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ABSTRACT 

 

The aim of this thesis is to study the right ventricle (RV) in different loading 

conditions using imaging and modelling. 

The first axis of this work was a prospective study in which we studied RV 

deformation in healthy controls and pulmonary hypertension (PH) patients (pressure 

overload) using 3D transthoracic RV echocardiographic sequences. Output RV meshes; 

obtained after myocardial tracking; were post-processed to extract area strain and 

spatiotemporal correspondences were checked before computing statistics on these 

meshes. RV shape and strain patterns were gradually deteriorated with the severity of PH 

and provided independent prognostic information. 

The second axis of this work focused on the role of a longitudinal evaluation in 

comparison with a single assessment at baseline, using the same methodology. We 

demonstrated the additional prognostic value of changes in RV area strain and the 

importance of septal segments. 

In the third axis, we assessed the complementary aspects of RV deformation and 

shape (using curvature index) in RV volume overload patients. While shape and strain 

are both altered in tetralogy of Fallot patients, only RV shape allows to differentiate atrial 

septal defects from normal controls. 

 Finally, in the last axis, we focused on the added value of the 

personalisation of a 0D circulation model to characterize the pathology and predict the 

response to therapy in pulmonary arterial hypertension. The model was personalised to 

11 PH patient data before and after advanced specific PH therapy. The model parameters 

reflected accurately the expected changes with therapy.  
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RESUME 

 

L’objectif de cette thèse est d'étudier le ventricule droit (VD) dans différentes 

conditions de charge en utilisant imagerie et modélisation. 

Le premier axe de ce travail est une étude prospective dans laquelle nous avons 

étudié la déformation VD chez des patients sains et avec hypertension pulmonaire (HTP; 

surcharge barométrique) en utilisant l’échocardiographie trans-thoracique 3D. Les 

maillages VD ont été obtenus par tracking myocardique et post-traités afin d’extraire le 

strain de surface. Les correspondances spatiotemporelles ont été vérifiées avant de 

réaliser les statistiques sur ces maillages. La forme globale et la déformation VD sont 

associées à la sévérité de l'HTP et donnent des informations pronostiques indépendantes. 

Le deuxième axe de ce travail présente le rôle d'une évaluation longitudinale par 

rapport à celui d’une évaluation instantanée, en utilisant la même méthodologie. Nous 

avons démontré la valeur ajoutée pronostique des modifications dans le temps de 

déformation VD et l'importance du septum. 

Dans le troisième axe, les aspects complémentaires de la forme (définie par la 

courbure) et déformation VD ont été évalués dans des populations de surcharge en 

volume VD. Alors que forme et déformation sont altérés chez les patients avec tétralogie 

de Fallot, seule la forme a permis de différencier les patients avec communication inter-

atriale des témoins.  

Enfin, dans le dernier axe, nous avons travaillé sur la valeur ajoutée de la 

personnalisation d'un modèle circulatoire 0D afin de caractériser la pathologie et prédire 

la réponse au traitement dans l’hypertension artérielle pulmonaire. Le modèle a été 

personnalisé pour 11 patients avant et après traitement spécifique de l’HTP. Les 

paramètres du modèle reflètent bien les changements attendus avec la thérapie. 
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1. The right ventricle, the forgotten chamber 

 

The study of the right ventricle is still shadowed by the study of the left ventricle, 

the systemic chamber. The right ventricle has long been viewed as less important than 

the left ventricle. Going back to the history of medicine, Claude Galien (Galenus 129-

216) discovered the pulmonary circulation at the age of 28, when he was chief physician 

to the Pergamon’s gladiators. However, he thought that the liver pumped venous blood 

to the circulation. Matteo Realdo Colombo (1515-1559); an Italian professor of anatomy 

and surgeon at the University of Padua; confirmed the pulmonary circulation on 

vivisection and discovered that the heart’s valves permitted blood circulation in only one 

way: from the right ventricle to the lungs and from the left ventricle to the aorta. William 

Harvey (1578-1657), an English physician who graduated at the University of Padua, was 

the first known physician to describe in detail the blood circulation. His manuscript 

« Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus » (1) describes the 

circulatory system of the blood in the body. Harvey proved that blood flows separate in 

two distinct loops, the pulmonary circulation and the systemic circulation and from 

experimentations using the forearm veins; he also proved that the venous blood flowed 

to the heart. He was thus the first to describe the right ventricular importance: “Thus the 

right ventricle may be said to be made for the sake of transmitting blood through the 

lungs, not for nourishing them”. Studies such as Starr et al.(2) previously conclude that in 

the presence of normal lung function, a normal right ventricular function is unnecessary 

for circulatory stability. The RV was at that stage considered as a passive conduit between 

the systemic venous circulation and the lungs (3, 4). Later, the description and the 

prognosis of right ventricular hypoplasia underlined the importance of right ventricular 

function and interactions with the left ventricle. Right ventricular myocardial infarction 

has also been clinically recognized and suggested that RV dysfunction could lead to heart 

failure. More recently, the importance of RV function has been recognized in left heart 

disease such as heart failure, dilated cardiomyopathy, myocardial infarction and diseases 

affecting the right ventricle are receiving more and more attention.  
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Several segmentations have been proposed. We will here present the most widely 

used RV segmentations: 

 

Along with the segmentation of the interventricular septum:  

 

 

 

 

 

 

 

 

 

From Jiang L. Right Ventricle. In: Weyman AE, ed. Principle and Practice of 
Echocardiography. Baltimore, MD: Lippincott Williams & Wilkins; 1994: 901– 921 (11). 
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Three-dimensional RV segmentation represented on an RV mesh exported from 
TomTec RV Function 2.0 

 

 

 

 

 

 

 

 
 
 

 
 

Three-dimensional RV map presenting local anatomy directions along the 3 different 
axis: radial, circumferential and longitudinal (N. Duchateau) 
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4. Importance of right ventricular function in clinical practice 

 

Classical determinants of the RV function are RV load, myocardial contractility 

and LV-RV interaction. Thus, numerous studies demonstrate the role of RV function 

(especially dysfunction) in the patient prognosis for various cardiac conditions (15).  

In heart failure, RV function is a long-known predictor of outcomes. For example, 

an index of RV length-force relationship, the ratio TAPSE (tricuspid annular plane systolic 

excursion)/PA systolic pressure predicts outcome in left ventricular systolic dysfunction 

and is associated with left ventricular dysfunction (16). RV function is also of prognostic 

importance in ischemic cardiomyopathy (17). Recent data underline the need to 

understand and assess RV function in heart failure with preserved ejection fraction (18) 

as it has many prognostic and therapeutic implications. In this situation of diastolic left 

ventricular dysfunction, RV dysfunction is related to myocardial impairment and 

afterload increase (post-capillary pulmonary hypertension). It is favoured by increased 

pulmonary pressures, non-sinus rhythm and is associated with left ventricular dysfunction 

and male sex (19). In patients with heart transplant, right heart failure is the major cause 

of death together with graft reject in the early period after surgery (20). Impaired RV 

function is observed in all patients after heart transplant but a longitudinal index of RV 

function does not seem to well reflect the RV global function (as assessed by 3D 

echocardiography) (21). Improvements in patients with cardiac resynchronization 

therapy can be monitored using RV function (22). 

In patients with right heart valvar diseases, RV function is of critical importance as 

it determines the timing of surgery or catheter intervention (23). In severe primary 

tricuspid regurgitation, surgery is recommended in asymptomatic patients with 

progressive RV dilatation or dysfunction is observed. Thus, RV function assessment and 

follow-up is fundamental, to avoid any irreversible RV damage. RV function also 

determines outcomes in left heart valvar disease as the RV is affected by changes in 

loading conditions such as in aortic stenosis (24) and mitral regurgitation (25). In mitral 

regurgitation, the constraint on the septum, secondary to left ventricular remodelling, 

leads to RV function impairment that recovers after mitral valve repair or replacement. 
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Congenital heart defects often involve the RV such as in pulmonary valve stenosis, 

tetralogy of Fallot (TOF), Ebstein’s anomaly, RV volume overload such as in atrial septal 

defect or abnormal pulmonary vein return. There are also patients with systemic right 

ventricles (sub-aortic position) such as in double discordance or more frequently in 

patients with transposition of the great arteries corrected with an atrial switch (before the 

advent of the arterial switch, approximately 30 years ago) and also patients with a single 

right ventricle (univentricular physiology, mitral atresia, Shone syndrome…). In all these 

situations, the RV function is of critical importance as it determines the patients’ exercise 

capacity, symptoms and survival. 

 In pulmonary hypertension, the role of RV function will be developed in the next 

section and chapter. It is a major determinant of both exercise capacity, symptoms and 

prognosis. 
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5. Assessment of right ventricular function 

 

Partly adapted from the article by Moceri et al. (26). Multimodality imaging is 

often used in clinical practice, but given the aim of this thesis and despite the cardiac 

magnetic resonance gold standard, we deliberately chose to only describe the 

echocardiographic assessment of RV function.  

 

Right ventricular scalar dimensions 

Measurement of the dimensions of the RV is a crucial component of 

echocardiography in clinical routine, as they describe global RV remodelling. RV free 

wall thickness reflects the degree of RV hypertrophy; it should be measured at the end of 

diastole in subcostal or parasternal long-axis view, preferably at the level of the tip of the 

anterior tricuspid leaflet. The normal cut-off for RV wall thickness, excluding 

trabeculations and papillary muscle, is 5 mm. As there may be beneficial and detrimental 

RV hypertrophy regarding different metabolic pathways (27), RV wall thickening is not 

independently associated with survival in pulmonary hypertension. As the RV dilates in 

response to RV failure and increased pressure overload, RV enlargement is a predictor of 

mortality in patients with pulmonary disease and pulmonary hypertension (28, 29). RV 

dimensions should be measured at the basal mid-cavity level as well as longitudinally 

using the four-chamber view. The basal diameter (RV D1, upper limit 42mm; Figure 2A) 

should also be compared with LV dimensions, to help distinguish enlarged RV from 

global heart dilatation. One major limitation of this two-dimensional (2D) technique is 

that it highly depends on the probe and patient position. Beyond RV dilatation, PA 

dilatation is crucial to detect because of its prognostic importance (30). 

 

Tricuspid regurgitation 

In RV volume or pressure overload, TR occurs as the result of increased RV 

afterload on RV dilatation and function. TR is usually caused by tricuspid annular 

dilatation, altered RV geometry and apical displacement of tricuspid leaflets, failing to 
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adapt. Moderate or greater degrees of TR are commonly seen, especially in advanced 

pulmonary hypertension (31), the severity of TR being correlated with functional 

capacity. TR also contributes to reduced cardiac output. 

 

Right ventricular fractional area change 

RV fractional area change, defined as (end-diastolic area — end-systolic 

area)/end-diastolic area × 100 (Figure 1A), is a simple 2D way to assess RV systolic 

function using the apical four-chamber view. Despite the limitations inherent to the 

method (challenging contour tracing, foreshortened apical view because of RV 

dilatation), it has been correlated with cardiac magnetic resonance data (32) and is 

considered the gold standard in RV assessment. A RV fractional area change of <35% 

indicates RV systolic dysfunction and changes in time correlate with clinical deterioration 

(33). However, the significant variability, when measured by echocardiography and 

compared with cardiac magnetic resonance, explains why it requires multiple 

measurements. 

 

Longitudinal right ventricular function 

Longitudinal systolic RV function can be estimated using tricuspid annular plane 

systolic excursion (TAPSE) and S’ (also called tricuspid valve Sm). TAPSE (Figure 1B) is 

one of the simplest measurements, an M-mode measure obtained from the apical view, 

which is of critical importance. Beyond reflecting longitudinal function, TAPSE also 

correlates with global indices of RV global function (34-36). RV dysfunction is considered 

for TAPSE < 16 mm. TAPSE has significant prognostic importance in PAH (37), especially 

in patients with idiopathic PAH, systemic sclerosis-associated PAH (38) and Eisenmenger 

syndrome (39). TAPSE seems preserved in atrial septal defect patients but is lower in 

tetralogy of Fallot patients (40). Impaired TAPSE over time is observed in tetralogy of 

Fallot patients, where TAPSE is correlated with both right ventricular ejection fraction 

and end-diastolic volume (41). However, TAPSE is angle and operator dependent and 

varies per heart motion (the reference point being located outside the heart) and the 

severity of TR and RV-LV interactions (42). Tissue Doppler imaging can also determine 
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S’, the peak systolic velocity of the lateral tricuspid annulus (by pulsed tissue Doppler 

and/or color-coded tissue Doppler) (Figure 1D). S’ is well correlated with TAPSE and the 

lower reference limit in normal control patients has been established as 10 cm/s (43, 44). 

However, these variables remain limited, given that, as shown by a 3D study (45), under 

pathological conditions the RV has differential regional function, with distinct features 

for each compartment, thus having a different effect on the overall systolic function. 

Figure 1. Assessment of right ventricular function. (A) Apical view focused on the right 
ventricle (RV) with RV inlet end-diastolic measurement (D1) and end-diastolic area (RV 
ED area) and end-systolic area (RV ES area) tracing, allowing calculation of the RV 
fractional area change (RV ED area—RV ES area)/RV ED area. (B) Measurement of TAPSE 
using the four-chamber view. (C) Example of RV free wall speckle-tracking study showing 
a decreased longitudinal strain. (D) Tissue Doppler imaging with pulsed Doppler at the 
tricuspid lateral annulus; the example shows the measurement of S’ (tricuspid valve [TV] 
Sm), the isovolumic contraction peak velocity (IVCv) and acceleration during isovolumic 
contraction (IVA). 
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Another tissue Doppler variable derived from the basal RV free wall that is useful 

in clinical practice is myocardial acceleration during isovolumic acceleration (IVA) (46) 

(Figure 2D). IVA is defined by the peak isovolumic myocardial velocity (IVCv) divided 

by time to peak velocity, the zero-crossing line defining the onset of myocardial 

acceleration. IVA is less load-dependent than other indices (47), but is frequency 

dependent, explaining why it should be indexed to the heart rate (divided by √RR [ms]). 

The lower reference limit by pulsed-wave tissue Doppler imaging is 2.2 m/s2. Despite 

being a reliable indicator of RV function (48), IVA has not yet been related to prognosis 

in patients with PAH; however, IVCv (peak velocity) has been identified recently as an 

independent predictor of clinical outcomes in group 1 pulmonary hypertension patients 

(49). In tetralogy of Fallot, IVA has been correlated to the severity of pulmonary 

regurgitation (50). 

 

Right ventricular adaptation 

The RV myocardial performance index (MPI) or Tei index (51) (Figure 2A), defined 

by the ratio of isovolumic time divided by ejection time, reflects the global RV 

performance and adaptation. It can be obtained either by pulsed Doppler on RV outflow 

and the tricuspid valve (using similar RR intervals) or by tissue Doppler imaging. 

Reference values differ between these two methods (52) (upper reference limits 0.40 

[pulsed Doppler] and 0.55 [tissue Doppler]). This index is related to prognosis in PAH 

and is associated with clinical improvement following advanced therapies (53). In 

chronic thromboembolic pulmonary hypertension, RV MPI is correlated with disease 

severity and associated with outcomes (54). RV MPI has also been validated in paediatric 

pulmonary hypertension, MPI being correlated with mPAP and response to therapy (55). 

MPI has also been studied in congenital heart disease: it is correlated with peak oxygen 

uptake and right ventricular function in patients with systemic right ventricles (56, 57). 

In the situation of tetralogy of Fallot, MPI can be “pseudo-normalized” (58): in patients 

with severe pulmonary regurgitation, isovolumic relaxation is absent or at least shortened 

and the increased end-diastolic volume due to volume overload increases the pulmonary 

ejection time thus lowering the MPI. When compared with cardiac magnetic resonance, 
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MPI followed the right ventricular ejection fraction but is lower as compared to standard 

values (59). In atrial septal defect, differences were observed between children and adults 

(with long-standing right ventricular overload and significant right ventricular 

remodelling), MPI was considered normal in children, whereas it was slightly but 

significantly prolonged in adults with atrial septal defect (57). 

The measure of the total isovolumic time provides with the same indications than 

MPI; it has been related to outcomes in Eisenmenger syndrome (39), is prolonged in 

patients with systemic right ventricles (60) and is overall related to the disease severity 

and degree of pulmonary hypertension (61, 62). Calculation of the systolic to diastolic 

duration ratio (S/D ratio) is another means of assessing RV adaptation. Durations of 

systole and diastole are measured from the apical view (Figure 2B). Systolic duration is 

measured as the duration of the TR flow, whereas diastolic duration is considered from 

termination to onset of TR. An increase in the S/D ratio reflects a certain degree of RV 

dysfunction, with longer systole and abnormal cardiac performance; it is one of the 

strongest independent predictors of death in Eisenmenger syndrome and independently 

predicts lung transplantation and death in paediatric PAH (cut-off 1.4) (63). This ratio is 

also an indicator of right ventricular function in hypoplastic left heart syndrome (64) 
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Figure 2: Assessment of RV adaptation and RV/LV interaction. (A) Trans-tricuspid flow 
with pulsed Doppler, measurement of tricuspid valve E and ‘Tei a’. (A’) Pulmonary flow 
with tracing of velocity-time integral (VTI) and measurement of pulmonary ejection time 
‘Tei b’; Tei index (or RV MPI) can be calculated using the formula (a—b)/b. (B) Tricuspid 
regurgitation flow in pulmonary hypertension and an example of the S/D ratio calculation 
(S = duration of tricuspid regurgitation; D = interval between S and the next TR flow). (C) 
Short-axis view with determination of left ventricular eccentricity index (>1.4).  

 

2D-myocardial motion and deformation  

Speckle-tracking imaging can help identifying the early signs of RV dysfunction 

and following patients under therapy. RV systolic longitudinal strain is reduced in PAH 

(Figure 1C) and probably accounts for the RV global dysfunction, given the fibre 

arrangement; it also improves in conjunction with the 6-minute walking distance in 

responders to advanced therapy (65). An RV longitudinal strain <19% has been described 

as an independent predictor of all-cause mortality (66). Patients with Eisenmenger 

syndrome present an increase RV transverse strain as compared to patients with 

pulmonary hypertension from other causes and a relatively preserved apical longitudinal 

and radial strain (67). Patients with post-tricuspid shunt in the setting of Eisenmenger 
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syndrome presented increased RV transverse strain, compared to patients with pre-

tricuspid shunt (68).  

RV free wall longitudinal strain is also useful in congenital heart disease patients. 

In patients with volume overload, a correlation between right ventricular dilatation and 

right ventricular 2D longitudinal strain has been found, explaining lower longitudinal 

strain in atrial septal defect patients, normalized once corrected for the right ventricular 

size (69). Reduced right ventricular deformation has been observed after surgical 

correction of tetralogy of Fallot, in association with reduced exercise tolerance (70). In a 

Dutch cohort of adult Fallot patients, Menting, et al. (71) found that RV free wall strain 

was decreased in these patients, especially at the apex. Recommendations from the 

American society of Echocardiography reviewed the use of new imaging techniques in 

Fallot patients (72) and did not suggest right ventricular strain estimation given the lack 

of industry standard but find the technique promising, expecting further studies 

(statement from 2014).  

