulating biomarkers abbreviations, please see Table 1. 
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SUPPLEMENTARY MATERIALS 

 

Figure S1. Volcano plots of the partial least square regression analyses of the circulating proteomic 

biomarkers associated with right heart scores and metrics in both cohorts. The y-axis represents the 

VIP scores and the x-axis the Spearman correlation coefficient. Red: higher cytokine levels correlate with 

less favorable risk score or right heart metric (as continuous variables). Green: higher cytokine levels 

correlate with more favorable risk score or right heart metric. MPAP: mean pulmonary arterial 

hypertension; NYHA: New York Heart Association; PVR: pulmonary vascular resistance; RVLS: right 

ventricular free-wall longitudinal strain is presented in absolute value (lowest values indicate worst right 

ventricular dysfunction); RVESRI: right ventricular end-systolic remodeling index. For cytokines 

abbreviations, please see Table 1 and supplementary Table S1. 
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Figure S1.  
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Table S1. Circulating proteomic biomarkers assessed in the study using flow cytometry multiplex 

arrays (Luminex®). PAH: pulmonary arterial hypertension; PH: pulmonary hypertension. 

Abbreviation Full name Selected features 
Interleukins and receptors 
IL1α Interleukin-1 alpha - Pro-inflammatory cytokine 

- Produced by macrophages, neutrophils and 
endothelial cells 
- Induced TNFα release by endothelial cells 
- Stimulates hepatocytes for CRP secretion 
- Binds to the interleukin-1 receptor 

IL1β Interleukin-1 beta - Produced by activated macrophages as a 
proprotein, which is proteolytically processed to its 
active form from caspase 1 
- Cell proliferation, differentiation and apoptosis 

IL2 Interleukin-2 - Promotes the differentiation of immature T-cells 
into regulatory T-cells, effector T-cells or memory 
T-cells 

IL3 Interleukin-3 - Stimulates proliferation of all cells in the myeloid 
lineage 

IL4 Interleukin-4 - Induces the differentiation of naïve helper T-cells 
(Th0 cells) to Th2 cells 
- Decreases the production of Th1 cells and 
macrophages, promotes M2 repair macrophages > 
M1 

IL5 Interleukin-5 -	
  Produced by type-2 T helper cells and mast cells 
- Associated with eosinophil and allergy 

IL6 Interleukin-6 - Acts as both a pro-inflammatory cytokine (secreted 
by macrophages and stimulating acute phase protein 
synthesis and production of neutrophils) and an anti-
inflammatory myokine (through inhibitory effects on 
TNF-alpha and IL-1, and activation of IL-1ra and 
IL-10) 

LIF Leukemia inhibitory factor -  Interleukin-6 class cytokine  
- Affects cell growth by inhibiting differentiation 
- Role in cachexia and inflammation 

IL7 Interleukin-7 - Hematopoietic growth factor, role in lymphocyte 
maturation 

IL9 Interleukin-9 - Secreted by CD4+ helper cells that acts as a 
regulator of a variety of hematopoietic cells 
- Stimulates cell proliferation and prevents apoptosis 

IL10 Interleukin-10 - Anti-inflammatory cytokine 
IL12p70 
IL12p40 

Interleukin-12 (p70=active 
heterodimer) (p40=homodimer) 

- Produced by dendritic cells, macrophages, and 
neutrophils 
- Promotes the differentiation of naive T cells into 
Th1 cells, involved in the activation of NK cells and 
T-cells 
- Stimulates production of IFNγ and TNFα 
- Anti-angiogenic activity 

IL13 Interleukin-13 - Involved in allergic inflammation 
IL15 Interleukin-15 - Secreted by mononuclear phagocytes 

- Induces cell proliferation of NK cells 
IL16 Interleukin-16 - Pleiotropic cytokine that functions as a 

chemoattractant and a modulator of T cell activation 
IL17 Interleukin-17 - Proinflammatory cytokine, acts in synergy with 

IL1 and TNFα 
IL18 Interleukin-18 - Proinflammatory cytokine 

- Produced by macrophages and other cells 
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IL1Rα Interleukin-1 receptor alpha chain - Secreted by immune and epithelial cells 
- Natural inhibitor of the pro-inflammatory effect of 
IL1β 

IL2Rα Interleukin-2 receptor alpha chain - Transmembrane protein present on activated T-
cells and B-cells 
- Soluble form elevated in T-cell 
lymphoma/leukemia used for disease monitoring. 

Chemokines 
MCP1  
= CCL2 

Chemokine (C-C motif) ligand 2 - Recruits monocytes, memory T cells, and dendritic 
cells to the sites of inflammation 
- Implicated in the pathogenesis of atherosclerosis, 
CTEPH 

MIP1α 
= CCL3 

Chemokine (C-C motif) ligand 3 - Produced by macrophages after stimulation by 
bacterial endotoxin 
- Activates granulocytes (neutrophils, eosinophils 
and basophils) leading to acute neutrophilic 
inflammation 
- Induces secretion of IL-1, -6 and TNF-α from 
fibroblasts and macrophages 

MIP1β 
= CCL4 

Chemokine (C-C motif) ligand 4 - Idem than CCL3. 

