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ABSTRACT 

 

Background and objectives: Precapillary pulmonary hypertension (PPH) pathologies are a 

group of progressive pathophysiological disorders with poor prognosis that affects both the 

pulmonary vasculature and secondary the heart. Right chambers’s function are affected and 

right ventricular failure (RVF) is the main determinant of survival and quality of life of 

these group of patients. Moreover, it’s known that deterioration of right ventricle (RV) 

function is associated with significant morbidity and mortality. However, despite 

advancement in echocardiographic and other imaging techniques, the RV assessment 

remains challenging in comparison to the LV. So, the aim of this study was to assess 

changes in RV and right atrial (RA) function determined by 2-dimensional (2D) and 3-

dimensional (3D) speckle-tracking echocardiography (STE) in order to assess right 

chambers function in patients with different types of PPH. 

 

Methods: A prospective study of cases and controls in adult patients with PPH was 

performed. We have included consecutively 80 patients with PPH and 80 controls matched 

by gender and age. Medical records, electrocardiograms and echocardiograms were 

reviewed. RV and RA dimensiones, RV fractional area change, tricuspid annular plane 

systolic excursion, systolic wave by TDI and myocardial performance index were 

determined. RV systolic pressure was assessed using continuous-wave Doppler 

echocardiography. 3D RV ejection fraction was calculated. 2D and 3D STE of RA and RV 

parameters were measured. Correlation analysis of echocardiography parameters was 

performed. Multivariate analysis of the risk factor (logistic regression) and analysis of 
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adverse cardiovascular events (ACE; dead, change of treatment, heart failure and 

hospitalization; Kaplan-Meier) were performed.  The patients were followed-up during 

nearly 36 months. 

 

Results: The majority of patients (P) were female (48 P; 60%) and the mean age was 51.6 

± 12 years. Among the 80 P, 37.5% (30 P) were diagnosed with IPAH, 5% (4 P) heritable 

PAH, 2,5% (2 P) secondary to drug and toxin-induced PAH, 5% (4 P) PAH secondary to 

connective tissue disease, 5% (4 P) secondary to human immunodeficiency virus, 2.5 % (2 

P) secondary to portal hypertension, 16.3% (13 P) secondary to congenital heart disease, 

24% (19 P) were classified as chronic thromboembolic pulmonary hypertension, 2.5% (2 P) 

pulmonary hypertension with multifactorial mechanisms. Patients with PPH displayed 

significantly affected all parameters of RV systolic function compared with controls. The 

best echocardiography parameters associated with severely reduced RV ejection fraction 

were 3D RV longitudinal strain (Hazard Ratio [HR’], 1.6; 95% Confidence interval [CI], 

1.2-2.2; p<0.001) and 2D RA conduit SR (HR’, 16; 95% CI, 1.5-175; p<0.022). ACE 

occurred in 51 patients (64%). 26 patients (32.5%) died; 1 had massive haemoptysis, 1 

sudden death, 24 P secondary to right heart failure (RHF). 11 patients (14%) had RHF, 32 P 

(40%) need updated their treatment and 6 patients (7.5%) were admitted to the hospital. 

Factors associated with ACE in the multivariable analysis were RA reservoir strain < 24.6 

% (HR’: 2.3; 95% CI, 1.1-4.7; p=0.033) and RA active SR < -1.7/s (HR’: 3.4; %CI, 2.9-

4.2; p=0.037). In a mean follow-up of 3 years, ACE was detected in 17 P (33%) with one 

parameter and 22 P (42 %) with both parameters’ vs 23% (12 P) without these parameters. 

After a mean follow-up 2 of years, 70% patients with both parameters remained free of 
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ACE vs 90% with one o non-parameters. However, after a mean follow-up of almost 5 

years, all groups have a high ACE rate (100% patients with both parameters vs 80% 

patients without parameters; p=0.008). 