 

3D echocardiography 

Complex anatomy is usually best assessed using a three- dimensional (3D) 

technique, but besides being useful in terms of visualizing directly the anatomy 

(especially in congenital heart disease patients), 3D echocardiography can provide with 

an estimation of ventricular volume and deformation, even in children (73). Recently, a 

consensus document about the use of three-dimensional echocardiography in congenital 

heart disease has been published jointly by the American Society of Echocardiography 

and the European Association for Cardiovascular Imaging (74). It leads to lower 

underestimation of volumes and reduced variability compared with 2D-

echocardiography and provides an accurate and reproducible RV ejection fraction that 

could help with serial measurements. The lower cut-off for 3D RV ejection fraction is 

44% and 3D echocardiography correlates well with cardiac magnetic resonance in 

children (75) and adults (76, 77). The upper reference limits for 3D-indexed RV end-

diastolic and end-systolic volumes are 89 mL/m2 and 45 mL/m2, respectively. 3D RV 

volumes can be obtained directly by 3D acquisition with a specific probe or, more 
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recently, by 3D modelling adapted from 2D acquisition (knowledge-based 

reconstruction) (78, 79). Recently an expert consensus statement has been issued on 3D 

echocardiography in congenital heart disease (80); it provides guidance on the added 

value of 3D in several situations. 3D assessment of volumes and ejection fraction is 

comparable to results from cardiac magnetic resonance in Fallot patients (81, 82). 3D 

strain has also been studied in this population: 3D dyssynchrony has been related to 3D 

deformation and area strain was related to ejection fraction as assessed by cardiac 

magnetic resonance (83). 

 

The future of right ventricular echocardiography 

Given its safety and technical progress, it is likely that the role of 

echocardiography in the management of patients with right heart disease will only 

increase in the future (84). However, in RV assessment, especially in PAH, one test should 

never be considered as a ‘stand alone’ test. The multivariable approach should be the 

rule, combining different echocardiographical variables to obtain an ‘RV performance 

score’ or even combining the results of different examinations (e.g. echocardiography 

and right heart catheterization or magnetic resonance). The multivariable approach 

already has its place in diagnosis: an echocardiographic rule accurately defines 

pulmonary hypertension haemodynamic (85). It also has an emerging role in prognosis, 

a score built on the strongest echocardiographic predictors of outcomes in Eisenmenger 

syndrome allows the identification of very high-risk patients (39). Current prognosis 

equations would benefit from the incorporation of echocardiographic variables; it would 

improve their predictive power and help to identify patients who would benefit from 

further interventions. 
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strain (the associated motion is parallel to the border of the object). Thus, all four-strain 

components explain the overall deformation.  
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This is referred as the strain tensor. Shear strain components (εxy and εyx) can also 

uniquely be determined by the angles   �x and �y. 

 

The components can be computed in longitudinal, circumferential and radial 

coordinates. The natural strain calculation is better suited for use with tissue Doppler 

imaging, since the reference length is different at each interrogation time point (each 

color tissue Doppler frame) and so will not be the same as at the reference time point 

(87). The logarithm in the formula enables to remove the reference length when 

computing strain rates. 

However, speckle-tracking imaging is more subject to the calculation of 

Engineering strain, since the reference baseline length is always known. 

 

Various echocardiographic techniques are available in order to calculate the 

strain.  

Tissue Doppler Imaging (TDI): Strain and strain rate measurements can be 

obtained from data acquired by (TDI):  strain rate is calculated from the instantaneous 

spatial velocity gradient in a small myocardial segment. Integrating these strain rate 

values allows calculation of strain. The advantage with TDI is the high temporal 

resolution. However, using TDI-based technique, the measurement axis is in only one 

dimension: parallel to the ultrasonic beam. The main limitations to this technique are 

inherent to the Doppler technique with its angle dependency and the low spatial 

resolution. Using the TDI-based technique, the longitudinal strain component is only 

measured toward or away from the transducer. 
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Non-Doppler based techniques: Speckle-tracking imaging 

The speckles are acoustic markers in the 2D images (grey scale) distributed 

throughout the myocardium that can be followed during the cardiac cycle. Their size is 

20 to 40 pixels (88). These markers are tracked by an algorithm calculating frame-to-

frame changes using for instance a sum of absolute differences in image intensity or cross-

correlation, and usually surrounding each pixel with a square of approximately 20x20 

pixels. The change in the speckle position also allows determination of its velocity by 

time derivation. The advantage of this technique is that it will assess the whole 

myocardium without being angle-dependent. However, the temporal resolution is lower 

than the one of TDI and strain is estimated via an algorithm.  

 

 

From Leitman, et al. (89). 

 

From a practical point of view, 2D loops (with high resolution, usually > 50Hz) 

from the echocardiography are post-processed offline. Each speckle is followed for 

several consecutive frames forward and backward. The return to baseline coordinates is 

considered evidence for adequate tracking. The tracking can be rejected by the software 

if there are highly different velocities in adjacent speckles. A-posteriori drift 

compensation is often proposed to obtain cyclic curves. Drift generally highly depends 
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on the quality of the tracking and the images. Visual control of the tracking quality is 

required at the end of the tracking process. 

3D strain estimation 

 Despite being obviously more informative than a simple visual assessment 

and more precise than an ejection fraction using the Simpson method (relying mostly on 

the observer), 2D strain techniques are limited to the 2D assessment in one plane of a 

3D object, the heart. To obtain all strain components, many acquisitions are required. 

Some regions, especially in the right ventricle, cannot be studied using a standard 2D 

technique. This means that to estimate for example the global longitudinal left ventricular 

strain, we need to acquire at least 3 different left ventricular views and for the 

circumferential strain, 3 other views; of course at a different time. The timing of several 

acquisitions can have an impact on strain results, especially in situations such as rapid 

changing load conditions (haemodialysis for example) or when the heart rate is changing, 

especially in atrial fibrillation patients. 

The estimation of 3D myocardial deformation, obtaining all strain components in 

one acquisition, may provide a better regional analysis of the left and right ventricle and 

eliminate the problem of out-of-plane motion observed in 2D myocardial tracking. 

However, even if the concept of 3D-tracking is very appealing, there might be some 

limitations, especially regarding the quality of 3D tracking and the image quality that we 

will discuss later. 

 3D strain estimation approaches can be divided in 3 main subgroups: 

block-matching, elastic registration and model-based approach: 

Block-matching is the continuum of 2D-speckle-tracking. The displacement of a 

point is considered as the displacement of a region-of-interest around the point in the 

source frame resulting in the best match with a target frame. The displacement search is 

limited to a region around the point based on assumptions about the maximal tissue 

velocities (90). The main assumption of this technique is that the local speckle pattern 

between subsequent volumes is stable. It is the most popular approach given the 

“simplicity” and low computational complexity. Several commercial software using this 
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method are available: EchoPAC (4D Auto LVQ; GE Vingmed Ultrasound AS), TomTec 

4D LV-Analysis (TomTec Imaging Systems, Germany), Siemens and 3D wall motion 

tracking software (Toshiba Medical Systems). Earlier studies using these methods in 

patients were published from 2009 to 2011/2012 (91-94). This technique might be 

affected by the lower temporal and spatial resolution of 3D probes as compared to 2D 

probes. 

Illustration of Block-matching method. From Jasaityte et al. (95). “A speckle 
pattern within a region of interest is identified in one frame and tracked within a search 
region of the successive frame. After comparing this block with all possible matching 
regions within this search region (dotted blocks), the position of the best matching block 
compared with the original block determines tissue motion. By repeating this process for 
multiple region-of-interest blocks, motion between two successive frames for the whole 
myocardium may be estimated.”   

 

Elastic or non-rigid image registration uses image-warping method to estimate the 

cardiac motion (96, 97). It transforms a floating image to a reference image to determine 

corresponding image points (98). A full moving image is warped until it matches the 

target image: when the moving image and the 

target image are consecutive images during the 

cardiac cycle, the transformation matches the 

displacement between 2 consecutive frames. 

The computational time required for the analysis 

might be a limitation. 

 

From (95): “Principle of elastic 
registration” 
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From (95): “Principle of elastic registration. The whole image is deformed in 

multiple steps to look as similar as possible to the next image in the ultrasound sequence. 

This process can be visualized with a grid, which is attached to the underlying image. By 

manipulating this grid, the underlying image deforms. When both images match, the 

structure of the grid determines the motion for the whole myocardium at once.” 

  

dr
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Model-based approach uses a prior knowledge to improve computational 

efficiency and guide 3D myocardial strain calculation. A model is first trained using 

normal and pathological hearts. Then in another data set, myocardial deformation is 

calculated by combining and comparing the image to the database (98). It seems to be 

the method supporting the software TomTec 4D RV Function (Tomtec Imaging Systems 

GMBH, Unterschleissheim, Germany). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Principle of model-based strain estimation (96) 

 

3D-strain techniques have been validated in simulated models: both block-

matching (90) and elastic registration (98, 100) perform well. Both techniques were also 

validated in vitro using tissue-mimicking phantoms (96, 101) and in vivo with various 

results (97, 102-105). More generally, regarding the results of these techniques, moderate 

to good correlations were found for circumferential and longitudinal strain, whereas 

radial strain presented the worst agreement with sonomicrometry (106). So, to overcome 

this limitation, when assuming volume conservation, radial strain is the negative of area 
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strain, area strain being assimilated to the sum of longitudinal and circumferential strain. 

In detail : (LS longitudinal strain, CS circumferential strain, RS radial strain, AS area strain) 

Area	Strain	=	LS	x	CS	+	LS	+	CS								and							(LS+1)(CS+1)(RS+1)	=	1	

������	������ =
−��

�� + 1
 

In clinical situations, 3D global area strain showed an overall good correlation 

with conventional LV systolic function parameters (91, 107, 108). 

Normal values for LV global area strain and even more so for RV global area strain 

are still not defined. It will probably be very difficult to determine normal values, as 

normal values are changing according to the software used and according to the 

technique. It seems that 3D strain is lower than 2D strain estimation but higher than strain 

estimated by MRI tagging techniques (109). 3D strain estimation seems to overcome 2D 

strain analysis limitations, given the simplicity of the acquisition (one 3D-loop focused 

on the area of interest i.e. LV or RV), the good reproducibility (except for radial strain), 

the overall time required for the analysis as compared to 2D strain or cardiac magnetic 

resonance tagging and the analysis over only one cardiac cycle for the entire area of 

interest. However, several factors can affect the efficiency of 3D strain estimation: the 

high quality required for the volumetric analysis is challenging in some patients, 

especially when it is impossible, given their heart condition to hold their breath during 4 

cycles (variable time according to the ultrasound machine) with respiration artefacts or 

when the acoustic window is not good enough with shadowing artefacts for example. 

The analysis of patients with high heart rate (for example sinus tachycardia related to 

heart failure) is also challenging as it poses the same problem as a study with normal 

heart rate but low frame rate (110). 

 Only few groups estimated 3D strain in the right ventricle. This will be 

discussed further in our second chapter. Despite the major interest yielded by 3D strain, 

the inter-vendor variability, the lack of homogeneity in the calculation of strain and even 

in the definition of strain limit (Engineering strain, Natural strain …) limit the widespread 

use of the technique. Furthermore, regarding RV analysis, there is only one software 

commercialised that is dedicated to the RV.  
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7. Ventricular shape study 

 

Although, it is obvious that using 2D ultrasound, the observer will appreciate the 

shape of the ventricle and of the interventricular septum, only few parameters provide an 

objective estimation of the ventricular shape. 

Left ventricular shape analysis 

The left ventricle shape has been described first (111). The left ventrcicular shape 

carries prognostic information, independent from function and volume (112-114). 

Ventricular remodelling secondary to changing load conditions or ventricular failure 

leads to changes in volume, shape and function (115). Simple 2D parameters such as left 

ventricular sphericity index (figure) predict exercise capacity (114) and are related to left 

ventricular dysfunction. Cardiac magnetic resonance has also been used to determine 

the left ventricular shape. One of the most popular index of LV shape, LV sphericity 

volume index (SV = volume/(length3 x π/6) equivalent to LV volume/volume of sphere 

with length of LV as the diameter) has been related to cardiovascular diseases for both 

low and extremely high sphericity (116).  

 

From (116). Calculation of the sphericity volume index. 

 

Other methods to analyse the shape are also available, especially the shape 

description using a computational atlas (117, 118). The ability to detect shape changes 
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using standard geometrical characteristics and even sphericity index or local curvature is 

somehow limited. There is only a limited characterization of the variability in the heart 

3D geometry. Anatomical variations can be described by means of a computational atlas 

which is a statistical representation of the anatomical variability (119). This atlas method 

can be applied the whole heart shape level, to the right ventricle (120, 121) but also at 

the fibre level (122) or pulmonary blood flow (123).  

 

 

 

 

 

 

 

 

 

From (120). Example of shape study using a computational atlas. This figure illustrates on 
the left (a) the RV meshes of 49 patients with a large variability and on the right (b) the 
same meshes registered back to the template using the diffeomorphic nonlinear 
deformations. This template serves as reference atlas to determine the deformations 
towards each individual shape. This mean shape can be correlated to clinical parameters 
using principal components analysis and pathological shape features can be identified. 

 

3D echocardiography has also been used to investigate left ventricular shape with 

success (124, 125). 3D left ventricular curvature has been shown to correlate with 

ventricular function: smaller curvature values thus rounder left ventricular shape was 

found predominantly in dilated cardiomyopathy patients (126). In this same study, 

regional analysis of LV shape showed some interesting features, especially the correlation 

between systolic apical mean curvature and LV ejection fraction, underlining the 

importance of a global but also regional analysis. The 2D sphericity index can be helpful, 

however, the following figure illustrates 2 common errors in 2D that 3D shape will 

correct: 
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From (126). Limitations of 2D LV shape estimation; foreshortened apex and regional 
dilatation of the left ventricle 

 

 

Right ventricular shape analysis 

Paradoxically, the shape of the right ventricle is usually described in 2D, with the 

help of the left ventricle, by the left ventricular eccentricity index. There is a progressive 

systolic bowing of the interventricular septum occurring together with the increase in 

right ventricular pressure. High eccentricity index can predict pulmonary hypertension 

and the degree of eccentricity is related to myocardial fibrosis (7). In normal subjects, the 

eccentricity index at both end-systole and end-diastole is 1, as the left ventricular cavity 

is circular in the short-axis view. This index allows with time to differentiate between 

right ventricular volume or pressure overload: in atrial septal defect patients, the 

eccentricity index is above 1 at end-diastole but normal at end-systole, reflecting normal 

right ventricular systolic pressures. In patients with right ventricular pressure overload 

(pulmonary hypertension, significant pulmonary stenosis) the eccentricity index is greater 

than 1 at both end-systole and end-diastole (8). The septum curvature, reflected by the 

left ventricular shape, is thus a simple indicator of RV overload. However, this index has 

only a limited value and can overdiagnose pulmonary hypertension in patients with right 

ventricular volume overload (127). 
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Short axis view of the left ventricle: LV eccentricity index = D2/D1 
 

In order to describe the right ventricular shape from the right ventricle “point of 

view” instead of the septum, cardiac magnetic resonance has been first used, especially 

in congenital heart disease patients. In Ebstein’s anomaly, right ventricular shape analysis 

has been performed with the following method from magnetic resonance data (128): 20 

evenly spaced planes were constructed orthogonal to the RV long axis from the RV apex 

to the most distant point on the tricuspid orifice. The intersection of the RV surface with 

these planes produced 20 cross sections whose areas and perimeters were measured 

(these areas were normalized by RV long axis length). Eccentricity was computed as 4π	

A/P2, where A is the area and P, the perimeter. Bulging of the RV lateral to the tricuspid 

valve was measured along the long axis as the distance from the centroid of the tricuspid 

orifice to the most basal point of the RV inlet (basal bulge), and normalized by body 

surface area. The tilt and shape of the tricuspid orifice were also computed. The following 

figure illustrates the wide variability in RV shape of Ebstein’s patients. 
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significant basal and apical bulging (130). Addetia, et al. (132), using 3D-

echocardiography with Tomtec to export right ventricular meshes studied the right 

ventricular shape in pulmonary hypertension patients and normal controls. 

 

Calculation of 3D curvature according to Addetia, et al. Curvature is calculated for each 
vertex, considering a local neighbourhood. Then, the local surface surrounding the point 
of interest is fitted to calculate the maximum curvature, k1 (1/R1, R1 being the radius of 
the smaller circle that would fit into the surface) and the curvature k2 (1/R2, R2 being the 
radius of the circle fitting the surface in the perpendicular direction of R1). The indexed 
curvature Kn is calculated as the mean of k1 and k2, normalized by the regional curvature 
Kreg, calculated from the instantaneous regional RV volume, Vreg. 

 
They found that in pulmonary hypertension, the septum remained convex 

throughout the cardiac cycle, bulging into the left ventricle, as described using 2D and 

the eccentricity index. They also pointed out that the free-wall segments remain equally 
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convex throughout the cycle, thus losing their contracting property; the “bellows- like 

action”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Illustration from Addetia, et al. comparing indexed curvature in pulmonary 
hypertension and controls. 

These shape estimation techniques are accurate and provide important 

information that could lead to a better understanding of both left ventricular and right 

ventricular remodelling in many conditions affecting the heart (congenital or acquired). 

However, although giving explanations in the “Methods” sections, the authors fail to 

detail specifically their calculation method. For example, in the paper by Addetia, et al. 

despite detailed information, the notion of “local neighbourhood” of the point of interest 

on right ventricular meshes remains vague and limits the reproducibility of the technique. 

In the discussion section of Chapter 4, we provide an example of curvature analysis using 

different neighbourhoods, responsible for a huge variability. 

The lack of available information detailing the different measurements and 

calculation techniques contributes to limiting the diffusion of the technique. 



Chapter 1. Introduction: clinical and technical context 

 41 

8. Objectives 

 

In this thesis, we aimed to investigate right ventricular function according to 

different loading conditions, using various methods. Only few data exist on how different 

RV regions remodel according to different disease conditions. How remodelling differs 

in each region likely has significant influence on how the RV adjusts to different loading 

conditions and could provide insight into RV failure. Given the difficult imaging of RV 

shape and function by two-dimensional imaging, we chose to use three-dimensional 

echocardiography to describe RV remodelling in this work. 

 

- The objective of the second chapter was to investigate the role of 3D global and 

regional RV deformation in healthy controls and in patients with RV pressure overload 

(pulmonary hypertension). We also aimed to assess the relationship between 3D RV 

strain and clinical outcomes. 

 

- In the third chapter, we hypothesize that serial changes in RV deformation could 

improve the assessment of pulmonary hypertension patients. The aim of the study was to 

assess the role of a longitudinal evolution assessment of RV deformation parameters in 

comparison with a single assessment at baseline, in terms of clinical outcome. 

 

- The fourth chapter aimed to investigate RV shape and deformation in volume 

overload patients (atrial septal defect and tetralogy of Fallot patients) in comparison with 

healthy controls. 

 

- Finally, in the fifth chapter, we aimed to evaluate the personalised circulatory 

model parameters added value in characterising pulmonary arterial hypertension and 

predicting the response to advanced specific therapy.  



Chapter 1. Introduction: clinical and technical context 

 42 

9. Manuscript organization and contributions 

 

Strain study in pulmonary hypertension patients 

Three-dimensional right-ventricular regional deformation and survival in 

pulmonary hypertension 

In this prospective study, we studied the role of 3D global and regional right 

ventricular (RV) shape and deformation in healthy controls and pulmonary hypertension 

(PH) patients and assessed their relationship with clinical outcome. 3D transthoracic RV 

echocardiographic sequences were acquired in 104 adult PH patients and 34 healthy 

controls. Output RV meshes; obtained after myocardial tracking by a RV dedicated 

software; were post-processed to extract area strain and temporally aligned. RV shape 

and strain patterns were gradually deteriorated in PH patients according to the WHO 

class. Global RV area strain also provided independent prognostic information in this 

population. 