RANTES 
= CCL5 

Chemokine (C-C motif) ligand 5 - Recruits T cells, eosinophils, and basophils, - Plays 
an active role in recruiting leukocytes into 
inflammatory sites 

MCP3  
= CCL7 

Chemokine (C-C motif) ligand 7 - Specifically attracts monocytes, and regulates 
macrophage function 

CTACK  
= CCL27  

Chemokine (C-C motif) ligand 27 - Plays a role in T-cell mediated inflammation of the 
skin 
- Elicits chemotactic effect by binding to the 
chemokine receptor CCR10 

Eotaxins Chemokine (C-C motif) ligand 11, 
24, 26 

-­‐	
  Recruits eosinophils 

GROa  
= CXCL1 

Chemokine (C-X-C motif) ligand 1 - Expressed by macrophages, neutrophils and 
epithelial cells 
- Has neutrophil chemoattractant activity, is involved 
in angiogenesis, inflammation 
- Has his action through receptor CXCR2 

IL8  
= CXCL8 

Chemokine (C-X-C motif) ligand 8 
= Interleukin-8 

- Produced by macrophages and endothelial cells 
- Has neutrophil chemoattractant activity and 
potently promotes angiogenesis 

MIG 
= CXCL9 

Chemokine (C-X-C motif) ligand 9 - Chemoattractant for T-cells 

IP10 
= CXCL10 

Chemokine (C-X-C motif) ligand 10 - Chemoattraction for monocytes/macrophages, T 
cells, NK cells, and dendritic cells 
- Promotes T cell adhesion to endothelial cells 
- Inhibits bone marrow colony formation and 
angiogenesis 

SDF1a 
= CXCL12 

Chemokine (C-X-C motif) ligand 12 - Has lymphocyte chemoattractant activity 
- Role in angiogenesis 
- Associated with risk of coronary disease 

Growth factors 
MCSF  
= CSF1 

Macrophage colony-stimulating 
factor = Colony stimulating factor 1 

- Hematopoietic growth factor involved in the 
proliferation, differentiation, and survival of 
monocytes, macrophages, and bone marrow 
progenitor cells 
- Involved in the development and progression of 
atherosclerosis 

NGF Nerve growth factor - Involved in the growth, maintenance, proliferation, 
and survival of neurons 
- Role in the regulation of the immune system 
- Released in high concentrations by mast cells, 
playing a role in pain perception in areas under 
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inflammation 
- Released by CD4+ T cell clones, inducing a 
cascade of maturation of T cells under infection 
- The expression of NGF is increased in 
inflammatory diseases such as asthma where it 
suppresses inflammation 
- Role in cardiovascular disease (reduced levels of 
NGF in acute coronary syndromes) 
- Increased in the right ventricle of mice with PH 
model 

SCF Stem cell factor - Role in hematopoiesis 
- Cardiomyocyte-specific overexpression of 
transmembrane SCF promotes stem cell migration 
and improves cardiac function and animal survival 
after myocardial infarction 

SCGFβ Stem cell growth factor beta - Hematopoietic growth factors 
TNFα Transforming growth factor alpha - Mainly produced by activated macrophages 

- Proinflammatory cytokine 
- Promotes the development of PAH	
  by     reducing 
BMPR2 expression, promoting BMPR-II cleavage in 
vascular cells, and     driving inappropriate 
proliferation of smooth muscle cells in pulmonary 
arteries 

TNFβ Transforming growth factor beta 1 - Role in immunoregulation 
- Negative autocrine growth factor 

HGF Hepatic growth factor - Paracrine factor normally produced by cells of 
mesenchymal origin (fibroblasts, macrophages) 
- Role in normal embryogenesis and development, 
and in adults, role in tissue repair 
- Cardioprotective properties reported in the left 
heart 
- High circulating associated levels in left pressure 
overloaded disease and left heart failure 

PDGFbb Platelet-derived growth factor bb - Role in angiogenesis 
- Produced by platelets upon activation, smooth 
muscle cells, activated macrophages, and endothelial 
cells 

FGF2 
= FGFβ 

Basic fibroblast growth factor -  Mitogenic, involved in cell survival activities and 
angiogenesis 

GCSF Granulocyte colony-stimulating 
factor 

- Stimulates the bone marrow to produce 
granulocytes and stem cells and release them into the 
bloodstream 
- Stimulates the survival, proliferation, 
differentiation, and function of neutrophils 
precursors and mature neutrophils 