 

Conclusions: In summary, 2D and 3D deformation parameters are useful and reproducible 

tools for assessing RV and RA function in different types of PPH. RVEF is correlated with 

longitudinal strain, circumferential strain and area strain of the RV and deformation 

parameters of the RA. But, the best ecochardiography parameters associated with severely 

reduced RV ejection fraction were 3D RV longitudinal strain and 2D RA conduit SR, and 

RA reservoir strain and RA active strain rate parameters were the best variables in order to 

identificate patients with worse prognosis. Although RA STE is not routinely used in our 

clinical practice, its evaluation may enhance non-invasive risk stratification of right heart 

chambers in precapillary pulmonary hypertension patients. Further multicentre studies are 

needed to investigate how the affectation of RV and RA mechanics can affect RV-PA 

coupling. 
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RESUMEN 

 

Antecedentes y objetivos: La hipertensión pulmonar precapilar (HPP) es una enfermedad 

progresiva que presenta mal pronóstico y afecta a la vasculatura pulmonar y 

secundariamente al corazón, principalmente las cámaras cardiacas derechas. Por lo tanto, la 

función de las cámaras cardíacas derechas se ve afectada y se produce disfunción 

ventricular derecha (DVD) que es el principal determinante de mortalidad y morbilidad de 

este grupo de pacientes. Sin embargo, a pesar de los avances en las técnicas de imagen y en 

concreto de ecocardiografía, la determinación de la función de estas cámaras es difícil 

comparándose con el análisis de la función ventricular izquierda. Por lo que, el objetivo de 

este estudio es evaluar la función del ventrículo derecho (VD) y la aurícula derecha (AD) 

mediante el uso de ecocardiografía bidimensional (2D) y tridimensional (3D) por métodos 

de deformación en diferentes tipos de HPP.  
 

Métodos: Se realiza un estudio de casos y controles en pacientes adultos con HPP. Se 

incluyen 80 pacientes con HPP y 80 controles ajustados por género y edad. Se revisan 

informes médicos, ECGs y ecocardiogramas. Se analizan las dimensiones de AD y VD, el 

área de acortamiento fraccional del VD, el desplazamiento sistólico del anillo tricúspideo, 

la onda sistólica por Doppler tisular y el índice de TEI. También, se analiza la función del 

VD mediante 3D y se calculan parámetros de deformación por 2D y 3D, tanto de la AD, 

como del VD. Se realiza un análisis de correlación entre las distintas variables 

ecocardiográficas y análisis multivariado de factores de riesgo (regression logística) y de 

supervivencia de eventos cardiovasculares cardiovasculares adversos (ECA, muerte, 
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cambio de tratamiento, insuficiencia cardíaca, necesidad de hospitalización). Los pacientes 

han sido seguidos durante aproximadamente 36 meses.  

Resultados: La mayoría de los pacientes (P) fueron mujeres (48 P; 60%) y la edad media 

fue 51.6 ± 12 años. De los 80 P, 37.5% (30 P) tenian HAP idiopática, 5% (4 P) HAP 

heredada, 2,5% (2 P) HAP secundaria a tóxicos o drogas, 5% (4 P) HAP secundaria a 

connectivopatias, 5% (4 P) secundaria al virus de la inmunodeficiencia humana, 2.5 % (2 

P) secundaria a hipertensión portal, 16.3% (13 P) HAP secundaria a alteraciones 

congénitas, 24% (19 P) a enfermedad tromboenbólica, 2.5% (2 P) hipertensión pulmonar 

secundaria a mecanismos mixtos. Los pacientes con HAP mostraron afectación 

significativa de todos los parámetros ecocardiográficos analizados comparando con los 

controles. Los mejores parámetros ecocardiográficos asociados con la fracción de eyección 

de VD severamente deprimida fueron el strain longitudinal global por 3D del VD (Riesgo 

[RR], 1.6; Intervalo de confianza al 95% [IC], 1.2-2.2; p<0.001) y el strain rate de la fase 

de conducto de la AD por 2D (RR, 16; IC 95%, 1.5-175; p<0.022). 51 P (64%) presentaron 

ECA. 26 P (32.5%) fallecieron; 1 P por hemoptisis masiva, 1 P por muerte súbita, 24 P 

fallecieron secundariamente a insuficiencia cardíaca derecha (ICD). 11 P (14%) 

presentaron ICD, 32 P (40%) necesitaron optimizar su tratamiento y 6 P (7.5%) necesitaron 

ingreso hospitalario. Los factores asociados a ECA en el análisis multivariado fueron el 

strain en la fase del reservorio de la AD < 24.6 % (RR: 2.3; IC 95%, 1.1-4.7; p=0.033) y el 

strain rate en la fase active de la AD < -1.7/s (RR: 3.4; IC 95%, 2.9-4.2; p=0.037). En el 