This contribution led to an article published in European Heart Journal: 

Cardiovascular Imaging (133):  

- Moceri P, Duchateau N, Baudouy D, Schouver E, Leroy S, Squara F, et al. Three-

dimensional right-ventricular regional deformation and survival in pulmonary 

hypertension. Eur Heart J Cardiovasc Imaging. 2017. doi:10.1093/ehjci/jex163 

 

The study was presented during the ESC congress 2016 (Rome, IT) (Session - 

Novelty in cardiovascular imaging – Rapid Fire Abstract) and the French society of 

Cardiology congress 2017 (poster presentation) and preliminary data were presented as 

a moderated poster during EuroEcho congress 2015 (Seville, ES) 

- Moceri P, Duchateau N, Baudouy D, Leroy S, Bouvier P, Schouver D, Sermesant 

M, Ferrari E. European Heart Journal (2016) 37 (Abstract Supplement), 994  

- Duchateau N, Sermesant M, Gibelin P, Ferrari E, Moceri P. 3D regional right 

ventricular function in pulmonary hypertension. Eur Heart J Cardiovasc Imaging 

Abstracts Supplement (2015) 16 (Supplement 2), ii69 
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Longitudinal study of strain evolution in pulmonary hypertension patients   

Prognostic value of changes in 3D right ventricular function in pulmonary 

hypertension 

We hypothesized that serial changes in RV deformation could improve the 

assessment of pulmonary hypertension patients. Our study demonstrates the incremental 

prognostic value of following changes in RV function as assessed by 3D 

echocardiography. The most significant changes occur in septal segments. A composite 

score including changes in WHO functional class, BNP, 3D RV global AS identifies a 

high-risk population with increased mortality. This simple score could be helpful to guide 

advanced therapy uptitration or escalation. 

 

The manuscript was submitted for the 1st time in September 2017. The abstract 

will be submitted to the French Society of Cardiology and AHA congress in 2018. 

 

- Moceri P, Duchateau N, Baudouy D, Sanfiorenzo C, Squara F, Ferrari E, Sermesant M. 

Incremental prognostic value of changes in 3D right ventricular function in pulmonary 

hypertension. 

 

Shape and strain study in congenital heart disease patients 

Comparative Analysis of shape and strain in Tetralogy of Fallot and Atrial Septal 

Defect 

Right ventricular (RV) function assessment is crucial in congenital heart disease 

(CHD) patients with volume overload: atrial septal defect (ASD) and tetralogy of Fallot 

(TOF) patients. We thus aimed to study 3D RV shape and deformation in these patients 

as compared to a control population in a prospective study. Volume overload in ASD 

patients seems to impact RV shape but preserves the strain. In contrast, TOF patients 

present with lower area and longitudinal strain as well as a different shape. This may be 

explained by the difference in RV volume overload as well as history of previous pressure 

overload in TOF patients and myocardial damage related to surgery. A larger cohort of 
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patients could help understand the insight of RV remodelling in CHD with 3D echo 

images. 

 

These data were accepted for poster presentation during EuroEcho Imaging 2017 

(6th of December, Lisbonne PT) and an article has been written and will be submitted. 

 

 Modelling study in pulmonary hypertension patients 

Personalised 0D modelling of cardiovascular circulation: disease characterisation 

and drug effect 

0D models of the circulation are powerful tools to integrate flow and pressure 

information and estimate mechanical parameters, like compliance. Once personalised, 

new simulations can be launched to predict the cardiac behaviour in several conditions. 

In this last chapter, we focused on the personalisation of a 0D model of the circulation. 

The aim of this study was to evaluate the added value of such personalised model 

parameters to characterise pulmonary arterial hypertension (PAH) and predict the 

response to PAH therapy. The model was personalised to 11 PAH patients’ data before 

and after advanced PAH therapy. The model parameters reflected with accuracy the 

expected changes with therapy. 
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ABSTRACT 

 

Background: Survival in pulmonary hypertension (PH) relates to right ventricular 

(RV) function. However, the RV unique anatomy and structure limit 2D analysis and its 

regional 3D function has not been studied yet. The aim of this study was to assess the 

implications of global and regional 3D RV deformation on clinical condition and survival 

in adults with PH and healthy controls. 

 

Methods and Results: We collected a prospective longitudinal cohort of 104 

consecutive PH patients and 34 healthy controls between September 2014 and 

December 2015. Acquired 3D transthoracic RV echocardiographic sequences were 

analysed by semi-automatic software (TomTec 4D RV-Function 2.0). Output meshes 

were post-processed to extract regional motion and deformation. Global and regional 

statistics provided deformation patterns for each subgroup of subjects.  

RV lateral and inferior regions showed the highest deformation. In PH patients, 

RV global and regional motion and deformation (both circumferential, longitudinal and 

area strain) were affected in all segments (p<0.001 against healthy controls). Deformation 

patterns gradually worsened with the clinical condition. Over 6.7 [5.8-7.2] months 

follow-up, 16 (15.4%) patients died from cardio-pulmonary causes. Right atrial pressure, 

global RV area strain, TAPSE, 3D RV ejection fraction and end-diastolic volume were 

independent predictors of survival. Global RV area strain >-18% was the most powerful 

RV function parameter, identifying patients with a 48%-increased risk of death (AUC 0.83 

[0.74-0.90], p<0.001).  

 

Conclusions: RV strain patterns gradually worsen in PH patients and provide 

independent prognostic information in this population. 
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INTRODUCTION 

 

Pulmonary hypertension (PH) is a severe condition, responsible for symptoms and 

premature death related to right ventricular (RV) function and remodelling (37, 39, 84, 

134). In clinical practice, two-dimensional (2D) echocardiography is the most common 

RV imaging modality, especially in the setting of PH. Transthoracic 2D ultrasound 

provides a number of descriptors for evaluating right heart haemodynamic but is limited 

by the anterior position of the tripartite RV and the 2D one-slice plane.  

Strain estimation using speckle-tracking on 3D echocardiographic sequences has 

been suggested as a better means of assessing RV function (26, 135), due to the singular 

anatomy and structure of the RV, and the inherent 3D nature of cardiac deformation. 

However, little is known about the deterioration of 3D RV function and deformation with 

disease, and their relation with survival. Descriptors of shape, sphericity (111, 113) and 

curvature (132,136,137) have been proposed, but overall regional RV strain changes 

have not been studied yet. RV free wall peak longitudinal strain and transverse strain 

have previously been shown to relate to cardiovascular events and mortality in 

pulmonary hypertension (68, 138-142), but finer markers and analyses are required (143, 

144). We hypothesized that the analysis of regional 3D RV strain spatiotemporal patterns, 

which has not been performed yet, could provide additional insights into the 

deterioration of RV function and survival. 

To do so, we extracted both global and regional 3D RV deformation, and we 

adapted efficient computational tools to these new types of RV data. Based on these 

descriptors, we assessed whether statistical differences exist between patients with PH 

and healthy controls, and related them with clinical outcome.   
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METHODS 

 

Study design and patients 

We performed a prospective longitudinal study on PH patients followed up at our 

centre (Pasteur University Hospital, Nice, FR) between September 2014 and December 

2015. Consecutive clinically stable PH patients were enrolled into a standardized 

echocardiographic protocol. Healthy controls were enrolled to help determining normal 

values of 3D RV deformation imaging with our software. Our local research Ethics 

committees approved this study protocol, which conforms to the ethical guidelines of the 

1975 Declaration of Helsinki. 

Adult PH patients who consented to the study were included. Pre-capillary PH 

was considered according to right heart catheterization data, when mean pulmonary 

artery pressure at rest was ≥25 mmHg with pulmonary capillary wedge pressure 

≤15 mmHg. Patients with significant left heart disease, arrhythmias or poor acoustic 

windows were excluded. Patients with chronic thromboembolic pulmonary 

hypertension were excluded if they had been scheduled for either endarterectomy or 

pulmonary angioplasty. Patients with PH due to lung diseases and/or hypoxemia were 

included only if they were considered as stable (regarding the respiratory status) for at 

least 3 months and already under oxygen if needed. Asymptomatic healthy volunteers 

were recruited from the community to serve as controls and included if they had a normal 

trans-thoracic echocardiography, and if they were in sinus rhythm. 

Demographics, clinical data (age, gender, diagnosis, baseline WHO class, 

PH-targeted advanced therapy), BNP plasma levels (Beckman Access 2, Triage BNP assay 

(Biosite Diagnostics Inc, San Diego, CA)) and 6-minute walk test distance were collected 

at baseline. The time of echocardiography was considered as the start date for the study 

enrolment (the ultrasound qualifying the patient for inclusion). Follow-up was considered 

from the date of echocardiography and continued until patients either died or reached 

the end of the study (December 2015). Clinical outcome was defined by mortality related 

to PH. 
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2D-echocardiographic acquisitions and measurements 

Echocardiographic examination was performed using an IE-33 or EPIQ-7 

ultrasound system and a S5 or X5-1 transducer (Philips Medical system, Andover, MA). 

Doppler echocardiography was performed according to the recommendations of the 

American Society of Echocardiography (ASE) / European Association for Cardiovascular 

Imaging (EACVI) (44, 145, 146). 

Two different staff cardiologists, with advanced training in echocardiography, 

performed the cine-loops acquisitions and interpreted 2D-echo datasets. The measured 

parameters were averaged over three consecutive cycles. The following parameters were 

measured: left ventricular ejection fraction, right atrial area, tricuspid annular peak 

systolic velocity (s’), myocardial acceleration during isovolumic contraction (IVA) (49), 

tricuspid annular plane systolic excursion (TAPSE), systolic pulmonary artery pressure 

(derived from the tricuspid valve regurgitation), right ventricular outflow tract (RVOT) 

velocity-time integral (VTI) and right atrial pressure estimated on the basis of IVC diameter 

and collapse. 

 

3D Trans-thoracic Echocardiography 

At least four 3D cine-loops of the RV were acquired from an apical 4-chamber 

view focused on the RV, using an IE-33 or EPIQ-7 ultrasound system and a matrix-array 

X5-1 transducer (Philips Medical system, Andover, MA). Full-volume acquisition over 

2 heartbeats (for loop storage) was performed using ECG-gating over 4-to-6 cardiac 

cycles, during a quiet breath-hold. Frame rate was maximized to allow the use of the RV-

dedicated quantification software. Care was taken to include the entire RV within the 

images. Digital 3D data sets were stored and analysed using commercial software 

dedicated to the RV (4D RV Function 2.0, TomTec Imaging Systems GmbH, DE) (Figure 

1). This software allowed tracking the RV endocardium along the cardiac cycle using 

3D speckle-tracking. It directly estimated the RV end-diastolic and end-systolic volumes, 

ejection fraction, and wall-specific peak strain. Test-retest variability (intra-operator, 

inter-loop and inter-operator variability) was also assessed in a randomly selected group 

of 10 patients and 10 healthy controls.   
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These computations were done using VTK (v 7.10, Kitware, New York, US), and 

Matlab (v.R2011a, MathWorks, Natick, US), as previously validated in (147).  

 

Right heart catheterization  

Right heart catheterization was performed on 67 patients within 2 months from 

the ultrasound examination and in the same day on 29 patients as part of their standard 

treatment plan and follow-up.  

 

Statistical analysis 

Data were summarized as mean ± standard deviation for continuous variables 

with normal distribution; median [95% confidence interval] for other continuous 

variables and number of subjects (%) for categorical variables. The variables were tested 

by the Student t-test for normally distributed variables otherwise, Mann-Whitney U-test 

was performed. Categorical variables were compared using Fisher’s exact test. Bonferroni 

correction was used for multiple comparisons. Right heart catheterization data were 

correlated to global area strain using the Pearson test. The relationship between 

echocardiographic parameters and survival was assessed through univariate and 

multivariate Cox proportional hazard regression, starting at the date of echocardiography. 

Multivariate survival analysis included all variables with a p-value <0.10 in the univariate 

analysis as well as previously described prognostic parameters: WHO functional class, 

BNP, 6-minute walking distance and PH-targeted advanced therapy. Receiver operating 

characteristics curves were constructed to derive the optimal cut-off values to predict 

survival (Youden’s index method). Test-retest variability consisted of intra- and inter-

operator comparisons as well as inter-loop strain comparisons, and included intra-class 

correlation coefficients. For all analyses, statistical significance was defined as a p-value 

<0.05. Statistical analyses were performed using MedCalc 16.1 (MedCalc Software, 

Mariakerke, BE). 
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RESULTS 

 

Baseline characteristics 

One hundred four consecutive adult PH patients and 34 healthy controls were 

included in the study. One hundred seventeen patients were initially screened, 13 were 

excluded because of atrial fibrillation in 4 of them and poor acoustic window in the other 

9. Table 1 summarizes baseline characteristics for patients and healthy controls.  

 

Our patients’ population included 65 (62.5%) group 1 pulmonary arterial 

hypertension (PAH) patients (detailed below), 26 (25.0%) group 3 PH patients, 11 

(10.6%) group 4 PH patients and 2 (1.9%) group 5 PH patients according to the most 

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of the population, including three-dimensional and RV deformation data

Pulmonary hypertension n5 104 Healthy controls n534 P-value

Age (years) 65.9 [62.0–68.8] 45.5 [33.7–50.4] <0.001

Female sex, n (%) 58 (55.8%) 15 (44.1%) 0.3

Body surface area (m2) 1.72 ± 0.2 1.75 ± 0.1 0.3

WHO functional class >_ III 66 (63.4%)

BNP (ng/mL) 126 [94.0–182.0]

6MWD (m) 359.5 ± 106

AT at baseline, n (%) 87 (83.7%)

Death, n (%) 16 (15.4%)

2D echocardiographic data

LVEF (%) 69.1 ± 8.5

Right atrial pressure (mmHg) 10.0 [10.0–10.0]

Right atrial surface (cm2) 24.0 [22.4–25.0]

Pulmonary VTI (cm) 15.0 ± 4.7

Systolic PAP (mmHg) 75.2 ± 24.9

TAPSE (mm) 20.4 ± 5.2

Tricuspid s
0 (cm/s) 11.6 ± 3.0

IVA (m/s2) 2.0 [1.9–2.2]

RHC data

PVR (Wood U) 6.6[5.9–7.6]

Mean PAP (mmHg) 43.3 ± 12.6Min–max [25–70]

Right atrial pressure (mmHg) 9.0 [7.0–10.0]

Cardiac index (L/min/m2) 2.7 [2.4–2.8]

3D echocardiographic data

RV EF (%) 35.6 ± 9.7 55.9 ± 5.8 <0.001

RV EDV (mL) 91.0 ± 40.6 51.4 ± 21.9 <0.001

Global area strain (%) -18.8 ± 5.4 -29.5 ± 4.4 <0.001

Global circumferential strain (%) -11.6 ± 3.6 -17.3 ± 3.2 <0.001

Global Longitudinal strain (%) -8.4 ± 3.6 -14.1 ± 3.6 <0.001

Frame rate (Hz) 17.7 [16.6–18.7] 18.0 [17–19] 0.1

6MWD, 6-minute walk test distance; AT, advanced therapy; BNP, brain natriuretic peptide; EDV, end-diastolic volume; EF, ejection fraction; IVA, myocardial acceleration during

isovolumic contraction; LVEF, left ventricular ejection fraction; PAP, pulmonary artery pressure; PVR, pulmonary vascular resistance; RHC, right heart catheterization; RV, right

ventricular; TAPSE, tricuspid annular plane systolic excursion; VTI, velocity-time integral.
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recent PH classification (148). PAH aetiology was idiopathic PAH in 17 patients 

(26.2% of group 1 PAH patients), heritable PAH in 1 patient (1.5%), 4 drug- and 

toxin-induced PAH (6.2%), PAH associated with connective tissue disease in 16 patients 

(24.6%), associated with congenital heart disease in 13 patients (20%) (including 4 

ventricular septal defects, 4 atrial septal 

defects, 1 complete atrio-ventricular 

septal defect and 4 closed left-to-right 

shunts), associated with portal 

hypertension in 12 (18.5%) patients, 

and HIV-associated PAH in 2 patients 

(3.1%). All group 1, 4 and 5 patients as 

well as 9 patients from group 3 PH were 

treated with advanced targeted PAH 

therapy at baseline. 

 

Eighty-six PH patients (82.7%) 

had a reduced RV ejection fraction 

<45%, 43 of them (41.3%) had a TAPSE 

below 20 mm and 52 (50%) a BNP level 

above 100 ng/mL.  

The full 3D RV analysis using 

TomTec software required an average 

of 185±42 seconds including image 

alignment and manual correction of the 

detected endocardial RV borders. 

 

RV segmental and global strain  

 Global and regional RV 

strain comparisons between patients 

and healthy controls are summarized in 

.................................................................................................

Table 2 RV regional deformation data in healthy and
PH subjects

Pulmonary

hypertension

n5 104

Healthy

controls

n5 34

P-value

Area strain (%)

Anterior wall -17.8 ± 7.0 -29.5 ± 6.6 <0.001

Inferior wall -24.4 ± 8.8 -37.9 ± 7.4 <0.001

Lateral wall -28.5 ± 9.1 -43.4 ± 6.6 <0.001

RVOT anterior -14.7 ± 6.0 -22.2 ± 5.9 <0.001

Infundibular

septum

-17.8± 7.0 -27.2 ± 7.1 <0.001

Membranous

septum

-14.7± 7.6 -23.3 ± 8.1 <0.001

Inlet septum -16.7± 8.2 -27.8 ± 9.4 <0.001

Trabeculated

septum

-15.9± 6.3 -24.8 ± 7.1 <0.001

Circumferential strain, %

Anterior wall -12.9 ± 6.2 -20.8 ± 7.4 <0.001

Inferior wall -13.4 ± 6.3 -20.4 ± 6.0 <0.001

Lateral wall -19.0 ± 6.2 -29.5 ± 6.2 <0.001

RVOT anterior -7.8 ± 3.7 -11.6 ± 4.6 <0.001

Infundibular

septum

-12.1± 3.8 -16.7 ± 3.9 <0.001

Membranous

septum

-8.4 ± 4.0 -11.7 ± 3.5 <0.001

Inlet septum -10.3± 6.1 -14.6 ± 6.5 0.001

Trabeculated

septum

-8.7 ± 4.4 -13.1 ± 4.7 <0.001

Longitudinal strain (%)

Anterior wall -6.5 ± 3.6 -10.8 ± 4.3 <0.001

Inferior wall -12.2 ± 4.9 -20.3 ± 5.8 <0.001

Lateral wall -10.5 ± 4.6 -16.0 ± 3.8 <0.001

RVOT anterior -8.3 ± 5.1 -12.5 ± 5.9 <0.001

Infundibular

septum

-7.1 ± 6.1 -11.2 ± 5.8 0.001

Membranous

septum

-7.3 ± 6.0 -13.2 ± 6.7 <0.001

Inlet septum -7.4 ± 5.6 -14.9 ± 7.3 <0.001

Trabeculated

septum

-7.8 ± 3.8 -13.4 ± 5.0 <0.001

RV, right ventricular; RVOT, right ventricular outflow tract; PH, pulmonary

hypertension.
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Link with the severity of the disease 

 A gradient in RV area strain was observed according to the severity of the 

disease (assessed by baseline WHO functional class, Figure 3 and 4). It was accompanied 

by a gradual dilatation of the RV (Table 3).  

 

 

 

 

 

 

 

 

 

 

Figure 4: End-systolic global AS according to baseline WHO class. 