GMCSF Granulocyte-macrophages colony-
stimulating factor 

- Secreted by macrophages, T cells, mast cells, 
natural killer cells, endothelial cells and fibroblasts 
- Promotes neutrophil, macrophages and eosinophil 
proliferation and maturation 

VEGF-A Vascular endothelial growth factor-A - Role in angiogenesis and vasodilation 
- Chemotactic for granulocytes and macrophages 

Other cytokines 
MIF Macrophage migration inhibitory 

factor 
- Proinflammatory cytokine 
- Involved in cell-mediated immunity, 
immunoregulation, and inflammation 
- In PAH: elevated concentrations of MIF 
- In mouse models of PH: antagonism of MIF 
inihibits hypoxia-induced smooth cell proliferation 

TRAIL TNF-related apoptosis-inducing 
ligand 

- Induces apoptosis 

IFNA2 Interferon alpha-2 - Potent antitumor activity, activation of the immune 
system which can eliminate tumor cell 
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IFNγ Interferon gamma - Important role for innate and adaptive immunity 
against viral, bacterial and protozoal infections 
- Activator of macrophages and MHC II 
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Table S2. Right heart risk scores. Mayo Clinic derived-score and Stanford-derived score for prediction 

of death, lung transplant or admission at 3 years in the recently published Vera Moulton Wall Center 

cohort (145). 

 

Mayo Clinic score Stanford score 

Variables Points Variables Points 

RV longitudinal strain (%) RV end-systolic remodeling index 

   ≥25 (reference) 0    <1.32 (reference) 0 

   [20 – 25[ 3    [1.32 - 1.45[ 2 

   [15 – 20[ 5    [1.45 - 1.60[ 3 

   <15 5    ≥1.60 5 

NT-proBNP (pg/mL)  NT-proBNP (pg/mL)  

   < 1500 0    < 1500 0 

   ≥ 1500 1    ≥ 1500 2 

NYHA class  NYHA class  

   I or II 0    I or II 0 

   III or IV 3    III or IV 3 

Total /17 Total /15 

NYHA: New York Heart Association; RV: right ventricular. 
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DISCUSSION 

 

Right heart failure remains the major cause of morbi-mortality in patients with PH, despite remarkable 

improvements in the understanding of the importance of RV adaptation and in the management of 

patients with PH (237). The transition between RV adaptation to pressure overload to RV maladaptation 

remains a complex and not fully understood process (19). In this thesis, we demonstrated the utility of 

non-invasive imaging (such as echocardiography) to provide right heart adaptive deep phenotyping and to 

contribute to unravel the molecular pathways associated with right heart failure in PH. 

 

 The first chapter of this thesis has been dedicated to assess and improve the methodology of 

using resting trans-thoracic echocardiography to detect PH in patients with suspected pre-capillary PH 

(26). We first confirmed in the largest cohort to date the linear relationship between invasive mean and 

systolic pulmonary arterial pressures, first reported by Chemla et al. over a decade ago (28). As the 

definition of PH relies on a mean pulmonary arterial pressure above 25mmHg, this validation reinforced 

the relevance of using RVSP estimation to detect PH. We then proposed a simple classification of the 

quality of the tricuspid regurgitation signal envelope using continuous Doppler to avoid over- and 

underestimation of RVSP. The main pitfalls were the tendency of over reporting RVSP in the presence of 

an incomplete envelope and the overestimation of RVSP in the presence of extra-echogenicity on top of 

the envelope (often referred to as the “hair” of the envelope). However, while applying these simple 

methodological tips improved the accuracy of the estimation of pulmonary pressures, our study 

highlighted the residual variability of echocardiography for pressure estimation. Overall, it should be kept 

in mind that the aim of this study was not to demonstrate the superiority of echocardiography over right 

heart catheterization for estimation of pulmonary pressures, but to improve the methodology of using 

echocardiography to routinely detect PH. As right heart catheterization will remain the gold standard to 

measure pulmonary pressures, echocardiography remains the cornerstone of clinical screening for PH, 
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particularly in patients with left heart disease or advanced lung disease. Published in the Journal of the 

American Society of Echocardiography, our study has been chosen as part of the American Society of 

Echocardiography Continuous Medical Education program. In our institution (Marie Lannelongue 

Hospital), the methodological protocol used in this study has been implemented and adopted in both the 

clinical and the research echo laboratories. 

 While trans-thoracic echocardiography is the most routinely used imaging technique to assess 

cardiac function, size and estimate hemodynamics parameters, its limitations for estimation of RV size 

and ejection fraction have to be highlighted. In a supplementary article, our group has demonstrated that 

using RV focused apical 4-chamber view improved the accuracy of RV areas and function estimation 

(185). Cardiac magnetic resonance remains the gold standard for evaluation of RV volumes, mass and 

ejection fraction, despite its limited clinical availability. The evolution of the research field of right heart 

non-invasive assessment goes towards using novel sequences such as the 4D blood flow, still requiring 

validation in patients with PH (8). Our team is conducting an ongoing study aiming to validate the 

accuracy of 4D blood flow for estimation of cardiac volumes, mass and function in a prospective cohort 

of patients with CTEPH undergoing endarterectomy or patients with PAH undergoing lung 

transplantation (PRINCEPT study, ClinicalTrials.gov Identifier: NCT03205085). 