seguimiento realizado con una mediana de 3 años, ECA estuvieron presentes en el 33% de 

los pacientes (17 P) con uno de los dos parámetros, en el 43% (22 P) de los pacientes que 

presentaban dos parámetros y en el 23% (12 P) sin ninguno de los dos parámetros. Después 
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de una media de 2 años de seguimiento, el 70% de los pacientes con ambos parámetros se 

encontraron libres de ECA vs el 90% de los pacientes con un solo parámetro o ninguno. Sin 

embargo, después de una media de casi 5 años de seguimiento ambos grupos presentaron 

una elevada tasa de ECA (100% de los pacientes con ambos parámetros vs 80% pacientes 

sin esos parámetros; p=0.008). 

Conclusiones: En resumen, los parámetros de deformación bidimensionales y 

tridimensionales son herramientas útiles y reproducibles para evaluar la función del VD y 

la AD en pacientes con diferentes tipos de hipertensión pulmonar precapilar. La fracción de 

eyección del VD (FEVD) se correlaciona con el strain longitudinal, el strain circunferencial 

y el área strain de VD, así como, diferentes parámetros de deformación de AD. Los mejores 

parámetros ecocardiográficos asociados con la FEVD son el strain longitudinal del VD por 

3D y el strain rate de fase de conducto de AD y para la identificación de los pacientes con 

peor pronóstico fueron el strain de la fase de reservorio de la AD y el strain rate de la fase 

activa de la AD. Por lo que, el análisis del strain de la AD, que no es usado rutinariamente 

en la evaluación de las cámaras derechas en pacientes con HPP, debería ser implementado 

en el “día a día” del análisis de pacientes con HPP. Sin embargo, son necesarios estudios 

multicéntricos para investigar la afectación de parámetros de deformación del VD y la AD 

en el análisis del acoplamiento VD-arteria pulmonar.  
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I. BACKGROUND. 

 

The purpose of this paragraph is to provide an overview of natural history, physiology, 

treatment and prognosis of patients with precapillary pulmonary hypertension (PPH) and its 

effect in right chambers function that are mainly affected in this pathology.  

PPH is a progressive pathophysiological disorder that affects both the pulmonary 

vasculature and secondary the heart. Moreover, recent focus in PPH research has shifted 

from looking at the pulmonary vasculature and the right heart as separate entities to 

analyzing the cardiopulmonary unit as a system, the called “ventriculoarterial coupling 

concept” and this concept refers to the relationship between ventricular contractility and 

afterload (1). This theory is valid from the physiological perspective and also from a 

therapeutic aspect (2). So, several studies have shown that right ventricular (RV) adaptation 

to pulmonary arterial hypertension (PAH) depends on the RV’s ability to increase its 

contractility in response to this increased afterload (3-4). Moreover, survival of PPH 

patients is closely related to right chambers adaptation to this pressure overload, 

maintaining an optimal balance between RV mechanical work and oxygen consumption (5-

7).  

 

1. PULMONARY CIRCULATION PHYSIOLOGY. 

1.1. Pulmonary circulation. 
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The normal pulmonary circulation is a low-pressure and highly compliant system (7). 

This high pulmonary arterial compliance permits passive arterial expansion during 

ventricular systole to accommodate much of the stroke volume and enable arterial recoil, 

thus continuing blood flow during diastole is permitted (7). These passive arterial vessels 

expansion buffers ventricular contraction through arterial-ventricular coupling, and this 

interaction between the ventricle and the arterial system, maintains low pulse pressure and 

low pulsatile cardiac afterload (1,4,7).  

So, when, pulmonary arterial pressure (PAP) increased, pulmonary arterial compliance 

decreases significantly and premature reflection of waves from the distal pulmonary 

vasculature could produce small vessel proliferative vasculopathy and/or pulmonary arterial 

stiffness, with increased pulsatile RV afterload and with time may produce right ventricular 

failure (RVF); (8,9). So far, loss of pulmonary arterial compliance has been shown to be a 

predictor of increased mortality in patients with pulmonary hypertension (PH); (8). 