 

Apart from this gradual decrease in the peak deformation, a slight but gradual 

delay in the contraction was also associated with the WHO class, as visible in all the 

strain components at the segments with higher contraction (RV lateral, Figure 5). We 

tested the correlation between global RV area strain and invasive parameters collected 

the same day in a subset of 29 patients. None of the invasive parameters were 

significantly associated with global RV area strain: pulmonary vascular resistance 

(r=0.10; p=0.4); mean pulmonary artery pressure (r=0.20; p=0.3); cardiac index (r=-0.16; 

p=0.4); right atrial pressure (r=-0.12; p=0.6). On the opposite, RV ejection fraction was 

closely associated to RV global area strain (r=-0.90, p<0.0001). 
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DISCUSSION 

 

Studying the RV function is challenging but of critical importance, especially in a 

devastating disease such as pulmonary hypertension. Our study analysed for the first time 

RV 3D deformation patterns in healthy controls and pulmonary hypertension patients 

using dedicated RV software. Our results highlight the role of regional deformation 

analysis, which reveal the dominant RV regions (inferior and lateral wall) and subtle 

pattern changes with disease severity. This study also demonstrates the prognostic role of 

RV area strain in PH patients. 

 

2D vs 3D RV analysis and regional function 

Standard evaluation of the RV usually requires 2D assessment. Despite being 

correlated with MRI RV EF, widely used parameters such as TAPSE and TV s’ (to assess 

RV function in routine clinical practice) only assess the lateral tricuspid annulus. 2D 

speckle-tracking echocardiography has been used to quantify RV myocardial 

deformation, but mainly focuses on longitudinal strain. Indeed, given the complex 

anatomy of the RV, circumferential strain cannot be fully assessed by 2D techniques. 

Actually, MRI studies have highlighted the value of considering RV circumferential strain 

for some pathologies such as arrhythmogenic RV cardiomyopathy (149) or RV afterload 

changes (150, 151). Besides, going beyond global measurements and assessing regional 

RV function is determinant in the evaluation of Tetralogy of Fallot patients (152-154) and 

pulmonary embolism (155, 156), but is usually assessed with MRI. In this study, we 

demonstrate using dedicated software the feasibility and high value of 3D 

echocardiographic analysis to estimate RV ejection fraction, volumes (157), and regional 

RV function (45) in healthy volunteers and PH patients. We also believe that adding 

circumferential strain to the longitudinal RV strain analysis, which allows computing RV 

area strain, provides additional prognostic information.  

The tracking accuracy and therefore the relevance of motion and deformation 

values were fully conditioned by the Tomtec commercial software, whose use has been 

validated in (158). Our post-processing software only uses standard mathematical 
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formulations to compute local motion and deformation from already existing mesh data, 

and corresponds to the validated tools (147).  

Our study provides a new statistical characterization of 3D RV deformation 

patterns. It first illustrates the normal contraction pattern over the whole RV: the lateral 

wall is predominant in terms of area strain, but the inferior wall, the anterior wall as well 

as the inlet septum are also significant contributors to the RV global area change. 

Longitudinal deformation predominates at the inferior wall, whereas the lateral wall 

provides more circumferential deformation. Then, this statistical characterization is 

extended to the comparison of PH against healthy deformation patterns, and confirms 

that RV dysfunction predominates in these regions.  

 

RV remodelling and outcome 

 Our method provided a reliable full analysis of the right ventricle, including 

regional analysis. Using left ventricle-dedicated software, previous studies already 

reported that RV global area strain is associated with outcomes in PH (142, 159, 160). 

Our results confirm the prognostic role of RV area strain. The use of dedicated RV 

software allowed studying the entire RV structure and refining observations at the 

regional level. Despite playing a “minor” role as compared to the lateral, anterior and 

inferior wall, the RVOT and infundibular septum significantly contribute to RV area 

strain. This opens the door to complementary analyses of the RV function in PAH, such 

as the timing alteration of RV segments. 

RV adverse remodelling, RV dilatation and reduction in RVEF and/or area strain 

are associated with mortality in our cohort of PH patients. Cardiac index, a known but 

debated invasive indicator of prognosis reflecting RV contractility (161), did not reach 

statistical significance in our cohort, probably because of the low number of patients with 

right heart catheterization data. RV area strain is independently and strongly associated 

with survival, illustrating the initial role of decreasing strain before reducing RV EF and 

dilating the cavity. Indeed, our echocardiographic parameter could be interpreted as a 

consequence of the RV-PA unit, a marker of RV-PA coupling (162), which among other 

parameters has been recently related to prognosis in PH (163). Finer markers of RV 
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function like area strain are therefore useful to detect early changes in PAH patients and 

could help improving the follow-up and prognosis of such patients. 

 

Limitations 

 3D RV analysis was feasible in 88.9% of patients, the main limitation being 

the imaging quality. Given the expected intra-individual variability, patients with atrial 

fibrillation were excluded from this preliminary study. This could represent a selection 

bias. Patients with post-capillary PH were not studied and the conclusions made in this 

paper are consequently not extendable to this population. Indeed, left heart disease could 

influence RV deformation.  

Classically, 3D RV assessment was limited by its feasibility. In our study, thanks 

to RV dedicated software, intra- and inter-operator and inter-loop reproducibility were 

acceptable, as previously described (158). Furthermore, the duration of the 3D 

quantification analysis was acceptable and could be applicable in routine clinical 

practice. 

Our cohort of control patients was relatively small, as compared to the PH group. 

Indeed, identifying patients in the Echo Lab, without any structural heart disease 

(potentially influencing RV remodelling) has been very difficult. Furthermore, this issue 

prevents us from age-matching our control population to the PH population. Indeed, this 

could represent another limitation given that age could influence 3D RV quantification 

(164). 

The lack of correlation between haemodynamic parameters and RV area strain 

can be confusing. However, this could be expected, as the number of patients with 

invasive data was relatively low compared to the overall number of patients. Right atrial 

pressure, a strong marker of risk in PH patients was also a predictor of mortality in our 

population, but not related to RV area strain. This might be explained by the evolution 

of PH itself as right atrial pressure increases gradually with RV dysfunction, while RV area 

strain might be an earlier marker of RV dysfunction, explaining the relative independence 

of both markers. 
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The prognostic importance of decreased RV area strain is obvious in our cohort, 

however as our patients suffer from multiple PH aetiologies, a larger multicentre study 

could help verifying and generalizing our conclusions in a larger population. Given the 

relatively small cohort of patients, no etiological subgroup analysis was performed. A 

larger study would allow describing RV shape and deformation patterns in a finer way 

for each PH aetiology, especially in group 1 patients. 

 

 

 

 

 

CONCLUSIONS 

We examined the implications of a finer analysis of 3D RV deformation on clinical 

condition and survival in a cohort of adults with PH and 34 healthy controls. We 

quantitatively demonstrated that RV strain patterns gradually worsen in PH patients and 

provide independent prognostic information. This new technique could help better 

stratifying the risk in PH patients. 
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SUPPLEMENTARY MATERIAL 

 

SUPPLEMENTARY METHODS 

Non-commercial software used in our study: The implementation of the shape 

and deformation analysis software was realized using Matlab v.R2011a (MathWorks, 

Natick, MA), and corresponds to an upgrade of the left ventricle- and Echopac-specific 

analysis software, publicly available online at: 

http://nicolasduchateau.wordpress.com/downloads/ . 

SUPPLEMENTARY RESULTS 

Supplementary Table 1: Bland-Altman data for repeated measures in 10 healthy 

controls and 10 patients 

Variability 

Mean SD 

Global Patients Controls Global Patients Controls 

RV EF 
(%) 

Intra-
operator 

0.2 -0.7 0.6 3.1 2.4 3.5 

Inter-loop -1.6 -1.5 -1.7 3.4 1.9 4.5 

Inter-
operator 

-0.4 -2.1 1.4 4.2 3.4 4.3 

RV EDV 
(mL) 

Intra-
operator 

-2.3 -2.3 -2.8 4.3 4.3 6.5 

Inter-loop 0 -1.8 1.9 11.5 13.7 9.2 
Inter-

operator 
6.2 8.8 3.7 10.9 11.7 9.8 

RV AS 
(%) 

Intra-
operator 

-0.3 -0.6 -0.5 10.2 6.5 11.6 

Inter-loop -0.3 1.7 -2.7 9.1 6.0 12.6 

 

AS, area strain; EDV, end-diastolic volume; EF, ejection fraction; ICC intra-class 

correlation coefficient; SD, standard deviation; RV, right ventricle  
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ABSTRACT 

 

Background: Outcomes in PH are related to RV function and remodelling. We 

hypothesized that changes in RV function, especially area strain (AS), could provide 

incremental prognostic data. In this study, we aimed to assess global and regional 3D 

right ventricular (RV) function changes between baseline and 6-months visit and evaluate 

their prognostic value in pulmonary hypertension (PH). 

Methods and results: 65 PH patients were prospectively included. All patients 

underwent 2D and 3D transthoracic echocardiography at baseline and at a 6-month 

follow-up. They underwent regular follow-up at 3- to 6-month intervals, per clinical 

status. 3D RV echocardiographic sequences were analysed by semi-automatic software 

and output meshes were post-processed to extract regional deformation. Most of our 

population consisted in group 1 PH (74%) and female patients (61.5%). At baseline, there 

was no significant difference in RV AS between patients’ clinical subgroups. Patients who 

were considered clinically stable or improving were more likely to present at 6-months 

a significant increase in 3D RV EF (p=0.04) and a decrease in RV global AS (p=0.001). 

Most significant regional changes occurred within the septum. Over a median follow-up 

of 24.8 months [22.1-25.7], 1 patient was transplanted and 15 patients died from PH. 

On multivariate COX analysis, 6-month changes in WHO class (HR 17.4[5.2-58.5]), BNP 

(HR 1.003[1.001-1.004]) and RV global AS (HR 1.12[1.03-1.21]) were independent 

predictors of survival. A composite score including 6-months changes in WHO class, 

increase in BNP and decrease in ≥24% RV AS could identify patients with a 9.1-fold 

increased risk of death or lung transplant. 

Conclusions: Our study demonstrates the additional prognostic value of following 

changes in RV deformation using 3D echocardiography. A composite score including 

changes in WHO function class, BNP and 3D RV AS could help stratifying the patients’ 

risk.  
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INTRODUCTION 

 

Pulmonary hypertension (PH) is a severe cardiopulmonary disorder, which 

gradually leads to symptoms and premature death. Outcomes are mostly related to right 

ventricular (RV) function and remodelling (26, 37, 39, 84, 134, 141). Volume and strain 

analysis from 3D speckle-tracking are now feasible on the RV (142, 158, 165, 166) and 

provides valuable information about its regional function and relation with prognosis 

(132, 133). 

Nonetheless, baseline information may still be limited for the patients’ evaluation 

and risk stratification, in the presence of both incident and prevalent cases. Data that may 

help refine the patients’ risk between treatment-naïve incident patients and prevalent 

cohorts of PH patients are lacking. The ESC/ERC guidelines for the management of PH 

(148) recommend the goal-oriented therapy, which implies considering improvements in 

both clinical and echocardiographic parameters and BNP levels. Despite this, only few 

studies (167, 168) investigate such changes in relation with the patient outcome, from 

the perspective of generic parameters. Instead of baseline only, a dynamic assessment of 

the PH patient can reflect both PH evolution and therapy effect and might offer a more 

reliable risk assessment.  

In this study, we hypothesized that changes in 3D RV function, especially area 

strain, can provide incremental insights into the prognosis of PH patients. For this 

purpose, we performed a comprehensive examination of both global and regional 3D 

RV deformation changes between baseline and follow-up, and evaluated their added 

value to characterize the patients’ outcome.  
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METHODS 

 

Study design and patients 

The study was prospective and longitudinal. We included consecutive clinically 

stable adult PH patients followed up at our centre (Hôpital Pasteur, CHU de Nice, FR) 

between September 2014 and June 2017 who were enrolled into a standardized 

echocardiographic protocol. All participants consented and provided written informed 

consent. The study was approved by the research Ethics committees at our institution, 

and complied with the ethical guidelines of the Helsinki Declaration. 

Pre-capillary PH was considered when mean pulmonary artery pressure at rest 

was ≥25 mmHg with pulmonary capillary wedge pressure ≤15 mmHg (using right heart 

catheterization data). We excluded patients with significant left heart disease, 

arrhythmias or poor acoustic windows, and patients with chronic thromboembolic 

pulmonary hypertension if they had been scheduled for either endarterectomy or 

pulmonary angioplasty. No patient had severe tricuspid regurgitation. We included 

patients with PH due to lung diseases and/or hypoxemia only if they were considered 

stable (regarding the respiratory status) for at least 3 months, already under oxygen if 

needed and if their mean PA pressure was ≥35mmHg. 

Demographics and clinical evaluation (age, gender, diagnosis, baseline WHO 

class, PH targeted advanced therapy), determination of BNP plasma levels (Beckman 

Access 2, Triage BNP assay (Biosite Diagnostics Inc, San Diego, CA)) and 6-minute walk 

test were performed at baseline and follow-up. The first echocardiography qualified the 

patient for inclusion and was taken as the start date for the study enrolment. Follow-up 

was considered from this date until the patient’s death or the end of the study (June 2017). 

Clinical outcome was defined by either mortality related to PH, lung transplantation, 

hospitalization for heart failure related to PH, need to start therapies targeting the PGI2 

pathway.  

The flow chart of the study summarizes this information in Figure 1.  
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(IVA)(49), tricuspid annular plane systolic excursion (TAPSE), systolic pulmonary artery 

pressure (derived from the tricuspid valve regurgitation), right ventricular outflow tract 

(RVOT) velocity-time integral (VTI) and right atrial pressure estimated on the basis of IVC 

diameter and collapse (170). 

 

3D trans-thoracic echocardiography 

We also performed a 3D trans-thoracic echocardiographic examination using an 

IE-33 or EPIQ-7 ultrasound system and a matrix-array X5-1 transducer (Philips Medical 

system, Andover, MA). At least four 3D cine-loops of the RV were acquired from an 

apical 4-chamber view focused on the RV. This focused view was not a classic 4-

chamber view as the probe was tilted anteriorly to focus on the entire right ventricle. 

Loops were stored from full-volume acquisition over 2 heart beats, which required ECG-

gating over 4 cardiac cycles during a quiet breath-hold. To allow post-processing with 

dedicated software, care was taken to maximize the frame rate (≥ 20 frames per second) 

and to include the entire RV within the images.  

 

3D deformation analysis 

Offline analysis was performed via commercial software dedicated to the RV (4D 

RV Function 2.0, TomTec Imaging Systems GmbH, DE). This software tracked the RV 

endocardial surface along the cardiac cycle using 3D speckle-tracking, which can be 

exported for post-processing. It also directly estimated the RV end-diastolic, end-systolic 

volumes and ejection fraction (157, 164). Trabeculations and papillary muscles were 

included as part of the RV cavity, as recommended (169). Examples of RV cavity 

delineation with the dedicated software are available in our previously published article 

(132). 

The exported meshes were analysed at each point of the RV endocardium and at 

each instant of the cycle using VTK (v 7.10, Kitware, New York, US), and Matlab 

(v.R2011a, MathWorks, Natick, US), as previously validated in an electromechanical 

model and in a large series of patients (147). Deformation was computed as the 

engineering strain ---the relative change of length--- within a 5mm neighbourhood along 
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the circumferential and longitudinal directions, and as the area strain ---the area change 

of each mesh triangle. Due to the availability of endocardial surfaces only, radial strain 

was not computed. Mesh correspondences were obtained from the commercial software. 

They were used to compare the data from different subjects and acquisitions both 

globally and regionally according to conventional RV regions definition (13). For the 

purpose of this study, peak systolic strain was analysed. 

 

Statistical analysis 

Continuous variables are shown as mean ± standard deviation in case of normal 

distribution or median [95% confidence interval] if not. Categorical variables are shown 

as number of subjects (%). Changes between baseline and the 2nd assessment were 

expressed as a percentage of baseline value. Inter-group differences (paired data) 

between continuous variables were assessed by the Student’s t-test or the Wilcoxon test 

depending if the variables were normally distributed or not, and the Fisher’s exact test for 

categorical variables. Bonferroni correction was used for multiple comparisons. Multiple 

regression and the associated variance inflation factor were used to test multicollinearity 

between several variables. The relationship between echocardiographic parameters and 

survival was assessed through univariate and multivariate Cox proportional hazard 

regression, starting at the date of echocardiography. The date of the second assessment 

was used as starting date for Cox analysis when analysing the association between 

changes in the patients’ status and clinical outcomes. Multivariate survival analysis 

included all variables with a p-value <0.10 in the univariate analysis and the previously 

described prognostic parameters (WHO functional class, BNP, 6-minute walking 

distance and PH-targeted advanced therapy). Patients were labelled as “worsening” if 

they presented one of the following outcomes: need to start advanced therapy targeting 

the PGI2 pathway, hospitalization related to PH complication during the follow-up, lung 

transplant or death. They were labelled as “improving” if they experienced on the last 

follow-up visit a decrease in the WHO class and either showed a >10% increase of their 

6-minute walking distance or a >10% decrease in their BNP level (171, 172). Other 

patients were labelled as “stable”. The optimal cut-off values to predict survival were 
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obtained from receiver operating characteristics curves. ROC curves were compared 

using the DeLong, et al. (173) method. Test–retest variability consisted of intra- and inter-

operator comparisons as well as inter-loop strain comparisons, and included intra-class 

correlation coefficients. For all analyses, a p-value of <0.05 was considered statistically 

significant. Statistical analyses were performed using MedCalc 17.5.5 (MedCalc 

Software, Mariakerke, BE).  
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RESULTS 

 

Overall, 116 patients with pulmonary hypertension were screened for this study. 

Over those, 31 were excluded because the study clinical outcome occurred before the 

second assessment; 18 because their second 3D ultrasound assessment fell outside the 

allowed study period (<3months or >9 months) and 2 because of lost to follow-up. 

Finally, 65 patients with pulmonary hypertension were included in our study and 

followed over a median of 24.8 [22.1-25.7] months. 

 

General characteristics of the population  

The main characteristics of our population are presented in Table 1. Mean age at 

inclusion was 57.8 ± 18.7 years old, 40 of them were female (61.5%). It consisted of 48 

patients (74%) suffering from group 1 PAH: 13 had PAH associated with connective tissue 

disease, 12 had idiopathic PAH, 10 had PAH associated with congenital heart disease, 7 

had PAH associated with portal hypertension, 4 had drug-induced PAH and 2 had HIV-

associated PAH. Among the remaining 17 patients (26%), 10 patients had group 3 PH 

and 7 had group 4 PH. Sixty patients (92.3%) were treated with advanced PH therapy at 

baseline: 8 with triple combination therapy (endothelin receptor antagonist + PDE5 

inhibitor + prostacyclin), 19 with dual combination therapy (endothelin receptor 

antagonist + PDE5 inhibitor) and 33 with single oral PH therapy (18 patients were treated 

with endothelin receptor antagonists, 13 with PDE5 inhibitors and 2 patients with 

riociguat). Multiple regression indicates that baseline area strain is significantly related to 

RV EF (p<0.001). The variance inflation factor is 1 between those 2 variables, excluding 

high multicollinearity. Variability was previously assessed using intra-class correlation 

coefficients (132) : inter-observer variability was 0.90 [0.77–0.96] for RV EF; intra-

observer variability was 0.95 [0.88–0.98] for RV EF and 0.93 [0.83–0.97] for RV global 

AS; inter-loop variability was 0.94 [0.86–0.98] for RV EF and 0.94 [0.86–0.98] for RV 

global AS.  
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Table 1: Main characteristics of our population at baseline and at 6 months (second 
assessment)  
 

Patients’ evolution 

At follow-up, 15 patients died from PH and 1 patient underwent lung transplant. 