  

 The second chapter of this thesis has enabled to identify, among the multiple right heart non-

invasive imaging metrics, RV end-systolic remodeling indices as the strongest prognostic biomarkers in 

patients with PAH, consistently across etiologies. Combined with the NYHA functional class and NT-

proBNP levels, the RV end-systolic remodeling index was predictive of long-term outcomes (i.e. death, 

lung transplantation or readmission for right heart failure) during follow-up in a prospective cohort of 228 

patients with incident or prevalent PAH, beyond well-validated existing risk scores (such as the REVEAL 

score) (145). In addition to its strong prognostic value, our study suggested that the RV end-systolic 

remodeling index (simple ratio of the end-systolic RV free-wall length divided by the septal height on the 
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RV focused apical 4-chamber view) can be used as a predictor of response to therapy, if validated in 

future studies.  

 The second part of the chapter was dedicated to redefine the three physiological concepts behind 

the term of “right heart load adaptability”. In the two studies conducted in patients with PAH or patients 

with scleroderma-associated PAH, previously published complex load adaptability metrics did not 

provide incremental prognostic value beyond simple metrics such as the RV end-systolic area index 

(21,304), reinforcing the “simple is better” trend in cardiovascular imaging. Overall, the strong and 

consistent prognostic value of RV end-systolic indices in the pressure overloaded right heart refers to the 

landmark physiological study from Carabello and Spann in left heart disease (305), showing that the wall-

stress is the highest in end-systole in pressure overloaded heart failure. In PH, the evolution of RV 

remodeling is characterized by cardiomyocyte hypertrophy, alterations in the interstitial matrix eventually 

associated with chamber dilatation. Hence, the finding of RV end-systolic remodeling as a strong 

prognostic marker is not surprising, as it is supported by pathophysiological evidence. 

 

 The third chapter of this thesis has explored the role of immune circulating biomarkers in 

patients with PH. The first study demonstrated the prognostic value of high preoperative CRP plasmatic 

levels for prediction of early postoperative outcomes (i.e. death or transplant or ECMO need or prolonged 

inotropic or vasopressor support) after endarterectomy in operable patients with CTEPH. Particularly, 

preoperative systemic inflammation was associated with postoperative hemodynamic instability 

associated with peripheral vasodilation. In this study, we failed to demonstrate a significant correlation 

between the plasmatic level of CRP and right heart adaptation to PH using echocardiography in a 

subgroup of patients with high or low CRP, and similar pulmonary resistance levels. This negative result 

contrast from the previous findings of the link between systemic inflammation and right heart function in 

patients with CTEPH, however without matching for afterload (98,136). Further investigations are needed 

to assess whether, after matching for afterload, operable patients with CTEPH and high CRP have 

different RV function or remodeling than those with low CRP. 
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 The second study provides a practical application of right heart deep phenotyping to determine 

the circulating immune proteomic profile associated with right heart failure in patients with PAH. This 

hypothesis-generating screening proteomics study has identified high plasmatic levels of hepatic growth 

factor, nerve growth factor and stem cell growth factor beta to be associated with right heart 

maladaptation in two cohorts with PAH beyond the pulmonary disease severity. The role of these 

biomarkers within the right ventricle itself remains to be fully explored, and ongoing validation is being 

conducted. 

 

 Biomarker (“biological markers”) has been defined in 1998 by the National Institutes of Health 

Biomarkers Definitions Working Group as “a characteristic that is objectively measured and evaluated as 

an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention.” In PH, circulating biomarkers can serve as non-invasive tools for diagnosis, 

assessment of the severity of the disease, prognosis and response to therapy, as well as generate 

hypothesis for mechanistic studies exploring molecular pathways underlying pathogenesis or progression 

of the disease (306). Morrow and de Lemos have defined in 2007 the three criteria that a “good 

biomarker” needs to fulfill in order to be implemented in routine practice (307). These criteria can be 

structured by three fundamental questions, illustrated in Figure 23: [1] Can the clinician measure it? [2] 

Does it add new information? [3] Does it help the clinician to manage patients? 
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Figure 23. Criteria for assessment of novel cardiovascular biomarkers for clinical use (A) and clinical 

applications of cardiovascular biomarkers (B). Adapted from Morrow and de Lemos, Circulation, 2007. 