 

1.2. Right ventricle afterload. 

RV afterload represents the load that the RV has to overcome during ejection (10). RV 

afterload is dependent of steady components such as pulmonary vascular resistance (PVR) 

and dynamic components of the pulmonary vessels, valvular and intracavitary resistive 

components (9,10). So, a physiological definition of RV afterload should need to take into 

account all factors that contribute to total myocardial wall tension (stress) during systole, 

such as ventricular pressure, chamber enlargement, wall thickness, and ventricular 

geometry (9,10). Clinically, RV afterload is estimated using measures of load such as 
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arterial elastance, PVR and pulmonary arterial compliance (11-12). However, in clinical 

practice PVR and pulmonary arterial systolic pressure (PASP) are the most commonly used 

index in order to estimate afterload (11,12); (Figure 1).   

 

Figure 1: Pulmonary arterial pressure curve during a cardiac cycle. Abbreviations: 

PADP: Pulmonary arterial diastolic pressures; PAPP: Pulmonary arterial pulmonary 

pressures; PASP: Pulmonary arterial systolic pressure.  

 

More recently, several investigators are working on defining dynamic right heart 

and pulmonary circulation measures (13). These dynamic measures include the mean 

pulmonary arterial pressure (mPAP)–cardiac output (CO) slope as well as RV reserve, 

usually defined either as peak right ventricular ejection fraction (RVEF), peak stroke 

volume (SV), or peak cardiac index (CI) after exercise or pharmacological stress. In healthy 

population, mPAP–CO slope is usually <1.5 to 2.5 mm Hg/min/l, with older healthy 

subjects having higher average slope values (12,13).  
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Arterial elastance is estimated using pressure-volume loop analysis, while PVR and 

pulmonary arterial compliance are used to describe the resistive load of the pulmonary 

circulation (figure 2 and 3). The resistive component accounts for approximately 77% of 

total hydraulic RV power and the pulsatile component for the remaining 23% (1, 11). So, in 

the pulmonary circulation, resistance and compliance are inversely related to each other 

over time and after therapy and compared with the LV, the RV shows higher sensitivity to 

afterload change (11); (figure 3).  

 

Figure 2: Pressure-volume loop. This graph shows the concepts of ventricular elastance 

(Ees) and arterial elastance (Ea). 

 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 51 

Figure 3. Describing Right Ventricular Function by the assessment of Right 

Ventricular-Pulmonary Circulation coupling. A. Pressure-volume loops showing the 

concepts of ventricular elastance (Ees), arterial elastance (Ea), and the maximal isovolumic 

pressure used to estimate single-beat Ees.  B. Pump function graph, illustrating that when 

baseline pulmonary vascular resistance (PVR) is high, a decreased in PVR mainly causes 

an increase in stroke volume, while at lower baseline PVR, pressure is more affected. 

Abbreviations: EDPVR: End-diastolic pulmonary vascular resistance. Ees: Ventricular 

elastance. Ea: Arterial elastance. ESPVR: End-systolic pulmonary vascular relation. 

RVEDP: Right ventricular end-diastolic pressure. RVESP: Right ventricular end-systolic 

pressure. SV: Stroke volume. PVR: Pulmonary vascular resistance. Courtesy of Hassoun. 

 

2.  RIGHT CHAMBERS. 

For a long time, right chambers have been forgotten and most of the attention has been 

given to the left side of the heart. Moreover, right chambers have been considered an 

unnecessary chamber. While, LV function had been considered the major factor associated 

with morbidity and mortality in patients with heart conditions. Indeed, early animal 

experiments suggested that life can be maintained without RV function, so this belief was 

corroborated in humans with congenital heart disease (CHD) such as palliation with Fontan 

techniques or univentricular circulation (14-15). However, it comes at a cost of highly 

increased systemic venous pressure with secondary low CO, either of which can result in 

increasing morbidity and mortality. 

In the last two decades, the advent of new imaging tools such as echocardiography by 
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Carl Hellmuth Hertz and Inge Edler opened the way for heart exploration of the beating 

heart. So, a comprehensive assessment of the right chambers can be performed, and several 

reports (14-17) showed that RV function has a major impact in a wide spectrum of 

cardiovascular diseases, such as coronary artery disease, heart failure (HF), chronic 

obstructive pulmonary disease (COPD), different types of PH, CHD such as subpulmonary 

or systemic RV function, and cardiac transplantation (15). Moreover, measurement of RV 

function early and accurately can direct treatment, and determine the prognosis of different 

pathologies, delay the development of pathogenetic conditions, and improve patients’ live 

quality. Thus, “the forgotten ventricle” is no more considered an “unnecessary” part of the 

cardiopulmonary circulation unit. 