Compared to baseline, 28 patients were considered stable, 10 patients had improved 

their clinical condition and 27 patients had worsened and were hospitalized because of 

right heart failure or needed to start therapies targeting the PGI2 pathway. Twenty-three 

patients (35.4%) required an uptitration or escalation of their oral advanced therapy. 

Median delay between baseline (first 3D echocardiography) and the second 3D 

assessment was 6 [5.6-6.3] months. Patients who were considered stable or improving 

20 

assessment) 

 Baseline Second assessment p-value 

WHO class ≥ III, n(%) 39 (60%) 34 (52%) 0.50 

BNP, pg/mL 148.0[96.4-231.6] 111.5[91.4-148.1] 0.26 

6MWD, m 374.7±92.9  363.8±118.9 0.83 

3D RV EF, % 34.6±8.7 36.3±10.7 0.13 

RV EDV, mL 88.3[72.1-106.0] 95.2[85.1-109.9] 0.01 

Global RV area strain, % -13.2±6.1 -14.0±7.1 0.27 

Global RV circumferential 

strain, % 

-11.5[-13.2- -10.6] -12.5[-13.5- -10.8] 0.38 

Global RV longitudinal 

strain, % 

-8.1[-9.4- -7.0] -9.1[-10.4- -7.8] 0.11 

TAPSE, mm 20.4±5.1 18.9±4.9 0.08 

TV s’, cm/s 11.2±2.9 11.3±2.8 0.38 

IVA, m/s2 2.0[1.7-2.3] 2.1[1.8-2.3] 0.86 

RA pressure, mmHg 10.3±3.8 10.5±4.9 0.80 

RA surface, cm2 23.5[21.1-24.8] 23.3[21.1-27.0] 0.39 

RVOT VTI, cm 15.0±4.8 15.5±4.5 0.18 

LV EF, % 67.4±8.3 67.1±7.9 0.85 

RV-RA gradient, mmHg 76.0[70.0-90.2] 74.0[67.2-83.2] 0.11 

Pericardial effusion, n (%) 10 (15%) 11 (17%) 0.93 

 

6MWD, 6-minute walking distance; WHO, world health organization; BNP, 
brain natriuretic peptide; EDV, end-diastolic volume; EF, ejection fraction; IVA, 
myocardial acceleration during isovolumic contraction; LV, left ventricular; 
RA, right atrial; RV, right ventricular; RVOT, right ventricular outflow tract; 
TV, tricuspid valve; VTI, velocity-time integral 
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were more likely to present at 6-months a significant increase in 3D RVEF (p=0.04) and 

a decrease in RV global area strain as well as circumferential and longitudinal strain 

(p=0.001, 0.01 and 0.001, respectively). In contrast, no significant change in TAPSE or 

RA surface was observed (p=0.85 and 0.35, respectively).  

Table 2. Changes in patients’ characteristics at 6-months according to the vital 

status of the patient 

6-months change in Survivors 

without 

transplant 

n=49 

Death or 

Transplant 

 

n=16 

p-value 

BNP, pg/mL -80.2± 223.5 +166.4±398.2 0.006 

3D RV EF, % +3.9±7.2 -4.8±11.2 0.02 

    % from E1 +13.0±26.0 -10.0±29.3 0.04 

3D RV EDV, mL +8.3±31.6 +19.3±48.6 0.03 

Global RV area 

strain, % 

-2.6±5.4 4.1±8.2 0.03 

    % from E1 +15.3±30.6 -16.2±36.5 0.001 

Global RV 

circumferential 

strain, % 

-0.97±3.2 +2.6±5.9 0.003 

    % from E1 +12.1±36.8 -9.7±50.0 0.07 
Global RV 

longitudinal strain, 

% 

-1.7±3.8 +1.7±4.2 0.004 

    % from E1 +29.4±61.3 -14.6±52.1 0.01 

TAPSE, mm -1.2±7.2 -1.9±4.9 0.72 
RA surface -0.74±7.8 -0.49±8.8 0.92 

 

BNP, brain natriuretic peptide; E1, 1st echocardiographic assessment at baseline; 

EDV, end-diastolic volume; EF, ejection fraction; RV, right ventricular 

 

 

Figure 2 illustrates the evolution of RV global area strain in each patients’ group.  
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clinical worsening (HR 1.11[1.05-1.17], p=0.0002), unlike RV global area strain at 

baseline. 

On multivariate COX analysis, changes in WHO class (HR 17.4[5.2-58.5]), BNP 

(HR 1.003[1.001-1.004]), RV global area strain (HR 1.12[1.03-1.21]) and RV septal area 

strain (HR 1.14 [1.03-1.25]) were independent predictors of survival. 

ROC curves identified that a decrease in 24% or more of the initial RV global area 

strain predicted poor outcome (death or transplant) and corresponded to 50% sensitivity 

and 92% specificity (AUC 0.733[0.609 to 0.836]). A decrease <0.8% or an increase in 

RV septum area strain identified high risk patients (AUC 0.810[0.694-0.897]).  

 

Composite score 

Based on these observations, we built a composite score from the predictors of 

outcomes identified on the multivariate Cox analysis. One point was attributed to each 

of the following parameter changes over the initial 6 months’ period: increase in WHO 

functional class; increase in BNP plasmatic levels (≥100 ng/mL) and decrease in ≥24% 

RV area strain. Changes in RV global area strain over 6-months significantly increase the 

predictive value as compared to the changes in WHO from baseline (AUC 0.781[0.661-

0.874] compared with 0.657[0.529-0.770]; p=0.04). Changes in BNP also tend to 

increase the predictive value of changes in WHO alone (AUC 0.739[0.615-0.840], 

p=0.14). The predictive value of the composite score including changes in WHO class, 

changes in RV global area strain and BNP (AUC 0.816[0.700-0.901]) increases 

significantly compared to changes in functional class alone (p=0.01) and also increases 

the predictive value over changes in WHO class and BNP (AUC 0.739[0.615-0.840], 

p=0.10) (Figure 4).   
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Figure 5: Kaplan-Meier curves illustrating the difference between patients with a score 
=0 or a score ≥1 with a 9-fold increased mortality risk. 
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DISCUSSION 

 

To our knowledge, this is the first study designed to interpret the prognosis value 

of changes in functional class, BNP and RV deformation and function in PH patients. 

Individual and regional changes in RV deformation are highly related with clinical 

outcome. Our study also proposes a simple composite score including dynamic changes 

in WHO function class, BNP and 3D RV AS to identify very high-risk patients with a 9-

fold increased risk of death or transplantation. Echocardiographic changes in RV 

deformation provide independent prognostic information and add a significant positive 

value to changes in WHO functional class and in BNP levels.  

 

Dynamic parameters instead of baseline assessment 

Baseline RV deformation and function in our cohort were not significant predictors 

of outcomes unlike AS changes over 6-months. This result underlines the importance of 

dynamic assessment combined with baseline data. Nonetheless, we previously identified 

in a larger population, baseline RV AS as a predictor of outcome, meaning that 6-months 

AS changes provides an even more significant information regarding RV changes with 

pressure overload. In our study, no significant difference in baseline AS was found 

between our patients’ groups (survival or clinical evolution), whereas we found 

significant differences in follow-up global AS. In order to increase the comparability of 

our population and better assess the risk, in our view, an assessment of RV function 

evolution is preferable over a single assessment. Previous studies already underlined the 

need for a dynamic assessment in PH patients. A worsening saturation in exercise 

capacity predicted clinical deterioration in patients with Eisenmenger syndrome (174). 

Recently a post-hoc analysis of PATENT-2 found that changes in WHO functional class 

and NT-pro BNP at 12 weeks were associated with clinical worsening-free survival, but 

not with survival (175). Our study differs in terms of rate of events (24.6%) and 

population, as patients with various PH aetiologies without any age limitation were 

included. An increase in pulmonary arterial capacitance over time (assessed by right 

heart catheterization) has been associated with decreased mortality (176). Changes in 
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pulmonary arterial capacitance and RV deformation (affected by PA compliance and 

capacitance) could represent, in association with changes in WHO and BNP, a more 

advanced evaluation strategy for PAH therapies. 

 

Risk assessment 

Currently, guidelines recommend in the “goal-oriented therapy” approach to 

assess patients for the presence of pericardial effusion and to monitor the right atrial area. 

In our study, given the relatively low number of patients, baseline pericardial effusion 

and changes in the right atrial area were not predictors of outcomes (HR 2.7 [0.95-7.9]; 

p=0.06 and 0.98 [0.91-1.06]; p=0.68, respectively). In fact, RA remodelling in terms of 

size reduction probably occurs at a slower rate compared to changes in RV deformation. 

This could therefore be expected at 6-months follow-up. The faster rate of changes in RV 

deformation may come from the higher sensitivity of the RV to advanced PH therapies-

induced modifications. We therefore believe on the potential of RV area strain changes 

to assess the response to therapy in PH.  

Beyond underlining the importance of RV functional assessment in PH patients, 

our study also suggests the importance of multi-modality assessment. Even if the 

prognostic value of baseline WHO class and changes in WHO class are important, their 

predictive value is only improved when adding change in BNP and change in RV 

deformation to the prognostic score. Simple cut-offs have been used: the reduction of 

>24% in RV global AS and the increase in BNP. Such factors could allow physicians to 

improve disease severity classification and identify whether a patient is deteriorating on 

treatment and escalate therapy if needed. 

 

Three-dimensional RV assessment 

Substantial changes in patients with poor outcomes occur in the inferior wall and 

mostly in the septum, in particular the inlet and trabecular septum. These regions are 

actually associated to subgroup differences in RV deformation. They undergo pressure 

overload and the septum deformation is affected by RV-LV interactions. We already know 

that LV parameters such as eccentricity index and LV strain (134, 177, 178) are of 
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prognostic importance in PAH. Given the LV-RV interactions, the observations along the 

RV septum AS are therefore not surprising in our cohort of PH patients. A recent study 

investigating rat models of RV pressure overload concluded that altered geometry and 

wall stress lead to adverse RV-LV interactions through the septal hinge-points and fibrosis 

(179). This fibrosis might explain the sensitivity of changes in RV septal AS for the 

detection of high-risk patients. RV septum AS and more generally global RV AS might be 

earlier markers of severity. Changes in these factors seem to be even more determinant 

than baseline parameters, allowing personalized patients’ assessment.  

 

Limitations 

This was a single centre prospective study with a relatively limited number of 

patients. Mean RV end-diastolic volume in our population can be considered normal, 

however, from previous studies, we know that 3D echo tends to underestimate volumes 

as compared to cardiac magnetic resonance (180). This limited number of patients 

prevented us from confirming the prognostic role of global RV AS at baseline, however 

it was sufficient to confirm our hypothesis regarding the role of RV deformation changes 

over time. The mortality or transplant rate in our study was 24.6%, which is quite high 

and can be explained by the mean age and severity of our population, 60% of patients 

being class III WHO or more at baseline. We have chosen to divide our patients’ 

population in three different subgroups according to the clinical evolution. This can be 

criticized, but whether a stable patient who is not improving despite advanced PH 

therapy can be classified as improving or deteriorating is a challenging question. 

Complementary insights are given in the Supplementary Material using clinical evolution 

subgroups. Given our results, the clinical subgroups “improving” and “stable” are quite 

similar compared to the “worsening” group. 
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In summary, our study demonstrates the incremental prognosis value of following 

changes in RV function as assessed by 3D echocardiography. The most significant 

changes occur in septal segments. A composite score including changes in WHO 

function class, BNP and RV global AS identifies a high-risk population with increased 

mortality. This simple score could be helpful to guide advanced therapy uptitration or 

escalation.  
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DATA SUPPLEMENTS 

 
Expanded results: 

Additional Figure: RV area strain evolution according to the patients’ clinical evolution 

 
 
 
Mean pattern of RV area strain (AS) at baseline and 6-months follow-up represented over 

the subgroup average shape (subgroups according to the clinical evolution, improving 

>0, stable =0 or worsening <0). Yellow and red represent an increase (deterioration) in 

AS, whereas blue indicates a decrease in AS (improvement). 
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Additional Table: Changes in patients’ characteristics at 6-months according to the 

patients’ clinical evolution 

 
 Clinical Evolution p-value 
6-months Change in Worsening Stable Improvement 

BNP, pg/mL +91.4±337.9 -47.3±146.6 -228.6±367.1 0.02 

3D RV EF, % -1.7±10.7 +4.11±6.4 +4.3±8.7 0.04 

    % from E1 -1.4±30.7% +12.7±24.4% +15.8±29.1% 0.1 

3D RV EDV, mL +10.7±46.1 +16.4±25.0 -3.3±32.9 0.35 

Global RV area 

strain, % 

+2.4±7.4 -3.1±4.6 -3.7±6.9 0.003 

    % from E1 -8.6±35.2 +17.3±26.9 +23.8±37.9 0.004 

Global RV 

circumferential 

strain, % 

+1.5±5.1 -1.1±2.8 -1.5±4.3 0.04 

    % from E1 -4.9±42.5 +11.3±26.6 +25.4±61.9 0.10 

Global RV 

longitudinal strain, 

% 

+1.1±3.9 -2.2±3.7 -2.2±4.4 0.005 

    % from E1 -9.0±48.8 +39.6±63.8 +34.3±64.6 0.008 

TAPSE, mm -1.4±5.1 -1.0±6.8 -2.5±10.7 0.85 

RA surface -0.5±7.5 +0.3±6.9 -4.4±12.1 0.35 
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ABSTRACT 

Background: Right ventricular (RV) function assessment is crucial in congenital 
heart disease (CHD) patients, especially in atrial septal defect (ASD) and Tetralogy of 
Fallot (TOF) patients. Indeed, prognosis substantially differs between TOF and ASD 
patients and only little is known about 3D deformation and shape changes in RV 
overload. The aim of our study was to assess RV remodeling differences between ASD, 
TOF patients and controls. 

Methods: We prospectively included 55 patients into this prospective case-control 
study. We included 19 patients with an ASD (4 of them had PAH, 10 had large defects 
and 5 had small defects), 15 with TOF (8 had severe pulmonary regurgitation) who were 
older than 16 years old and 21 subjects who were free from any cardiovascular disease 
into a control group. 3D transthoracic RV echocardiographic sequences were acquired. 
Myocardial tracking was performed by a semi-automatic software. Output RV meshes 
included spatial correspondences. They were post-processed to align the data temporally 
and extract local deformation. Global and local statistics provided deformation and 
shape patterns for each subgroup of subjects.  

Results: No difference was found between ASD patients and controls in terms of 
RV area strain, longitudinal or circumferential strain. There was a trend toward increased 
longitudinal strain in patients with small ASD whereas patients with PAH associated with 
ASD had lower longitudinal strain. TOF patients had lower RV area and longitudinal 
strain, especially in the inferior, lateral wall and in the trabecular septum. There was 
almost no difference in circumferential strain, except that it was lower in the lateral wall 
and the trabecular septum. TOF patients had predominant circumferential over 
longitudinal strain. Using curvature indices, differences in RV shape are highlighted 
between controls and RV volume overload patients whereas there was almost no 
difference between ASD and TOF patients regarding RV shape, except at the septum. In 
the whole population, QRS duration has been significantly correlated with RV end-
diastolic volume and RV area strain. In TOF patients, a strong correlation exists between 
the RV inferior wall curvature and QRS duration (r=0.85, p=0.0001). 

Conclusion: Volume overload alters RV shape to the same extent in ASD and TOF 
whereas it has differential effects on strain. In ASD patients the strain is relatively 
preserved whereas TOF patients had particularly impaired longitudinal strain. These data 
could help understanding RV remodeling in congenital heart disease.  
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INTRODUCTION 

 

 Right ventricular (RV) function evaluation is of utmost importance in 

congenital heart disease (CHD) (74, 135). Indeed, volume overload; frequently observed 

in CHD; leads to right ventricular (RV) remodeling in terms of RV shape and function 

(69). RV remodeling affects the patient’s prognosis, especially in congenital heart disease 

patients (181). Knowledge about the left ventricular adaptation to afterload stress is 

already available, however, the RV is very different from the left ventricle, even from an 

embryologic point of view (182). Differences begin early during the fetal stage and right 

heart failure differs from left heart failure (183), even in terms of response to therapy (beta-

blockers for example might not be as beneficial in patients with right heart failure as it is 

in left ventricular systolic dysfunction (184)). While only little is known about RV 

response to afterload changes, it is a crucial problem in CHD. Atrial septal defect (ASD) 

with left to right shunting is an example of long standing RV volume overload, generally 

well tolerated for years. On another hand, tetralogy of Fallot (TOF) patients usually 

develop RV dilatation and dysfunction earlier because of chronic pulmonary 

regurgitation, a classic and likely systematic complication after surgical correction of 

TOF.  

Hence, in this study, we aimed to investigate the differential effects of RV volume 

overload on myocardial mechanics in ASD and TOF patients as compared to a control 

group and give an insight into RV remodeling in these 2 models of chronic RV volume 

overload. 

Pathophysiology of ASD and TOF 

ASD are the third most common type of congenital heart disease (185). Anatomic 

positions of the different atrial septal defects are presented on the following figure. 

Secundum ASD represents the most frequent form of ASDs (Figure 1).  
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Figure 2: 

Description of TOF 

 

 

 

 

 

 

 

The mortality is very low in the present era, with excellent long-term survival and 

quality of life. Given the excellent prognosis, there is currently more adults than children 

with tetralogy of Fallot (192, 193). Tetralogy of Fallot is a cyanotic disease, because there 

is a right-to-left shunt at the level of the ventricular septal defect given the increased right 

ventricular pressure (secondary to right ventricular outflow and pulmonary stenosis). 

First, before the advent of complete correction, Helen Taussig and Alfred Blalock 

performed the first palliative shunt in a TOF child in 1944. They created the Blalock-

Taussig shunt between the subclavian artery and the pulmonary artery in order to 

increase the pulmonary blood flow. The first open heart surgical correction has been 

performed in 1954 by Scott (194). Nowadays, the ideal treatment plan is to wait a few 

months (for growth) to realize the complete corrective surgery or, in case it’s needed 

before corrective surgery is feasible (mostly very low weight for example, abnormal 

coronary artery, multiples ventricular septal defects, very small pulmonary arteries), to 

perform first a palliative shunt (to correct partially cyanosis and improve the pulmonary 

blood flow) then to perform the total repair. The surgeon will close the ventricular septal 
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METHODS 

Study design and patients 

We performed a case control study on patients (adult and children > 16 years old) 

with ASD and TOF followed up at our centre (Pasteur University Hospital, Nice, FR) 

between September 2016 and September 2017. Stable patients were enrolled into a 

standardized echocardiographic protocol including two-dimensional (2D) and three-

dimensional (3D) echocardiography. Healthy controls were enrolled to help determining 

normal values of 3D RV deformation imaging with our software. Our study protocol was 

approved by the local research Ethics committees. Personal and parental or guardian’s 

consent were obtained and we obtained the child’s assent in patients < 18 years old. 

Asymptomatic healthy volunteers were recruited from the community to serve as 

controls and included if they had a normal trans-thoracic echocardiography, and if they 

were in sinus rhythm. They were matched to the study population for age and sex. 

ASD patients were included if they had an open shunt. Patients were classified 

into 3 groups: small shunt (defect without any haemodynamic consequence according 

to 2D echocardiographic criteria: basal RV diameter < 41mm (199)), large shunt 

(significant left to right shunt) and pulmonary arterial hypertension associated with atrial 

septal defect (defined by a mean pulmonary artery pressure > 25mmHg according to right 

heart catheterization data and pulmonary vascular resistance > 8 Wood Unit/m2). 