 

 Regarding the value of circulating immune or growth factors in patients with PH, several 

questions remain unanswered, as highlighted by the 2018 American Thoracic Society Research Statement 

(237). First, whether inflammation is a cause or consequence of right heart failure in patients with PH is 

unclear. Similarly, it is unknown whether a certain degree of inflammation is beneficial for repair and 
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cardiac adaptation (and if so, how much), and whether targeting inflammation would be beneficial in PH 

(308). Many studies targeting inflammation in left heart failure have provided neutral or negative results, 

as recently reviewed by Mann (309). Figure 24 summarizes the potential reasons underlying these results. 

 

Figure 24. Potential reasons for neutral/negative results targeting inflammation in heart failure. Adapted from 

Mann et al. Circ Res, 2015. (A) Inflammation is not in the causal pathway of heart failure. (B) Of several causal 

pathways of heart failure, anti-inflammatory therapy targets a pathway that contributes to the syndrome of heart 

failure, but is not directly related to clinical outcomes (ie, is a disease modifier). (C) Of several causal pathways of 

heart failure, anti-inflammatory therapy targets a pathway that contributes to the clinical outcomes, but has direct 

side effects that lead to worsening heart failure. Dotted lines, off-target mechanism(s) of action that might exist. HF: 

heart failure. 

 

 It can be expected that targeting inflammation in right heart failure faces the same caveats, and a 

better understanding of the timeline and immune actors involved is a needed pre-requirement. 
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CONCLUSION AND PERSPECTIVES 

 

This thesis illustrates the utility of right heart deep phenotyping to early detect PH and right heart 

adaptation, risk stratify the prognostic and response to therapy, as well as to contribute to explore the 

molecular pathways associated with right heart failure in PH. 

 

 Figure 25 summarizes the different aspects associated with right heart deep phenotyping in PH 

that have been highlighted in our thesis. 

 

Figure 25. Different aspects associated with deep phenotyping of the right heart in patients with pulmonary 

hypertension. PH: pulmonary hypertension; RHF: right heart failure. 
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 Despite recent improvements, PH remains frequently diagnosed at a late stage of the disease. 

Early detection of PH is associated with better outcome, enabling early management. While right heart 

catheterization remains the gold standard, the first chapter of our thesis has enabled to provide simple 

tools to improve the accuracy of echocardiography to detect PH. Our results have highlighted the 

importance of training and education to improve the methodology. 

 

 Integrating physiological concepts of the cardio-pulmonary unit as well as the pathophysiology of 

RV adaptation to afterload, deep phenotyping of the right heart has identified end-systolic remodeling 

indices to be the strongest prognostic markers in PH (145,261,305). Beyond risk stratification, the current 

challenge is to use non-invasive imaging to identify predictors of response to therapy among patients with 

PAH. Indeed, as current risk scores such as the REVEAL score already has a high prediction value (c-

statistics above 0.80 as illustrated in the second chapter of this thesis), it is expected that novel imaging 

indices will not be able to provide incremental prognostic value. Identification of imaging biomarkers as 

surrogate markers of response to therapy in PH is thus an unmet need. These surrogate imaging markers 

could help designing novel clinical trials focusing on right heart adaptation as well as reduction of the 

afterload in PH.  

 

 Finally the third aspect of improving RV deep phenotyping is to enable better assessment of the 

mechanisms underlying RV adaptation. The third chapter of this thesis explores the immune proteomics 

markers associated with RV adaptive phenotypes. Similar studies can be performed exploring other 

“OMICS”, such as metabolomics (MVD study, Clinicaltrial.gov Identifier NCT03199131). As illustrated 

in our last study, the current trend of cardiovascular research including “OMICS” studies is to provide 

numerous data points, referred to as “big data”, requiring advanced statistical analysis and collaborations 

with data scientists. 
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 Among the several potential perspectives deriving from our results, the study of right heart 

reverse remodeling post-surgery of PH is the most promising. Indeed, one of the remarkable specificity of 

the right heart is its ability to reverse remodel and recover from injury. Several studies have reported the 

reverse remodeling of the right heart following pulmonary endarterectomy in patients with CTEPH 

(247,310,311) or lung transplantation in patients with PAH (227,228). 

 

 Studying the molecular pathways involved in the recovery of the right heart can provide insights 

into pathways potentially involved in the transition from adapted to maladapted RV in PH, and can help 

identify targets for RV specific therapies (Figure 26). 

 

Figure 26. Mechanisms underlying the transition from right ventricular adaptation to maladaptation to 

afterload in pulmonary hypertension. CTEPH: chronic thromboembolic pulmonary hypertension; PAH: 

pulmonary arterial hypertension; RV: right ventricular. 