However, right atrium (RA) was neglected chamber of the heart for more time and 

despite that animal studies studying RA anatomy have been conducted since the 17th 

century from William Harvey, these studies and manuscript were not published until 1929. 

Even then, RA remained neglected for a few more decades.  

In dialy clinical practice, 2-dimensional echocardiography (2D) is used to routine 

assessment of RV function and contractility and recent advances in Doppler tissue imaging 

(DTI), speckle tracking echocardiography (STE) and 3-dimensional echocardiography (3D) 

allow us better characterization of its function (18). However, RV function is difficult to 

evaluate, given its triangular geometry and anterior position, its interrelationship with the 

left ventricle (LV), and its high sensitivity to changes in loading conditions and increased 

pulmonary pressures on classic echocardiography parameters of RV function (18). So, 

cardiovascular magnetic resonance (CMR) is the modality of choice in order to assess 

RVEF, RV volume and SV (19). But this imaging technique is not widely available in all 
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centres due its high cost. Cardiac computed tomography (CT) provides reproducible RV 

volume and ejection fraction by using radiation.  

3. RIGHT VENTRICLE. 

3.1 Anatomy of the right ventricle. 

3.1.1 Localization. 

The RV is the most anteriorly situated cardiac chamber in the normal heart as it lies 

immediately behind the sternum. Alongside the anterior border, the RV also marks the 

inferior border of the cardiac silhouette. In contrast to the near conical shape of the LV, the 

RV is more triangular in shape when viewed from the front and has crescent shaped when 

viewed in cross section (figure 4); (16).  

The pulmonary valve marks the superior margin of the RV while the tricuspid valve 

(TV) marks its right margin (figure 4). The apex of the RV is frequently inferior to that of 

the left. Viewed from the diaphragmatic aspect of the heart, the right and left ventricles lie 

side by side (figure 4). In cross section the cavity appears like a crescent wrapping around a 

circular LV (figure 5). Thus, the curvature of the ventricular septum places the RV outflow 

tract (RVOT) antero-superiorly to that of the LV’s resulting in a characteristic ‘‘cross 

over’’ relationship between right and left ventricular outflows. So, the geometry of the RV 

is also influenced by the position of the interventricular septum that is concave toward the 

LV in both systole and diastole under normal loading and electrical conditions (figure 5).  



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 54 

 

Figure 4: Endocast of a normal heart: A. Anterior view of the heart. B. Inferior or 

diaphragmatic view, the coronary sinus drains the coronary system into the right atrium. 

Abbreviations: Ao: Aorta. CS: Coronary sinus. LV: Left ventricle. PA: Pulmonary artery. 

RA: Right atrium. RV Right ventricle. Courtesy of Professor Siew Yen Ho. 

 

The cavity of the RV chamber can be described in three components (figure 5):  

1) the inlet part, which contains the TV, chordae tendineae, and papillary 

muscles.  

2) the coarse trabeculated apical myocardium. 

3) the outlet, subpulmonary infundibulum, or conus, which corresponds 

to the smooth myocardial outflow region (free of muscular trabeculations).  

Proximally, however, a clear-cut demarcation between outlet and apical portions is 

absent since trabeculations running from the septum to the parietal wall are frequently 
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found.  

The pulmonary valve is separated from the TV by a muscular fold, the ventriculo-

infundibular fold. At its septal margin, the fold forms the supraventricular crest, which 

divides the inlet from the outlet portion of the RV. The fold continues superiorly into the 

RVOT. The antero-superior wall of the RV completes the muscular tube known as the 

subpulmonary infundibulum that leads to the pulmonary valve. The infundibulum lifts the 

pulmonary valve clear of the ventricular septum (figure 5). 

  

Figure 5. Anatomical dissection of the right ventricle. A. Section throught the right 

atrium, right ventricle and tricuspid valve. Note the triangular shape of the RV in the frontal 

plane and its three parts (RV inlet, outlet and apical myocardium) are exposed.  B. 

Transversal section of the ventricles. Note the crescent shape of the RV, thin RV free-wall, 

and trabeculated cavity. Abbreviations:  IVS: Interventricular septum. LV: Left ventricle. 