TOF patients with significant pulmonary stenosis were excluded (max gradient 

across the pulmonary valve > 40mmHg). They were classified according to the presence 

of severe pulmonary regurgitation (PR) which was defined by a PR jet width on colour 

Doppler > 50% of the pulmonary annulus, a PR index < 0.77 (duration of PR/diastolic 

duration ratio) and / or diastolic flow Doppler reversal (72, 200, 201). 

Demographics, clinical data (age, gender, diagnosis, baseline WHO class, 

PH-targeted advanced therapy) and BNP plasma levels (Beckman Access 2, Triage BNP 

assay (Biosite Diagnostics Inc, San Diego, CA)) were collected on inclusion.  

 

  



Chapter 4. Shape and strain study in congenital heart disease patients  

 93 

2D-echocardiographic acquisitions and measurements 

Echocardiographic examination was performed using an EPIQ-7 ultrasound 

system and an X5-1 transducer (Philips Medical system, Andover, MA). Doppler 

echocardiography was performed according to the recommendations of the American 

Society of Echocardiography (ASE) / European Association for Cardiovascular Imaging 

(EACVI) (44, 145, 146). 

A single staff cardiologist, with advanced training in echocardiography, performed 

the cine-loops acquisitions and interpreted 2D-echo datasets. The measured parameters 

were averaged over three consecutive cycles. The following parameters were measured: 

left ventricular ejection fraction, right atrial area, tricuspid annular peak systolic velocity 

(s’), tricuspid annular plane systolic excursion (TAPSE), RV basal diameter and RV wall 

thickness. 

 

3D Trans-thoracic Echocardiography 

At least four 3D cine-loops of the RV were acquired from an apical 4-chamber 

view focused on the RV, using an IE-33 or EPIQ-7 ultrasound system and a matrix-array 

X5-1 transducer (Philips Medical system, Andover, MA). Full-volume acquisition over 

2 heartbeats (for loop storage) was performed using ECG-gating over 4 cardiac cycles, 

during a quiet breath-hold if possible. Frame rate was maximized to allow the use of the 

RV-dedicated quantification software and follow the current quantification guidelines 

(frame rate > 20 Hz)(146). Care was taken to include the entire RV within the images. 

Digital 3D data sets were stored and analysed using commercial software dedicated to 

the RV (4D RV Function 2.0, TomTec Imaging Systems GmbH, DE). This software 

allowed tracking the RV endocardium along the cardiac cycle using 3D speckle-tracking. 

It directly estimated the RV end-diastolic and end-systolic volumes, ejection fraction, and 

wall-specific peak strain. An example of adequate RV tracking is presented below in a 

patient with a primum atrial septal defect.  
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presented in Figure 15). This method relies on smooth differential geometry calculations 

by approximating the local surface with a quadric (Figure 6). 

 

Figure 6: This figure illustrates 
the principal directions of 
curvature and normals at 
vertices of a mesh of the graph 
of the function f(x,y)=2x2+y2. 

 

 

 

In each population, mean RV shape has been presented according to its mean 

curvature index. 

 

Statistical analysis 

Data were summarized as mean ± standard deviation for continuous variables 

with normal distribution; median [95% confidence interval] for other continuous 

variables and number of subjects (%) for categorical variables. The variables were tested 

by the Student t-test for normally distributed variables. Otherwise, the Mann-Whitney U-

test was performed. Categorical variables were compared using Fisher’s exact test. 

Bonferroni correction was used for multiple comparisons (ANOVA). Differences between 

patient group and controls have been tested regularly (considering the Euclidean 

distance) and using the Hotelling's T-Square test statistic (205) under Matlab (v.R2011a, 

MathWorks, Natick, US). This computation returned a p-value pattern at every location 

of the RV shape, low p-value indicating high degree of differences. Patterns were 

displayed in a logarithmic scale to highlight differences, multiplied by the sign of the 

differences between the populations (206, 207). For other analyses, statistical 

significance was defined as a p-value <0.05. Statistical analyses were performed using 

MedCalc 17.5.5 (MedCalc Software, Mariakerke, BE). 
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RESULTS 

 

General characteristics of the population 

We included 15 patients with TOF; 15 patients with an ASD and left to right shunt; 

4 patients with an ASD and severe pulmonary hypertension. We then matched 21 

controls to this population. General characteristics of the population are presented in 

table 1. Among TOF patients, all but one had a trans annular patch during the original 

surgery. Eight of them presented severe pulmonary regurgitation, 3 already had 

pulmonary valve replacement at the time of the study. Among ASD patients, 5 had small 

defects whereas 10 had large defects with significant hemodynamic consequence and 

evidence on 2D ultrasound of RV volume overload. Among ASD patients with large 

shunt, all had secundum ASD except one patient with a sinus venosus defect and 1 with 

a primum ASD, 2 patients suffered from embolic ischemic stroke and 3 of them presented 

paroxysmal supra-ventricular tachycardia. 

 

Table 1: Main characteristics of our population 

 Controls 
 
n=21 

ASD 
(without PAH) 
n=15 

Tetralogy of 
Fallot 
n=15 

p-value 

Age, years 36.0[28.0-46.0] 31.0[17.3-58.5] 34.0[24.1-36.5] 0.051 

Female sex, n (%) 10 (47.6%) 11 (73.3%) 9 (60%) 0.46 

Height, cm 168.6±8.4 168.3±11.4 165.5±12.0 0.66 

Weight, kg 65.1±10.0 67.5±18.1 64.1±19.1 0.83 

NYHA class III or IV, 

n(%) 

- 2 (33.3%) 2 (33.3%) 1 

Heart rate, bpm 58.3±12.6 76.2±13.2 78.1±16.0 0.73 

BNP, ng/mL - 66.0[43.8-80.7] 49.0[30.4-96.8] 0.49 

QRS duration, ms - 104.0[87.1-
108.9] 

140.0[121.3-
167.2] 

0.0006 

Frame rate, Hz 19.0[18.0-22.3] 22.0[21.3-26.0] 24.0[20.3-26.0] 0.09 

ASD, atrial septal defect; BNP, brain natriuretic peptide; NYHA, New York Heart 

Association; PAH, pulmonary arterial hypertension
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Differences between TOF, ASD (excluding pulmonary hypertension) and controls 

Two-dimensional echocardiographic results are presented in Table 2. Patients 

with RV volume overload presented an overall dilated right ventricle. No difference in 

RV diameter was found between ASD and TOF patients. Patients with TOF had a more 

hypertrophic right ventricle (p=0.03) but reduced systolic function as assessed by RV 

fractional area change (p=0.02), TAPSE (p<0.001) and tricuspid valve s’ (p 0.004) as 

compared with ASD. 

 

Table 2: Echocardiographic characteristics of our population 

 ASD (without PAH) 

n=15 

Tetralogy of Fallot 

n=15 

p 

RV diameter, mm 40.0[38.3-51.0] 45.0[39.9-51.1] 0.53 

RV wall thickness, 
mm 

5.0[4.0-7.0] 7.0[6.0-9.9] 0.03 

RV fractional area 
change, % 

53.1±4.3 47.4±6.7 0.02 

TAPSE, mm 30.9±6.0 18.3±3.8 <0.001 
TV s’, cm/s 15.6±3.5 10.8±3.3 0.004 
LV EF, % 61.0±6.2 62.9±9.4 0.51 

 

Results from 3D analysis are presented in Table 3. Three-dimensional RV volumes 

confirm the larger volumes in ASD and TOF patients as compared to controls, as well as 

the reduced RV EF in TOF patients. No difference was found between ASD patients and 

controls in terms of RV area strain, longitudinal or circumferential strain, either at the 

global RV level or the regional level. 

 

Between TOF patients and controls, many differences have been observed: RV 

area strain was generally lower, especially in the inferior, lateral wall and in the 

trabecular septum. There was almost no difference in circumferential strain, except that 

it was lower in the lateral wall and the trabecular septum. Substantial differences appear 

between TOF and other patients regarding the longitudinal strain where all segments but 

the septum (except the trabecular septum) present a decrease in longitudinal strain. The 
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ratio Circumferential / Longitudinal strain (CS/LS) was significantly higher in TOF patients 

as compared to ASD and controls, confirming that in TOF patients, circumferential strain 

is predominant over longitudinal strain. Figure 7 represents, over the mean RV shape for 

each subgroup, area strain as well as differences in area strain using different methods. 

The fourth column represents TOF differences with ASD patients.  
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Figure 7: The first 2 lines represent the septum, the 3rd and 4th, the RV free wall. The first 
line for each RV image presents the patients data. The 2nd line presents differences 
between controls and ASD, controls and TOF in the last column differences between 
ASD and TOF. Significant differences are presented according to the p-values gradient: 
p values <0.05 are green – yellow – orange and red, whereas the blue pattern indicate 
that there is no significant difference between the studied groups. This figure illustrates 
differences in area strain especially in TOF patients either versus controls or ASDs. 
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Table 3: 3D echocardiographic data 

 Controls 
 
n=21 

ASD 
(without PAH) 
n=15 

Tetralogy of Fallot 
n=15 

p-value 

RV EDV, mL 54.8±18.4 139.1±87.6 144.4±71.2 <0.001 

RV EF, % 55.3±5.8 51.5±9.8 46.0±9.8 0.008 

RV Area strain, %     

     global AS -29.5±4.5 -29.9±6.1 -24.6±6.3 0.02 

     Anterior wall -28.5±6.7 -29.6±6.8 -24.3±7.4 0.09 

     Inferior wall -38.3±6.3 -37.8±7.3 -30.1±9.6 0.006 

     Lateral wall -41.7±5.5 -38.5±8.6 -29.7±7.7 <0.001 

     RVOT anterior -22.2±5.3 -25.6±5.7 -21.3±7.1 0.13 

     Infundibular septum -27.8±7.1 -29.3±6.6 -26.5±6.8 0.54 

     Membranous septum -22.9±7.8 -22.2±8.3 -20.9±7.9 0.76 

     Inlet septum -29.3±9.9 -28.9±10.7 -25.7±7.9 0.51 

     Trabecular septum -25.6±6.2 -27.1±5.3 -18.7±6.1 <0.001 

RV Circumferential strain, %     

     Global CS -16.2±2.8 -17.1±3.9 -15.2±4.0 0.34 

     Anterior wall -17.5±7.2 -19.1±4.9 -16.4±7.5 0.53 

     Inferior wall -19.6±5.5 -20.7±5.8 -17.1±6.8 0.26 

     Lateral wall -27.8±5.7 -26.2±7.1 -20.1±5.4 0.002 

     RVOT anterior -9.6±3.5 -12.4±5.0 -13.2±5.6 0.054 

     Infundibular septum -16.4±3.5 -17.2±5.4 -19.0±5.3 0.27 

     Membranous septum -11.0±4.0 -12.5±4.8 -11.8±4.1 0.57 

     Inlet septum -15.0±5.3 -15.4±6.7 -14.3±4.6 0.87 

     Trabecular septum -12.5±3.7 -13.2±4.6 -9.3±4.1 0.03 

RV Longitudinal strain, %     

     Global LS -14.8±3.7 -13.9±5.1 -10.1±3.3 0.004 

     Anterior wall -12.6±4.5 -11.7±4.9 -8.7±2.7 0.02 

     Inferior wall -21.7±4.9 -20.0±4.5 -14.3±4.8 <0.001 

     Lateral wall -16.4±4.1 -14.8±4.0 -10.7±3.6 <0.001 

     RVOT anterior -13.6±4.9 -13.9±7.5 -9.0±3.5 0.02 

     Infundibular septum -12.2±5.0 -11.7±8.9 -7.8±4.8 0.11 

     Membranous septum -12.2±7.2 -10.1±6.7 -9.3±5.3 0.41 

     Inlet septum -15.1±8.0 -14.1±9.0 -11.6±5.4 0.41 

     Trabecular septum -14.3±5.7 -14.8±3.0 -9.6±3.8 0.004 
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EDV, end-diastolic volume; EF, ejection fraction; PH, pulmonary hypertension; RV, right 
ventricular; RVOT, right ventricular outflow tract. 
 

Differences in circumferential strain represented over the mean RV shape for each 

group are presented on the following figure 8.  

 

 

 

 

 

 

 

 

 

 

 

Figure 8 

 

 

 

 

 

 

 

 

 

Figure 8: Despite no statistically significant differences when studying entire regions, this 
figure illustrates a lower circumferential strain in TOF patients as compared to controls, 
especially at the lateral, anterior wall and the apex (which could have been diluted in 
our previous regional analysis (Table 3) as the apex has not defined as an entire region 
according to our definition).  
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Differences in longitudinal strain are presented here (Figure 9): 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 9: This figure illustrates major differences in longitudinal strain within the 
trabecular septum as well as in the inferior and lateral wall. 
 
This kind of representation is particularly interesting in terms of regional analysis. 
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Following the same methodology, the RV shape has been analyzed: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 10: RV shape in controls and patients as well as differences between the 3 

groups. Important differences are observed within the septum between volume overload 
patients and controls, whereas almost no difference is recorded between TOF and ASD 
patients, except in the right ventricular outflow tract. 
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While no significant difference in strain was observed between ASD patients and 

controls, this figure illustrates shape differences between those 2 populations. Differences 

are also highlighted between TOF and controls but are less obvious between TOF and 

ASD patients, except in the RV outflow tract. Differences seems to occur preferentially at 

the septum level as well as at the lateral and inferior wall. Table 4 presents curvature 

indices classified by RV regions. 

 

Table 4: 3D regional curvature results for normal controls, ASD and tetralogy of Fallot 

patients 

 

Curvature 

Controls 

 

n=21 

ASD 

(without PAH) 

n=15 

Tetralogy of 

Fallot 

n=15 

p 

Anterior wall -0.034±0.007 -0.027±0.007 -0.025±0.005 <0.001 

Inferior wall -0.051±0.005 -0.040±0.008 -0.040±0.007 <0.001 

Lateral wall -0.036±0.006 -0.029±0.006 -0.029±0.004 <0.001 

RVOT anterior -0.050±0.010 -0.036±0.010 -0.038±0.010 <0.001 

Infundibular septum -0.062±0.009 -0.051±0.010 -0.043±0.009 <0.001 

Membranous septum -0.047±0.014 -0.036±0.009 -0.035±0.009 0.003 

Inlet septum -0.050±0.008 -0.042±0.008 -0.038±0.008 <0.001 

Trabecular septum -0.031±0.010 -0.025±0.008 -0.027±0.007 0.12 

 

P-values were provided by an ANOVA with Bonferroni correction. All p-values < 

0.05 indicate a statistically significant difference between controls and either ASD or TOF 

patients but not any statistically significant difference between TOF and ASD patients. 
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Observations within the group of ASD patients 

 Two-dimensional echocardiography allowed us to demonstrate that patients with 

ASD without PAH had better systolic RV function as assessed by TAPSE (p=0.02), 

tricuspid valve s’ (0.05) and fractional area change (p=0.02) and compared to TOF 

patients. Main results are presented in Table 5. All patients with ASD had higher RV 

volumes using 3D echocardiography (p<0.001). Controls and patients with small ASD 

had higher RV ejection fraction as compared to ASD with PAH patients (p=0.001), but 

not compared to large defects. RV global area strain is lower in ASD-PAH in comparison 

with small ASD and controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Area strain represented over the mean RV shape in each group of ASD 

A gradient in area strain is observed according to the ASD natural history. 
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Table 5: Comparison between ASD patients 

 ASD 
Small defect 
n=5 

ASD 
Large defect 
n=10 

ASD 
PAH 
n=4 

p-value 

RV EDV, mL 94.2±44.7 161.6±96.7 126.0±41.4 <0.001 

RV EF, % 56.6±7.1 49.0±10.2 37.8±11.7 0.001 

RV Area strain, %     

     global AS -31.8±3.1 -28.9±7.1 -21.6±6.6 0.04 

     Anterior wall -33.4±6.7 -27.6±6.2 -21.1±10.2 0.09 

     Inferior wall -40.6±5.8 -36.4±7.9 -26.4±5.5 0.01 

     Lateral wall -45.9±8.9 -34.8±5.9 -26.0±10.8 <0.001 

     RVOT anterior -26.4±3.0 -25.1±6.8 -18.3±7.7 0.13 

     Infundibular septum -30.4±4.7 -28.7±7.6 -19.0±11.5 0.12 

     Membranous septum -20.4±6.6 -23.1±9.2 -18.1±8.1 0.68 

     Inlet septum -29.7±5.6 -28.5±12.8 -22.8±7.1 0.69 

     Trabecular septum -27.7±2.1 -26.8±6.4 -21.1±11.7 0.47 

RV Circumferential strain,%     

     Global CS -19.6±2.7 -15.8±4.0 -11.7±5.5 0.02 

     Anterior wall -22.0±5.9 -17.7±3.9 -14.4±6.9 0.35 

     Inferior wall -23.8±4.5 -19.1±5.9 -13.6±3.5 0.06 

     Lateral wall -32.1±8.1 -23.2±4.5 -16.5±8.7 0.002 

     RVOT anterior -14.6±6.9 -11.3±3.7 -9.7±7.9 0.17 

     Infundibular septum -18.5±6.1 -16.6±5.2 -10.8±8.9 0.13 

     Membranous septum -13.1±5.4 -12.3±4.7 -8.1±4.6 0.34 

     Inlet septum -18.6±4.5 -13.8±7.2 -8.3±7.4 0.09 

     Trabecular septum -13.8±1.6 -12.9±5.6 -12.3±7.0 0.94 

RV Longitudinal strain, %     

     Global LS -13.3±4.2 -14.2±5.7 -14.2±5.7 0.20 

     Anterior wall -12.7±3.5 -11.2±5.6 -7.2±6.9 0.25 

     Inferior wall -20.5±3.8 -19.7±5.0 -14.2±5.8 0.06 

     Lateral wall -17.2±4.2 -13.6±3.4 -10.3±4.2 0.02 

     RVOT anterior -12.1±8.7 -14.7±7.1 -7.4±6.3 0.24 

     Infundibular septum -10.2±5.9 -12.4±10.3 -5.5±8.0 0.34 

     Membranous septum -8.0±5.9 -11.6±7.1 -9.7±5.7 0.63 

     Inlet septum -10.9±7.2 -15.7±9.8 -13.7±4.9 0.72 

     Trabecular septum -14.8±3.9 -14.8±2.7 -9.3±8.0 0.31 
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Significant differences are observed in circumferential strain: small ASD have 

increased global RV circumferential strain as compared to ASD-PAH patients. 

Differences are particularly significant at the lateral wall. 

 

 

 

 

 

 

 

 

 

Figure 12: Circumferential strain represented over the mean RV shape in each group of 
ASD. As for area strain, a gradient is observed with the severity of the disease. Main 
changes occur at the basal level. 
 

There was no significant difference in regional longitudinal strain between 

controls and all ASD patients, except in the lateral wall with lower LS in ASD-PH patients. 

However, over the mean LS pattern of ASD, there is a trend toward an increased septal 

LS strain in large ASD and an increased RV lateral and inferior wall LS in small ASD. 

 

Figure 13: Longitudinal strain 

represented over the mean RV 

shape in each group of ASD 
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TOF patients 

 Patients with TOF were divided according to the presence of severe pulmonary 

regurgitation. However, no significant difference in terms of RV dilatation, ejection 

fraction or strain (either area, circumferential or longitudinal strain) was identified. Table 

6 presents the results from 3D analysis. 