 

 This thesis has also been dedicated to set up and initiate at Marie Lannelongue Hospital a 

prospective clinical study, the PRINCEPT study (Determinants of Postoperative Right Heart Remodeling 

IN Patients with Chronic Thrombo-Embolic Pulmonary Hypertension after Endarterectomy, or 

Pulmonary Arterial Hypertension after Lung Transplantation), aiming to study the reverse remodeling of 
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the right heart after reduction of afterload in PH. This single centered study (Clinicaltrial.gov Identifier 

NCT03205085 – Primary Investigator: Prof. Olaf Mercier) will include 100 patients with CTEPH before 

endarterectomy and 50 patients with PAH referred for double lung transplantation, and will follow them 

up for 6 months after surgery. All patients will undergo a complete right heart deep phenotyping 

(including echocardiography and cardiac magnetic resonance with 4D blood flow sequence) and 

biological bio banking at inclusion (before surgery) and at 6 months after surgery. It can be hypothesized 

that the molecular changes observed after surgery can reflect the pathways involved in right heart failure 

in PH. This ongoing study has already included a third of the patients and is expected to provide results in 

2020. 
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FRENCH SUMMARY 

	
  
L’insuffisance cardiaque droite est la première cause de morbi-mortalité ches les patients atteints 

d’hypertension pulmonaire, malgré les récents progrès dans la compréhension de l’importance de 

l’adaptation ventriculaire droite et dans le traitement des patients avec hypertension pulmonaire. La 

transition entre l’état adapté et l’état maladapté du ventricule droit à l’augmentation de la post-charge du 

ventricule droit reste un phénomène complexe encore mal compris. 

Dans cette thèse, nous avons démontré le rôle de l’imagerie cardiaque non-invasive (échocardiographie) 

pour identifier le phénotype adaptatif du cœur droit en présence d’hypertension pulmonaire et pour 

contribuer à identifier les mécanismes moléculaires associés à la défaillance droite. 

 

 Le premier chapitre de cette thèse est dédié à l’évaluation et à l’amélioration de la méthode 

utilisant l’échographie cardiaque trans-thoracique pour dépister l’hypertension pulmonaire au repos dans 

une population de patients à risque d’hypertension pulmonaire pré-capillaire. Dans la plus large cohorte à 

ce jour, nous avons d'abord confirmé la relation linéaire qui relie la pression artérielle pulmonaire 

moyenne et la pression artérielle pulmonaire systolique, measurées de manière invasive par cathétérisme 

cardiaque droit. Dans la mesure où la définition de l’hypertension pulmonaire repose sur une valeur de 

pression artérielle pulmonaire moyenne supérieure à 25 mmHg, nos résultats ont renforcé la pertinence de 

l’usage de l’estimation de la pression systolique ventriculaire droite en échocardiographie-Doppler pour 

dépister l’hypertension pulmonaire. Nous avons ensuite proposé une classification simple de la qualité de 

l'enveloppe du signal Doppler continu d’insuffisance tricuspide afin de limiter le risque de surestimation 

et de sous-estimation de la pression systolique ventriculaire droite. Les principaux écueils étaient la 

tendance à rapporter une valeur de pression systolique ventriculaire droite en présence d'une enveloppe 

Doppler incomplète et la surestimation de la pression systolique ventriculaire droite en présence d'une 

extra-échogénicité à la pointe de l'enveloppe (souvent appelé «cheveux» de l'enveloppe). Cependant, tout 
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en appliquant ces conseils méthodologiques pratiques pour améliorer la précision de l'estimation des 

pressions pulmonaires, notre étude a mis en évidence la variabilité résiduelle de l'échocardiographie pour 

l'estimation de la pression. Globalement, il convient de garder à l'esprit que l'objectif de cette étude n'était 

pas de démontrer la supériorité de l'échocardiographie par rapport au cathétérisme cardiaque droit pour 

l'estimation des pressions pulmonaires, mais d'améliorer la méthodologie d'utilisation de 

l'échocardiographie pour dépister l’hypertension pulmonaire. Le cathétérisme cardiaque droit restant la 

méthode de référence pour mesurer les pressions pulmonaires, l'échocardiographie demeure la pierre 

angulaire du dépistage clinique de l'hypertension pulmonaire, en particulier chez les patients atteints de 

cardiopathie gauche ou de maladie pulmonaire avancée. Publiée dans le Journal de l'American Society of 

Echocardiography, notre étude a été choisie dans le cadre du programme de formation médicale continue 

de l'American Society of Echocardiography. Dans notre établissement (Hôpital Marie Lannelongue), le 

protocole méthodologique utilisé dans cette étude a été mis en œuvre et adopté aux laboratoires 

d’échographie clinique et de recherche. 