RV: Right ventricle. Courtesy from Professor Siew Yen Ho (16) and Dr Basso. 

 

On the septal aspect of the RV is a characteristic muscle band termed the 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 56 

septomarginal trabeculation (SMT, figure 6). In some hearts it can be seen clearly as a Y-

shaped strap that cradles the supraventricular crest between its arms. The medial papillary 

muscle inserts to the posterior arm, whilst the anterior arm blends into the subpulmonary 

infundibulum. The moderator band, another marker for the morphologically RV, takes off 

from the body of the Y-shaped strap to cross to the parietal wall carrying within it a fascicle 

of the right bundle branch of the atrioventricular conduction system (figure 6). 

 

Figure 6: Anatomical dissection of the RV with focus in all structures. Abbreviations:  

a: Anterior arm; MB: moderator band; p: Posterior arm; PA: Pulmonary artery; PV: 

Pulmonary valve; SMT: septomarginal trabeculation; TV: Tricuspid valve; VIF: ventriculo-

infundibular fold. Courtesy of Professor Siew Yen Ho. 

 

3.1.2 Myofiber architecture.  

In the normal heart, the thickness of the RV free wall is in the range of only 3-5 mm, 
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and the RV mass is approximately one-sixth to one-fourth of that of the LV (16). The 

muscular fibers of the RV form a complex tridimensional network of myocytes in a matrix 

of fibrous tissue and dissection studies showed that these fibers course in a helical 

continuum between the subendocardium and subepicardium (figure 7). This continuity 

between the superficial muscle fibres of the RV and LV functionally binds the ventricles 

together and represents the anatomical basis of RV wall traction caused by LV contraction 

(20). This continuity also contributes, along with the interventricular septum (IVS) and 

pericardium, to the interdependence between both ventricles (20); (figure 7). 

 

Figure 7. Dissection studies of the myocardial band of the heart. A. The myocardial 

band is in the normal position. B. The pulmonary artery has been separated. C to E: 

Separation of the RV free-wall. F. G: Total extension of the myocardial band. Courtesy 

from Torrent Guasp et al (20). 

 

The RV wall is formed by 2 layers of myofibres (14): 1) the superficial or 

subepicardial myofibres are arranged more or less circumferentially in a direction that is 
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parallel to the atrioventricular groove and encircle the subpulmonary infundibulum; 2) the 

superficial myofibers invaginate in spiral fashion to form the deep or subendocardial 

myofibres that are aligned more longitudinally from apex towards base (figure 8). 

However, dissection studies by Ho et al have been described 3 layers in patients with CHD 

such as Tetralogy of Fallot (21). But, the RV free-wall usually lacks of a middle layer and 

must rely more heavily on longitudinal shortening than does the LV and the transverse RV 

geometry of the free-wall allows constriction in a ‘‘peristaltic’’ pattern (bellows-type 

motion) that proceeds from the sinus (oblique fibers with an average major radius of 

curvature) to the infundibulum (circumferential fibers with a small radius of curvature); 

(16, 20). 

The septum fibers architecture showed an abrupt change in the middle of the 

septum, this suggests that the septum is a morphologically and functionally bilayered 

structure potentially supplied by different coronary arteries depending on coronary 

dominance (20). Whereas oblique septal fibers orientation and midline septal position are 

essential for ventricular twisting, the vital mechanism for RVEF against increased PVR. 

Therefore, the septum is considered ‘‘the motor of RV performance’’. Moreover, distortion 

of such normal structure/function relationship underlies the pathophysiologic mechanisms 

of RVF.  
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Figure 8: Myofiber architecture elicited by sequential dissections. Panel A. Normal 

heart showing oblique arrangement of the subepicardial fibres. Panel B. Myofibers lying 

deeper retain the circumferential arrangement in the RV but change from oblique to 

circumferential in the LV. Panel C. The right ventricle is opened to show the longitudinally 

arranged subendocardial myofibers. Panel D and E: Shown in a simplistic fashion the right 

ventricular subepicardial myofibers (left, D) and the subendocardial myofibers (right, E) of 

the normal heart. Abbreviations: Ao: Aorta. LV: Left ventricle. PA: Pulmonary artery. RV: 

Right ventricle. Reproduced with permission from Ho 2006.  
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3.1.3. Distinctive anatomical features.  