 

Table 6: 3D data for TOF patients 

 No severe pulmonary 

regurgitation 

n=7 

Severe pulmonary 

regurgitation 

n=8 

p-value 

RV EDV, mL 120.1±41.3 165.6±87.0 0.23 

RV EF, % 45.2±9.2 46.8±10.9 0.77 

RV Area strain, %    

     global AS -23.8±6.6 -25.4±6.3 0.63 

     Anterior wall -25.3±8.0 -23.4±7.2 0.64 

     Inferior wall -28.7±8.5 -31.2±10.8 0.63 

     Lateral wall -30.0±8.2 -29.3±7.8 0.87 

     RVOT anterior -19.1±7.9 -23.0±6.1 0.27 

     Infundibular septum -23.9±6.3 -28.8±6.7 0.17 

     Membranous septum -20.3±7.7 -21.4±8.5 0.79 

     Inlet septum -23.7±8.6 -27.4±7.4 0.39 

     Trabecular septum -19.1±6.3 -18.4±6.3 0.83 

RV Circumferential strain, %    

     Global CS -15.3±3.8 -15.1±4.5 0.93 

     Anterior wall -18.2±7.3 -14.8±7.7 0.40 

     Inferior wall -16.7±4.8 -17.6±8.5 0.81 

     Lateral wall -20.3±5.2 -20.0±5.8 0.88 

     RVOT anterior -12.2±5.9 -14.1±5.5 0.54 

     Infundibular septum -17.4±4.4 -20.3±6.0 0.31 

     Membranous septum -12.7±3.8 -11.1±4.6 0.49 

     Inlet septum -14.4±4.6 -14.2±4.9 0.94 

     Trabecular septum -10.1±3.3 -8.5±4.8 0.47 

RV Longitudinal strain, %    
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DISCUSSION 

 

Volume overload results in different adaptation according to the underlying 

congenital heart disease. Our results illustrate differences in RV deformation and shape 

between patients with different kinds of RV volume overload and a control population. 

RV shape in ASD and TOF patients is quite similar but highly diverse from the control 

group. Although longitudinal strain is significantly altered, circumferential strain is 

predominant (even if impaired) in TOF patients and area strain is only mildly impaired 

as compared to a control group. No significant difference in strain was observed between 

ASD and control patients but a gradient in area strain and especially circumferential strain 

was observed according to the type and evolution of the ASD. The lack of association 

between shape and deformation underlines the complementarity of those 2 indicators, 

relating to different RV adaptation mechanisms. 

RV strain in ASD patients and comparison with TOF 

RV deformation was different between ASD and TOF patients. This difference has 

already been suggested in children using 2D-strain but analyzing only the longitudinal 

strain (69). While ASD patients (except those with pulmonary hypertension) had similar 

circumferential strain and even a trend toward a higher longitudinal strain as compared 

to controls, TOF patients had clearly reduced longitudinal strain and area strain with a 

relatively preserved circumferential strain (except at the lateral wall). This is in agreement 

with other echocardiographic data: 3D ejection fraction, TAPSE and tricuspid valve s’ 

which are all reduced in TOF patients under the influence of the reduced global RV 

deformation. In contrast, TAPSE in ASD patients is higher than in the general population. 

Volume overload in ASD seems to slightly increase RV longitudinal deformation as 

previously reported (208, 209). Our study demonstrates that both longitudinal and 

circumferential are preserved in atrial septal defect, this might be related to the wall shear 

stress. However, only little is known about RV remodeling after ASD closure. Some 

authors suggest that RV function after ASD closure (either surgical or interventional 

closure) declines as compared with the pre-intervention assessment (209, 210). Regional 

differences in patients with open ASD have also been described (211) using 2D 
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echocardiography, with increased apical longitudinal strain that also correlates with 

volume load severity. As we chose to use the RV segmentation according to Haddad, et 

al. (13), the apex is not entirely included within one region. However, looking at local 

patterns on the RV meshes, we can clearly see in small ASD an increased longitudinal 

strain within the apical area of the inferior and lateral wall, which was not observed in 

patients with large ASD presenting a trend toward higher basal longitudinal strain. 

 

RV characteristics in TOF patients  

ASD patients present a better RV remodeling pattern than TOF patients. TOF 

patients have an increased circumferential / longitudinal strain ratio, with a more 

hypertrophic RV. An increased radial strain pattern could be a physiological adaptation 

to chronic pressure loading as previously demonstrated in systemic right ventricles (151) 

and in Eisenmenger syndrome where transverse strain has been related to outcomes (68). 

However, radial strain estimation is less precise (either by 2D or 3D echocardiography) 

(106) as the spatial motion gradient is calculated over a small region with limited spatial 

resolution, especially in the RV wall, thinner as compared to the left ventricle. Given that 

our 3D software only authorized the delineation of the endocardium, radial strain has 

not been computed. Instead, area strain has been studied, integrating both longitudinal 

and circumferential strain data. The reduced longitudinal RV strain and predominance of 

circumferential strain might thus be explained by prior pre-op RV pressure overload and 

RV hypertrophy, observed in our cohort. Although we observed a significant degree of 

circumferential deformation in normal RVs, usually the RV is known to be a thin ventricle 

without any histologic middle layer (containing circumferential fibers) as seen on the left 

side. However, there is experimental evidence in animals subject to pulmonary artery 

banding (RV pressure overload) that RV fibers reorient from oblique to circumferential 

(212). This suggests that there is a potential for a post-natal RV remodeling with 

development of this middle layer under the influence of pressure overload. The question, 

whether this remodeling is adaptative or (at least partly) innate remains unclear as 

Sanchez-Quintana et al (9) described a middle layer in post-mortem hearts of TOF, even 

in neonates. Thus, it is more likely that RV remodeling observed in TOF patients is from 
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diverse origins: both related to their abnormal cardiac development, to the postnatal 

response to pressure overload and influenced by myocardial damage related to 

prolonged cyanosis or surgery. Regarding the impact of surgery on the regional level, the 

difference in RV strain as compared to other groups was not only observed within the 

infundibular area, but also and predominantly at the lateral wall suggesting a more global 

remodeling. 

Differential regional effects of RV overload have been observed in TOF. During 

the last decade, authors emphasized the importance of regional differences within the 

RV of TOF patients (213), as suggested also by our study, with a variable adaptive 

response to isolated volume overload as opposed to combined pressure / volume 

overload. The role of the apex has been previously underlined with a loss of function in 

TOF patients (69), but the use of 3D ultrasound allows us to analyze more precisely 

differences in TOF patients and to highlight the role of the RV lateral and inferior wall for 

strain as well as curvature. The absence of difference within TOF between patients with 

severe pulmonary regurgitation and those without was anticipated given the relatively 

small group of TOF patients and the presence in the group without severe PR of patients 

with pulmonary valve replacement > 1 month. 

 

RV shape 

 We hypothesize that RV pathology would affect RV shape differently 

depending on the underlying defect and thus, that our indicators of RV shape would 

allow us to differentiate TOF from ASD. It was not the case. Using our curvature index, 

even with a small neighborhood (radius of 2) to improve the sensitivity, there was no 

significant difference in RV shape between ASD and TOF. However, patients with 

volume overload were very different from controls. The curvature in RV volume overload 

patients was less important as compared to controls. Thus, even in patients with previous 

ventriculotomy, the degree of volume overload will determine RV curvature and shape. 

In TOF patients, the infundibular septum is significantly less curved than in ASD patients, 
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this was expected given the history of ventricular septal defect surgical closure by patch 

during the initial complete correction in these patients. 

A strong correlation has been identified between RV curvature; especially in the 

inferior wall; and RV volumes. It is particularly important in TOF patients. We observed 

a strong correlation between RV inferior wall curvature and QRS duration in TOF 

patients. QRS duration is one of the strongest predictors of ventricular arrhythmias and 

death in adult patients with TOF (214, 215), thus, RV shape might provide outcome 

information. Prolonged electrical intra-ventricular delay seems to be related to RV shape 

but not RV deformation and function. Therefore, in the assessment of TOF patients, RV 

deformation and shape appear complementary and further evaluation in a larger cohort 

is required to assess their prognostic role.  

As opposed to Addetia, et al. who studied RV shape in pulmonary arterial 

hypertension patients (132), we chose not to index curvature to the volume of the area 

of interest as in our view, the volume is already part of the shape and indexed values 

would have diluted the information of curvature. However, there is no standard in 

appreciating RV shape, especially using 3D echocardiography. The neighborhood of 2 

used in our study for the calculation of curvature has been chosen a priori, reflecting 

local changes, but not too small to allow an interpretation of the area of interest. The 

same neighborhood has been studied in (132) and (216).  

Below, figure 15 illustrates an example of curvature computations using different 

neighborhood: 1 ring (NN=1), 2 rings (NN=2) … in a representative TOF patient and a 

control. When the neighborhood is very small (for example NN=1), the computation is 

more sensitive to very local changes: as curvature is calculated using only the direct 

circle of the point of interest, interpretation of those values could be difficult within a 

region. On the opposite, when the neighborhood is important (a radius of 5 points for 

example, which represents the radius of the entire posterior wall of the RV), the 

computation highlights curvature changes at a much larger scale and the curvature 

information is diluted. The choice of 2 appeared as the more coherent given the analyzed 

structure. 
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Figure 15: Illustration of RV shape according to curvature calculated using 

different neighborhood. 
 

Previous authors concluded that mechanical wall stress is inversely proportional 

to the local RV curvature. The characterization of RV shape indirectly reflects the effects 

of volume overload and allows better understanding of RV remodeling. While marked 

differences in strain data are observed in the trabecular septum, no significant difference 

is observed using curvature index between TOF and ASD, highlighting the independent 

information provided by RV shape. 

 

Limitations 

 3D RV study was feasible in all patients, however given anticipated 

difficulties, this method will not be applicable, in particular in case of poor acoustic 

window. Cardiac magnetic resonance data, the gold standard for RV volume assessment, 

have not been presented in our study as the timing of 3D echocardiography and cardiac 

magnetic resonance was variable and patients with ASD usually did not undergo CMR 

study.  

Even if we investigated a relatively rare pathology, our study suffers from a lack of 

power given the small cohort. This was only a monocentric study and our results need 

to be confirmed using the same methodology in a larger multicentric cohort. 
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CONCLUSION 

 

Our study illustrates differences in both RV strain and shape in TOF and ASD 

patients as compared to healthy volunteers. We believe these innovative methods will 

allow us to gain further insights into RV failure in different loading conditions. 
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ABSTRACT 

 

 

A Personalised model of the circulation consists in the creation of a virtual 

simulation of a patient's cardiovascular system: it is a powerful tool that integrates flow 

and pressure information. Once a personalised simulation created, it can be used to 

simulate or analyse several conditions and even predict the cardiac behaviour. In this 

last chapter, we focused on the personalisation of a 0D model of the circulation from 

volume and pressure information, in order to estimate mechanical parameters such as 

resistances and compliances. The aim of this study was to evaluate the added value of 

such personalised model parameters to characterise pulmonary arterial hypertension 

(PAH) and predict the response to PAH therapy. The model was personalised to 11 PAH 

patients’ data before and after advanced PAH therapy. The model reproduces with 

accuracy the cardiovascular circulation of the patients, and the estimated parameters 

reflected well the expected changes with therapy. 
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INTRODUCTION 

 

The circulatory system, also called the cardio-vascular system, allows the blood 

to circulate and carry oxygen, carbon dioxide, nutrients (electrolytes, amino acids), 

hormones and blood cells to and from each cell in the human body to provide for 

nutrition and cellular homeostasis. We will exclude from our topic the lymphatic system 

that recycles the excessive blood plasma that has been filtered from the interstitial fluid. 

The main components of the human cardiovascular system are the heart, the 

blood and blood vessels. It includes the pulmonary circulation (also called small 

circulation) which makes a "loop" through the lungs to oxygenate the blood and the 

systemic circulation, a "loop" through the body to provide oxygenated blood. This system 

can be seen as a double pump (the heart) connected in series. The left heart is composed 

of the left atrium and left ventricle, separated by the mitral valve. Contraction of the left 

ventricle is responsible for pumping blood to all systemic organs. Blood exits the ventricle 

through the aortic valve into the aorta, the larger artery in the body. The aorta branches 

into successively smaller arteries, that in turn branch into millions of very small vessels 

that terminate into billions of capillaries, the main site of transport of water, gases, 

electrolytes, substrates, and waste products between the bloodstream and the 

extracellular fluid. Blood from the capillaries comes back into venules, merging into 

veins. The veins will merge to form the 2 main veins of the systemic circulation: the 

superior vena cava and the inferior vena cava. These veins drain into the right atrium 

which is separated from the right ventricle by the tricuspid valve. The right ventricle 

pumps blood through the pulmonary valve into the pulmonary arteries and the lungs. 

Oxygenated blood exiting the lungs is returned to the left atrium, completing the 

circulatory loop (217). 

First developed for biology and as a demonstration tool, circulatory models are 

evolving toward clinical applications (218). Several approaches over the last decades 

have been developed to describe and simulate the cardiovascular system, including 

cardiac mechanics and electrophysiology (219-228) with the identification of the 
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mathematical laws underlying biological mechanisms derived or verified using 

experimental data. They differ in their choice of hyperelastic material, 

electrophysiological properties or electromechanical coupling. Multi-scale mathematical 

frameworks have been developed to simulate the cardiac function at the whole-organ 

scale (226, 229-233). Additionally, 0D models of the circulation are powerful tools to 

integrate flow and pressure information at a more global level and estimate mechanical 

parameters, like resistance or compliance. Personalization of the model consists in 

optimizing its mechanical parameters so that the simulation behaves in accordance to 

patient- specific datasets (Figure 1, from Marchesseau et al. (234)). It is the main challenge 

for all these models (235). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: representation of the personalization pipeline 

 

In PAH, the principal indicators of severity of the disease are the mean PA 

pressure, the cardiac output and the pulmonary vascular resistance (PVR) / compliance 

(PVC). 

Formulas to calculate PVR are the following: 

��� = (���� − ����)/� 

��� =
�. �. 8

�. �W
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where � is the blood viscosity, l and r the length and radius of the vessel (the 

pulmonary artery in our case), PAPm, the mean pulmonary arterial pressure; PCWP the 

pulmonary capillary wedge pressure and Q, the cardiac output. 

Compliance (or capacitance) is a measure of arterial distensibility. The formula to 

compute the PVC is: 

��� =
��

��
 

where PP is the increase in pressure, SV the stroke volume and PVC the pulmonary 

vascular compliance (mL/mmHg, the change in volume associated with a given change 

in pressure). 

Cross-sectional compliance (236) is defined by the absolute change in lumen area 

for a given change in pressure: 

�� =
��

��
 

where AA is the change in pulmonary artery area. CC is expressed in mm2/mmHg. 

From a mechanical point of view, differences in compliance refer to structural 

changes occurring in the pulmonary vasculature as a consequence of pulmonary diseases 

(237), which make the vessels stiffer than normal. In PAH, small increases in PVR are 

accompanied by large decreases in PVC, likely accounting for the important prognostic 

ability of PVC (238, 239). The decrease in pulmonary artery pressure during diastole 

depends both on PVR and PVC (Figure 2). Elevated PVR slows down flow through the 

peripheral circulation, while a preserved PVC determines a good volume accumulation 

in systole and release in diastole, contributing to a slow reduction in diastolic pulmonary 

artery pressure. This combined effect is summarized by the product of PVR and PVC, the 

time constant “τ”, called the RC-time: τ = R. C . 
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Figure 2: changes in PVC for a similar reduction in PVR in patients with different PVR at 

baseline illustrating the inverse hyperbolic relationship between PVR and PVC (240) 

 
 From a clinical point of view, we were wondering whether patient-specific cardiac 

modelling could help understand the hemodynamic in pulmonary arterial hypertension 

(PAH) and predict the response to therapy (pulmonary vasodilators, PAH advanced 

therapy). 
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METHODS 

 

Study  

We performed a case study in patients with PAH. Patients with PAH undergo 

regular assessment in our institution (CHU de Nice, Hôpital Pasteur, Service de 

Cardiologie) including clinical assessment, echocardiography and right heart 

catheterization. We identified from our patients’ database 11 patients with right heart 

catheterization performed in our centre before instauration and after 3 to 6 months of 

advanced therapy. 

Pre-capillary pulmonary hypertension was considered according to right heart 

catheterization data, when mean resting pulmonary artery pressure was ≥25 mmHg with 

pulmonary capillary wedge pressure ≤15 mmHg. Patients with significant left heart 

disease, arrhythmias or congenital heart disease were excluded as it would have 

challenged hemodynamic laws and potentially led to a misinterpretation of measured 

hemodynamic data. 

For each patient, a 0D model of the cardiovascular system was personalised from 

the patient data. Personalisation means the estimation of the model parameters that 

generate the simulations that are the closest to the patient measurements. A description 

of the model and its personalization are provided below. 

 

The 0D Circulation Model 

The circulation model is a lumped model of the cardiovascular circulation, made 

of 4 main components: the left heart, the systemic circulation, the right heart and the 

pulmonary circulation. 
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The "heart” components are based on the "0D" simplified model of ventricular 

mechanics presented in (241) (Figure 3). This model consists in a fast version of Inria in-

house 3D electromechanical model, based on the implementation of the Bestel-Clément-

Sorine (BCS) model (242) by (234) (see figure below) in the SOFA software (www.sofa-

framework.org). 

 

 

Figure 4: Electromechanical model. We is the strain energy of the extracellular matrix 
considered here as an isotropic material, associated with a dissipative term η. u is a 
control variable which is driven by changes in transmembrane potential. It controls the 
contraction stress τc. μ deals with the friction in the sarcomere while Es is a linear spring 
to enforce elasticity of the titin. From (234). 

 

As described in (241), both the 3D and 0D model share the same mechanical and 

hemodynamic equations, but simplifying assumptions are made on the geometry to 

obtain the simplified equations of the 0D model. This leads to a very fast model made of 

around 18 equations described in the Appendix B of (241), which can simulate around 

15 beats per second. 
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To simulate the cardiovascular pulmonary circulation, the parameter Pven_2 (“Distal 

Arterial Pressure”) is connected to the pulmonary circulation component, which is made 

of a resistance Rve_Pul and compliance Cve_Pul  that model the total vascular resistance and 

compliance of the pulmonary circulation. This circulation component is then connected 

to the left atrial pressure Pat_1 of the left heart component. The pulmonary vascular 

resistance (PVR) as measured using right heart catheterization corresponds to the sum of 

Zc_2 (proximal resistance), pulmonary artery resistance Rp_2 and Rve_Pul.  

 

The pulmonary circulation components take the flow going out of the pulmonary 

artery as input (Qcircul_in). They successively output the flow going into the left atrium 

(Qcircul_out) with the formula: 

�YZ[Y\]_$\_ 	= 	
�̀ ab_c − �d__e

�`a_f\]
 

 

and updates the Distal Arterial Pressure with the formula: 

��̀ ab_c

��
	= 	

(�YZ[Y\]_Zb − �YZ[Y\]_$\_)

�`a_f\]
 

 

Instead of a prescribed time-varying atrial pressure (as originally described in 

(241)), a time-varying elastance Elast is used to model the atrial contraction and the 

increase of atrial pressure during contraction (see figure 1, bottom). The atrial pressure is 

then derived from the ventricular volume through the equation: 

Pat_1 = Elast (Vat_1 - Vat_1_0) 

 

where Vat_1_0 is the initial left atrial volume. The left atrial volume Vat is then 

updated with the formula: 

��d__e

��
	= 	�YZ[Y\]_$\_ − �d__$\_ 

 

where Qat_out is the flow from the atrium to the ventricle as computed in (241) 
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Overall, the circulation model contains 87 parameters. As in (241) it is solved with 

the Euler Forward Method and a temporal discretization of 0.01ms, and can simulate 50 

seconds of cardiovascular circulation in 4 seconds of computation.  