 Bien que l'échocardiographie transthoracique soit la technique d'imagerie la plus couramment 

utilisée pour évaluer la fonction cardiaque gauche, les dimensions des cavités cardiaques et l'estimation 

des paramètres hémodynamiques, il faut rappeler les limites de l’échographie pour l'estimation des 

volumes et de la fraction d'éjection du ventricule droit. Notre groupe a démontré que l’utilisation de la 

vue apicale 4-cavités centrée sur le ventricule droit améliorait la précision de la mesure des dimensions et 

de la fonction du ventricule droit. L’imagerie par résonance magnétique (IRM) cardiaque reste la 

référence en matière d'évaluation des volumes, de la masse ventriculaire et de la fraction d'éjection, 

malgré son accès limité en routine clinique. Le domaine de recherche sur l'évaluation non invasive du 

cœur droit va vers l'adoption de nouvelles séquences IRM telles que le 4D blood flow, requérant encore 

validation chez les patients atteints d’hypertension pulmonaire. Notre équipe mène actuellement une 

étude visant à valider l'exactitude du débit sanguin 4D pour l'estimation des volumes, de la masse et de la 

fraction d’éjection dans une cohorte prospective de patients atteints d'hypertension pulmonaire post-

embolique bénéficiant d’une endartériectomie pulmonaire et de patients atteints d'hypertension artérielle 
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pulmonaire bénéficiant d’une transplantation pulmonaire (étude PRINCEPT, ClinicalTrials.gov Identifier 

: NCT03205085). 

  

 Le deuxième chapitre de cette thèse a permis d'identifier, parmi les multiples indices d'imagerie 

non invasive du cœur droit, les indices télé-systoliques de remodelage du ventricule droit comme les 

biomarqueurs pronostiques les plus forts chez les patients atteints d'hypertension artérielle pulmonaire, et 

ce quelle qu’en soit l’étiologie. En combinaison à la classe fonctionnelle NYHA et au taux de NT-

proBNP, l’indice télé-systolique de remodelage du ventricule droit (ratio de la paroi latérale et de la 

hauteur septale) prédit la survenue d’évènements (décès, transplantation pulmonaire ou réadmission pour 

insuffisance cardiaque droite) à long terme au cours du suivi dans une cohorte prospective de 228 patients 

avec hypertension artérielle pulmonaire, et ce de manière incrémentielle par rapport aux scores de risque 

existants (tels que le score REVEAL). En plus de sa forte valeur pronostique, notre étude a suggéré que 

l’indice télé-systolique de remodelage du ventricule droit puisse être utilisé en tant que prédicteur de 

réponse au traitement, si nos résultats sont validés par d’autres études. 

 La deuxième partie du chapitre est consacrée à la redéfinition des trois concepts physiologiques 

sous-jacents au terme «d’adaptation cardiaque à la post-charge». Dans deux études menées chez des 

patients atteints d'hypertension artérielle pulmonaire et de patients atteints de sclérodermie avec 

hypertension artérielle pulmonaire, les indices complexes d'adaptation cardiaque droite à la post-charge, 

publiées précédemment, ne fournissaient pas de valeur pronostique supplémentaire au-delà de celle 

d’indices simples, tels que la surface télé-systolique du ventricule droit.  La forte valeur pronostique des 

indices télé-systolique du ventricule droit en hypertension pulmonaire s ‘explique par le fait que le stress 

de paroi est le plus élevé en fin de systole dans les cardiopathies hypertensives. En hypertension 

pulmonaire,  l'évolution du remodelage ventriculaire droit est caractérisée par l’hypertrophie des 

cardiomyocytes, associée à des altérations de la matrice interstitielle éventuellement associées à une 

dilatation de la chambre. Par conséquent, il n’est pas surprenant de constater que le remodelage télé-

systolique ventriculaire droit est un fort marqueur pronostique. 



	
   330	
  

 

 Le troisième chapitre de cette thèse explore le rôle des biomarqueurs immunitaires 

plasmatiques chez les patients atteints d’hypertension pulmonaire.  

 La première étude démontre la valeur pronostique de taux plasmatiques pré-opératoires élevés de 

C-reactive protein (CRP) pour la prédiction de la survenue d’évèvenements post-opératoires précoces 

(décès ou transplantation ou besoin d’une ECMO ou d’un support prolongé par inotrope ou 

vasopresseurs) après endartériectomie pulmonaire chez des patients atteints d’hypertension pulmonaire 

post-embolique. La présence d’inflammation systémique pré-opératoire (indiquée par un taux de CRP 

supérieur ou égal à 10mg/dL était associée à une instabilité hémodynamique post-opératoire plus 

fréquence secondaire à une vasodilatation périphérique. Dans cette étude rétrospective, nous n’avons pu 

démontrer l’existence d’une corrélation significative entre le taux plasmatique de CRP et l'adaptation du 

cœur droit à l’hypertension pulmonaire évaluée par échocardiographie dans le sous-groupe de patients 

ayant bénéficié d’une échocardiographie. Les deux sous-groupes analysés (avec CRP élevée ou basse) 

avaient des niveaux similaires de résistance pulmonaire, contrairement à la population totale. Le résultat 

négatif contraste avec les conclusions précédentes du lien entre l'inflammation systémique et la fonction 

cardiaque droite chez les patients atteints d’hypertension pulmonaire post-embolique, qui avait été 

démontré en comparant des patients avec ou sans inflammation systémique mais sans ajustant pour le 

niveau de résistance pulmonaire. Des investigations ultérieures sont nécessaires pour déterminer si, après 

appariement pour la post-charge, les patients opérables atteints d’hypertension pulmonaire post-

embolique avec CRP élevée ont une fonction ventriculaire droite différente de ceux des patients avec une 

CRP basse. 