 

Personalization of the model 

 

From the available patient data, 3 parameters were imposed (the heart rate, 

obtained from the patient, the duration of the action potential and the atrio-ventricular 

delay from default values of the restitution curve), 13 parameters were estimated and the 

71 remaining parameters were set to default values. 

 

At each iteration of the personalization algorithm, 50 heartbeats were simulated 

in order to get a stable cardiovascular simulation, then the following 10 values were 

extracted from the 50th beat (10 observations): 

 

Diastolic pulmonary artery pressure  #PAPdiast1     

Mean pulmonary artery pressure  #PAPmean1     

Pulmonary wedge pressure  #Pcapillary1     

Right atrial pressure  #RAP1     

Diastolic aortic pressure  #Paodiast1     

Mean aortic pressure  #Paomean1     

Maximum left ventricular pressure     #Max_LV 

Maximum right ventricular pressure     #Max_RV 

Left ventricular stroke volume     #SV_LV 

Right ventricular stroke volume    #SV_RV 
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Then we estimate relevant values of 13 parameters of the model so that the 

simulated values match the clinical measured values of these quantities (personalization). 

The 13 estimated parameters are presented in the following table (in purple on Figure 1): 

 

Pulmonary compliance  #C_ven_Pul 

Systemic compliance     #C_ven_Sys 

Pulmonary resistance  #R_ven_Pul 

Systemic resistance  #R_ven_Sys 

Left ventricular radius     #R_0_1 

Aortic resistance     #R_p_ 

Aortic compliance     #Tau1 

Left ventricular contractility     #sigma_0_1 

Right ventricular radius     #R_0_2 

Pulmonary arterial resistance     #R_p_2 

Pulmonary arterial time constant  #Tau2 

Right ventricular contractility     #sigma_0_2 (LV contractility) 

Initial resting pressure value of the venous system  #P_ve  

 

Parameters estimation was performed as in (243), through the minimization of a 

regularized cost function (�(x,Ô) = S(x, Ô)+ �R(x)), made first of a data-fit term S (also 

called goodness of fit), which computes a (normalized) distance between the vector of 

simulated values (O(x)) and the vector of clinical (target) values Ô:   

S(x, Ô) = ∥(OM(x) − Ô ) ⊘ N∥ 

where ⊘ is the coordinate by coordinate division with the normalization vector N. 

 

The normalization coefficients in the normalization vector N are 200Pa for the 

pressures values and 10ml for the volume values. The vector N is 



Chapter 5. Modelling study in pulmonary hypertension patients 

 129 

[200,200,200,200,200,200,10,10,10,10]. It provides the scale at which the different 

quantities are considered well fitted. 

The cost function also contains a regularization term R, as described in (243) 

(R(x) = (x − μR)∆−1(x − μR)T ) 

which depends on a mean μ and a covariance ∆ in order to provide prior knowledge. 

With this formulation, minimizing the regularized cost function leads to the estimation 

of a Maximum A Posteriori, with a Gaussian prior probability (defined by μ and ∆) and 

a Gaussian data fit term (or likelihood) defined by the formula of S. 

Here we use population-based priors, namely we first perform a personalization 

on the whole database without priors (without regularization), then we use the 

distribution of estimated parameter values in this first personalization as prior probability 

for a second personalization of the whole database (μ and ∆ are respectively set to the 

mean and covariance of estimated parameters at the first personalization). The use of 

prior probabilities enables to guide the estimation of parameters for which the values are 

not completely determined from the data. In particular, when multiple sets of parameter 

values are possible for the same simulated value, the use of prior probabilities promotes 

the selection of a parameter set for which the variation of individual parameters (from the 

mean of the population parameters) is minimal, limiting the estimation of extreme values 

of physiological parameters. 

 

Hemodynamic assessment of PAH patients 

Right heart catheterization was performed in the catheterization laboratory at rest 

in the supine position. The femoral vein approach was commonly used. A balloon-tipped 

catheter was used to obtain mean right atrial pressure, pulmonary artery systolic and 

diastolic pressures, as well as PCWP. All measurements were obtained at end expiration 

at steady state with the patient in a supine position. PCWP was calculated by the 

computer as the integrated mean. Cardiac output was measured by thermodilution. PVR 

and systemic vascular resistance, cardiac index, stroke volume, and transpulmonary 
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gradient were calculated using the standard formulas. Systolic and diastolic blood 

pressures were obtained using a digital sphygmomanometer at the time of the procedure. 

PVC is related to the stroke volume and inversely proportional to the difference between 

pulmonary artery systolic and diastolic pressures. The product of resistance and 

compliance (PVR × PVC) is referred to as the pulmonary arterial time constant τ. 

 

Statistical analysis 

Data were summarized as mean ± standard deviation for continuous variables 

with normal distribution; median [95% confidence interval] for other continuous 

variables and number of subjects (%) for categorical variables. The goodness of fit, which 

describes how well the model fits a set of observations, summarizes the discrepancy 

between measured or observed values and simulated values. To assess the goodness of 

fit, the method already described in (243) was used. Correlation coefficients were 

assessed to test the relation between measured and simulated values as well as Bland-

Altman graphs to assess the agreement between simulation and invasive patient data. For 

all analyses, statistical significance was defined as a p value <0.05. Statistical analyses 

were performed using MedCalc 16.1 (MedCalc Software, Mariakerke, BE). 
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RESULTS 

 

 Eleven patients with PAH were included. All patients suffered from group 1 PAH 

(148), 5 patients suffered from idiopathic PAH, 3 from porto-pulmonary hypertension, 2 

from PAH associated to connective tissue disease, and 1 from HIV associated PAH. Main 

characteristics of our population are listed in Table 1. Among these patients, 6 (54.5%) 

were considered as improving under specific advanced therapy using a classic outcome 

measure: improvement in WHO class, 6-minute walking test distance and improvement 

in pulmonary vascular resistance and cardiac output. 

 

Table 1: Main characteristics of our cohort of patients 

PAH patients 

n=11 

Baseline 2nd assessment 

Age, y 54.1±21  

Female sex, n(%) 5 (45.5)  

WHO class, I/II/II/IV 0/2/6/3 1/4/6/0 

Heart rate, bpm 76.1±14.3 78.6±15.6 

Mean PA pressure, mmHg 48.6±9.8 42.1±11.3 

PCWP, mmHg 10.7±3.0 9.6±2.8 

PVR, Wood Unit 8.1±2.5 5.9±3.1 

RV echocardiographic 

diameter, mm 

47.3±5.7 46.3±5.5 

RV EDV, mL 122.5±44.9 159.2±46.5 
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Correlation between simulated values and measures: 

 After personalisation, an excellent agreement was observed between measured 

and simulated mean, diastolic PA pressure, pulmonary capillary wedge pressure (r=1 

with significant p-values) and between PVR measured by right heart catheterization and 

simulated in the model (r=0.97; p<0.0001) (Figure 3). The correlation was only modest 

for tau (r=0.47; p=0.03). There was no relationship between the measured capacitance 

and the estimated compliance and regarding only simulated measures, no significant 

correlation was observed between pulmonary compliance and resistance. 

The following table 2 presents the goodness of fit in percentage of the target value 

for each simulation (baseline data / after advanced therapy). The values indicate an 

excellent fit except in patient 8 regarding baseline assessment.  

 

Table 2: Comparison between simulated and measured parameters in each patient 

 LV SV RV SV mAo P dAo P mPAP dPAP RAP 

Patient 1 0,6 0,3 0,0 0,0 0,0 0,0 0,3 

Patient 2 0,3 0,2 0,0 0,1 0,0 0,1 0,5 

Patient 3 0,3 0,6 0,0 0,0 0,0 0,1 0,5 

Patient 4 0,2 1,0 0,0 0,0 0,1 0,0 0,0 

Patient 5 0,1 0,2 0,1 0,0 0,1 0,1 0,0 

Patient 6 0,6 1,4 0,0 0,0 0,1 0,0 0,0 

Patient 7 0,4 0,8 0,0 0,0 0,1 0,0 0,2 

Patient 8 4,3 88,5 0,1 0,1 0,1 0,1 11,4 

Patient 9 0,4 0,8 0,0 0,0 0,0 0,0 0,1 

Patient 10 0,7 0,5 0,0 0,0 0,0 0,0 0,1 

Patient 11 0,3 0,2 0,0 0,0 0,0 0,0 0,1 

 

Ao, aortic; d, diastolic; LV, left ventricular; m, mean; P, pressure; PAP, pulmonary artery 

pressure; RAP, right atrial pressure; RV right ventricular; SV, stroke volume. 
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Figure 5: Correlation of mean PA pressures, pulmonary capillary wedge pressure and 

pulmonary vascular resistance with simulated observations 
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Bland and Altman graph (Figure 6) show an excellent agreement between 

simulated and measured parameters  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: PVR values: simulated values are in all cases but 2 within the range [-1.96 SD 

- +1.96SD] 
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Evolution of measured and simulated parameters after advanced therapy 

  Patients 3, 8, 9, 10 and 11 were considered non-responders to advanced therapy 

because they failed to improve either their WHO class, 6-minute walk test or according 

to right heart catheterization data. 

 The observed evolution of hemodynamic parameters is described in the figures 

below (Figure 7, 8, 9 and 10) where “serie 1” represent the data before therapy and “serie 

2”, after therapy. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Trends for measured and estimated  pulmonary compliance. 
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Overall, the constant �	seems	to	follow the measured parameters. However, we can 

notice that advanced therapy seems to have little influence on this constant even in 

responder patients. 

 Mean PA pressure only increases in non-responders and Figure 9 illustrates the 

trend toward lower mean PA pressure after advanced therapy. 

 

Figure 9: Evolution of mean PA pressure 

 

  





Chapter 5. Modelling study in pulmonary hypertension patients 

 141 

DISCUSSION 

 

 Our results show generally a very good fit of simulated hemodynamic variables as 

compared with the invasive reference value. We were able to clinically detect the same 

trends toward improvement under advanced therapy in all patients but one (patient 8), 

confirming the ability of the model to capture and integrate haemodynamic laws of 

circulation. 

The model allowed an estimation of pulmonary vascular resistance with an 

excellent agreement with clinically used formulas. This estimation comes from a 

personalized model using invasive measurements of pulmonary pressure. As these 

measurements are also available from echocardiography, one could estimate the 

pulmonary vascular resistance using this circulatory model only on the basis of 

echocardiographic data. Indeed, peak pulmonary regurgitation (PR) velocity can estimate 

the mean PA Pressure using the equation mPAP = 4 × PR Vmax2 + right atrial pressure, 

whereas end-diastolic PR enables the calculation of diastolic PA pressure using the 

equation dPAP = 4 × end-diastolic PR velocity2 + right atrial pressure. Echocardiography 

itself can help predict if PVR are elevated or not: dividing tricuspid regurgitation velocity 

peak (m/s) by pulmonary velocity-time integral (VTI) (in cm) allows differentiation 

between high PA pressure related to high pulmonary vascular resistance (ratio ≥0.2) or 

to increased pulmonary blood flow (<0.2) (as in atrial septal defect for example). 

However, a reliable estimation of PVR using a formula that includes this ratio (PVR = TR 

Vmax /VTI × 10 + 0.16) is not valid in patients with elevated pulmonary vascular 

resistance (244). Cardiac magnetic resonance, studying pulmonary blood flows could 

also be helpful in non-invasively measuring pulmonary pressures (245, 246). Those 

applications of models could help reducing the number of invasive procedures, 

especially in children for example. 

An excellent correlation has been found between invasive and simulated 

parameters. Another group studied a OD-model in pulmonary hypertension with a 

different methodology (247). The authors aimed to extrapolate unavailable 

haemodynamic data using the model and have also demonstrated a correlation between 



Chapter 5. Modelling study in pulmonary hypertension patients 

 142 

their model estimated values and measured patients parameters. However, 

personalisation of this model has not been presented. 

During a hemodynamic study, capacitance can be assessed and relates to 

compliance, which cannot directly be assessed using right heart catheterization. 

However, the model allows us to analyse pulmonary compliance, These data are of 

interest in PAH (239, 240, 248, 249), group II pulmonary hypertension (250), group IV 

pulmonary hypertension (251) but also in heart failure related to systolic dysfunction 

(252) or in patients with preserved systolic function (253) in whom pulmonary 

capacitance is a strong and earlier marker of prognosis. In our study, even if not 

significantly correlated, simulated compliance exhibits the same profile as measured 

capacitance indicating the potential importance of this observation. In particular, as it is 

now recognized that patients with heart failure should not undergo regular right heart 

catheterization for evaluation purpose, simulation of pulmonary compliance using a 

circulatory model might be a future possibility that needs further investigation. 

Using our model, we tried to simulate the evolution of haemodynamic parameters 

under the effect of targeted advanced PAH therapy. This method, with the help of a larger 

patient database, could help simulate and predict the evolution of a patient under 

advanced therapy, integrating not only haemodynamic parameters but also imaging, 

electrophysiology data and background data for example. Examples of large studies 

including multi-modality model simulation (235) have been recently published. 

Modeling and simulation enable us to perform investigations where 

experimentation does not exist, or is costly or unethical. This is of critical importance in 

the field of therapeutic research, if evaluated in a model, we can thus theoretically 

perform an unlimited number of experiments. Indeed, there would not be any recruitment 

difficulties. Several pediatric issues exist regarding the participation of children in a 

research, models could be a solution, creating an infinity of virtual physiological patients. 

Recently, a noninvasive personalization of a cardiac electrophysiology model from body 

surface potential mapping has been used to predict the response to different pacing 

conditions (254). The use of computational modeling in pharmaceutical or even device 

research will allow less reliance on animal and human data. This solution will also be 
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cost-effective especially when trying to develop new therapies. The validity and direct 

applicability of model simulation, as in our study, will help foster confidence and 

increase the acceptance of this method. 

 

To conclude, this preliminary work allowed a solid reproduction of measured PVR 

using a personalized model. It also allowed to emphasise the limitations of the model, in 

order to improve some of its components. This is a new step toward the generalization 

of personalised models in medicine.  
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Despite major advances in the field of physiology and cardiology research, the 

right ventricle remains the “grey” area of the heart for many physicians. Even with this 

reputation of being the “less informative” ventricle, imaging and modelling the right 

ventricle can provide substantial data in various diseases. Usually when the RV fails, 

there is a rise in poor clinical outcomes. Studying the RV function is challenging but of 

critical importance, especially in conditions such as pulmonary hypertension or 

congenital heart disease. This was the main focus of our work. Main results and 

conclusions are presented in the next section. 

  

SUMMARY OF THE MAIN CONTRIBUTIONS 

  

Strain study in pulmonary hypertension patients. 

In chapter 2, we describe for the first time with a dedicated RV software the 

analysis of RV strain in patients with pulmonary hypertension as compared to healthy 

controls. Our results highlight the role of dominant regions of the RV using deformation 

analysis: the inferior and lateral wall. We observed a gradient in RV area strain alteration 

according to the severity of the disease (World Health Organization (WHO) 

classification). We also demonstrated in this large cohort of patients, the prognostic role 

of RV area strain in pulmonary hypertension. Indeed, the mortality rate of patients with 

RV area strain > -18% was almost multiplied by 2. 

  

Longitudinal study of strain in pulmonary hypertension patients. 

In chapter 3, our study demonstrates the added value of serial 3D 

echocardiographic assessment as compared to baseline only in pulmonary hypertension 

patients. Indeed, changes in RV function (area strain) were strongly associated with 

outcomes. The most significant decrease in RV strain occurred within the septum, 

especially in patients with clinical outcomes such as mortality related to pulmonary 

hypertension, lung transplantation, hospitalization for heart failure related to pulmonary 

hypertension, need to start therapies targeting the PGI2 pathway. A composite score 
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including changes in WHO function class, BNP and RV global AS identified a high-risk 

population with increased mortality.  

  

Shape and strain study in congenital heart disease patients. 

In chapter 4, we studied both RV strain and shape in RV volume overload patients 

(tetralogy of Fallot (TOF) and atrial septal defect (ASD)) as compared to healthy 

volunteers. We observed differences in both TOF and ASD patients versus controls in 

terms of RV shape using curvature indices. However, except in the infundibulum, almost 

no difference in RV shape appeared between TOF and ASD patients using curvature. In 

TOF patients, the inferior wall curvature was strongly correlated to QRS duration, a 

known prognostic marker in TOF. Regarding deformation data, RV strain in ASD patients 

was almost similar to the one in controls. In TOF patients, both strain were altered, 

especially in the septum, lateral and inferior wall. The RV in TOF patients tolerates 

probably less volume overload than in ASD patients, given the history of ventriculotomy 

with myocardial damage and previous pressure overload. We believe these innovative 

methods will allow us to gain further insights into RV failure in different loading 

conditions.  

  

Modelling study in pulmonary hypertension patients 

In chapter 5, a model was personalised to 11 pulmonary arterial hypertension 

patients’ data before and after advanced pulmonary arterial hypertension advanced 

therapy. The model consistently reproduced the cardiovascular circulation of the 

patients, and the estimated parameters reflected well the expected changes with therapy. 

Estimated pulmonary vascular resistances were strongly correlated with measured 

pulmonary resistances.  
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PERSPECTIVES 

  

Our work illustrates how imaging together with computational statistics can help 

characterize the right ventricle in various loading conditions.  

Clearly, deformation imaging using 3D echocardiography provides clinically 

relevant data, especially in the setting of pulmonary hypertension. In a multi-centric 

study, we are currently assessing RV strain in adult patients with pulmonary arterial 

hypertension associated with congenital heart defects, in comparison with other causes 

as their prognosis is better and seems related to a relatively preserved RV function. We 

hope that 3D RV studies such as ours will help better understand right ventricular 

adaptation. 

In chapter 3, the hypothesis that a change in RV function has more prognostic 

significance than a baseline measurement has been verified. Although expected, this is 

an innovative message supporting the need to standardize all the measurements 

performed in a patient to increase the comparability. 

In chapter 4, we observed differences in RV shape and strain in tetralogy of Fallot 

patients. In these patients, the question of the timing of pulmonary valve replacement 

remains controversial. Studying RV function using strain and probably shape has 

potential to help clinical decision making, together with cardiac magnetic resonance 

data, the current reference. In congenital cardiology, the methods demonstrated in this 

work could be extended to patients with Ebstein’s anomaly, systemic right ventricle or 

hypoplastic left heart syndrome, who would all benefit from a thorough investigation of 

the RV. 

Assessing the shape of the RV is challenging. Standard parameters with 2D-

echocardiography are already helpful but investigating curvature indices using 3D 

echocardiography is promising. Given the various approaches of ventricular shape 

estimation, a multimodal assessment of shape including both local indices such as 

curvature and global measurements such as shape variability encoded in a computational 

atlas are promising to better understand RV remodelling according to various loading 

conditions. 
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However, the lack of standardisation of the features extraction methods might be 

a limitation, as notably pointed out by the scientific community when analysing the 

strain. Efforts to homogenise strain and shape calculations as well as transparency from 

manufacturers might help increase and develop the applicability of these methods.  

Furthermore, as described using classic RV function parameters, RV strain and 

shape data could help provide additional information and risk stratification in patients 

with left heart disease a very frequent condition. Thus, the development of validated tools 

to assess the RV is of critical importance in cardiology. 

In chapter 5, we present the preliminary results of a circulatory model 

personalisation in patients with pulmonary arterial hypertension. The development and 

validation of this multiscale model might help avoid invasive hemodynamic 

measurement. This requires further investigation and might be particularly helpful in 

young patients. 

 

We expect in the next future the development of research and applications 

combining both imaging, electrophysiological data but also integrating bio-cellular 

information together with advanced models to allow better understanding of RV function 

and earlier detection of RV failure. 
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