 La deuxième étude fournit un exemple d’application pratique du phénotypage approfondi du cœur 

droit pour l’identification du profil protéomique immunitaire plasmatique associé à la défaillance 

cardiaque droite chez les patients atteints d'hypertension artérielle pulmonaire. Cette étude protéomique 

génératrice d'hypothèses a identifié des taux plasmatiques élevés de facteur de croissance hépatique 

(HGF : hepatic growth factor), de facteur de croissance nerveuse (NGF : nerve growth factor) et de 
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facteur de croissance de cellules souches bêta (SCGFb : stem cell growth factor bêta) comme étant 

associés à la défaillance cardiaque droite dans deux cohortes avec hypertension artérielle pulmonaire, et 

ce au delà du niveau de résistance pulmonaire. Le rôle de ces biomarqueurs dans l’adaptation du 

ventricule droit à l’hypertension pulmonaire reste à être précisé et une validation expériementale est en 

cours. 
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Titre: Etude du Remodelage du Ventricule Droit dans l’Hypertension Pulmonaire: du 
Phénotypage Approfondi à l’Etude de la Protéomique 

Mots clés: Hypertension Pulmonaire, Imagerie Cardiaque, Immunité, Insuffisance Cardiaque, 
Protéomique, Ventricule Droit. 

Abstract: L’insuffisance cardiaque droite est la 
première cause de morbi-mortalité chez les 
patients atteints d’hypertension pulmonaire. 
Améliorer le phénotypage de l’adaptation du 
coeur droit en imagerie non-invasive est 
essentiel afin de mieux comprendre les 
mécanismes favorisant la transition d’un état 
adapté à un état maladapté. 
Le premier chapitre a démontré la fiabilité de 
l’échographie cardiaque pour la détection de 
l’hypertension pulmonaire, fournissant des 
conseils méthodologiques pratiques. 
Le second chapitre a permis d’identifier les 
indices télé-systoliques de remodelage du 
ventricule droit comme les plus puissants 
paramètres pronostiques en imagerie chez les  

patients atteints d’hypertension artérielle 
pulmonaire (HTAP),  en association avec la 
classe NYHA et le taux de NT-proBNP. 
Le troisième chapitre est dédié à l’étude des 
biomarqueurs immunitaires en hypertension 
pulmonaire, en mettant en utilisant la méthode 
de phénotypage approfondi du coeur droit pour 
déterminer le profile circulant protéomique 
associé à la défaillance droite chez les patiens 
atteints d’HTAP. Cette étude a permis de 
montrer que des taux élevés plasmatiques 
d’hepatic growth factor, de nerve grwoth factor 
et de stem cell growth factor beta sont associés 
à la défaillance droite dans deux cohortes 
d’HTAP. Le rôle direct de ces biomarqueurs 
dans le ventricule droit reste à être élucidé. 

 
 

 

Title: Right Ventricular Remodeling in Pulmonary Hypertension: from Deep Phenotyping to 
Proteomics Profiling 

Keywords: Cardiac Imaging, Heart failure, Immunity, Pulmonary Hypertension, Right Ventricle, 
Proteomics. 

Abstract: Right heart failure is the major cause 
of morbi-mortality in patients with pulmonary 
hypertension (PH). Improving right heart 
adaptive phenotyping using non-invasive 
imaging is needed in order to better understand 
the transition from right ventricular (RV) 
adaptation to maladaptation in PH. 
The first chapter of this thesis has been 
dedicated to demonstrate the reliability of 
echocardiography to detect PH in patients with 
group 1 or 3 PH, providing methodology pearls 
and pitfalls. 
The second chapter has enabled to identify, 
among the multiple right heart non-invasive 
imaging metrics, RV end-systolic remodeling 
indices as the strongest prognostic biomarkers  

in patients with pulmonary arterial 
hypertension (PAH), combined with the NYHA 
class and NT-proBNP levels. 
The third chapter has explored the role of 
immune biomarkers in PH, providing a 
practical application of right heart deep 
phenotyping to determine the circulating 
immune proteomic profile associated with right 
heart failure in patients with PAH. This 
screening proteomics study has identified high 
plasmatic levels of hepatic growth factor, nerve 
growth factor and stem cell growth factor beta 
to be associated with right heart maladaptation 
in two cohorts with PAH. The role of these 
biomarkers within the right ventricle itself 
remains to be fully explored. 
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