The anatomical RV is defined by its structure rather than by its position or connections 

depending if is subpulmonar or systemic RV (14, 16). So, morphological features that best 

differentiate the anatomical RV from the LV include the following (figure 6):  

1) the more apical hingeline of the septal leaflet of the tricuspid valve (TV) 

relative to the anterior leaflet of the mitral valve.  

2) the trileaflet configuration of the TV with papillary muscle attachments to the 

septum (but another TV morpholophy has been also described). 

3) the presence of a moderator band. 

4) the presence of coarse trabeculations around the whole circumference as 

opposed to the lack of trabeculations on the septal side of the LV. 

5) a lack of fibrous continuity between the inlet and outflow valves, patent in the 

form of the ventriculo-infundibular fold (VIF).  

 

The RV and LV are not separated entities as described. Both ventricles are 

interconnected through the IVS, shared myofibers, and the pericardium. However, when 

comparing ventricular remodelling with pressure overload, several differences emerge 

between both ventricles. First, RV enlargement occurs much earlier in the course of PAH 

compared with the pressure-overloaded LV (e.g., in aortic stenosis or systemic 

hypertension). Mechanically, this can be partially explained by the fact that RV wall stress 
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is greater for a comparable pressure increase because of the smaller thickness of the RV 

(22). Second, fibrosis is much less extensive in patients with RV pressure overload 

compared with myocardial fibrosis observed in patients with LV pressure overload (23). 

However, more studies of diffuse fibrosis would be necessary in order to assess this 

asseveration. This could explain why the majority of patients with severe RHF recover their 

ventricular function after lung transplantation, even if RVEF is severely reduced at the time 

of transplantation.  

 

 

3.2. Physiology.  

3.2.1. Embryology. 

The RV differs substantially from the LV in its morphology, structure, and 

physiology. These differences are present from the very early embryological origin of both 

ventricles. Whilst LV myocardial and atrial precursor cells originate from the primary or 

posterior heart field in the anterior plate mesoderm, RVOT and RV precursor cells originate 

from the secondary or anterior heart field, so, the sinus part of the RV is derived from the 

ventricular portion of the primitive cardiac tube, whereas the infundibulum is derived from 

the conus cordis (24-26).  

During foetal life, the lungs are not functional as the oxygen is delivered by the 

placenta. The RV pumps most of its blood to the systemic circulation via the ductus 

arteriosus, thus contributing for most of the total CO (26). Therefore, RV and LV free wall 

thickness and force development are equal throughout foetal life, and the IVS is midline 

and flat throughout the cardiac cycle. 
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After birth, the LV becomes the systemic ventricle, whereas the RV becomes the 

subpulmonary ventricle, supporting the low resistance pulmonary circulation. RV 

hypertrophy regresses, and the heart remodels to the typical postnatal shape with a 

crescentic triangular RV and an elliptic LV. This RV adaptation reduces its ability to 

respond to adverse hemodynamic loading conditions, especially to increased pressure 

loading.  

The different embryological origins of the right and left ventricles may explain the 

different expression of genes involved in adaptive remodelling, as molecular changes in the 

RV myocardium induced by pressure loading differ from those in the LV myocardium.  So, 

when comparing the failing right and left ventricles, both overlapping and varying 

expression in transcription factors are observed (24).  

 

3.2.2. Mechanics.  

The primary function of the RV is to pump the systemic venous return into the 

pulmonary vasculature. The SV of the RV is similar to the LV but at about 25% of the 

stroke work because of the low resistance of the pulmonary vasculature and the unique 

characteristics of the efficient RV pressure-volume relationship (11); (Figure 9), so the RV 

contraction are dependent on its loading conditions (27). Therefore, the RV is more thin-

walled and compliant by the Laplace relationship. The higher compliance of the RV 

explains why the RV volumes are slightly higher than the LV volumes, and why the RVEF 

is slightly lower than the LVEF, as the effective SV is roughly the same under normal 

physiological conditions, as the RV is connected in series with the LV (28).  
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The RV contraction is sequential and peristaltic, starting with a short contraction of 

the inlet and trabeculated myocardium and ends with the contraction of the infundibulum 

that is of longer duration (approximately 25 to 50 ms after the contraction of the inlet tract). 

Thus, the RV contracts by 3 separate mechanisms (14): 1) contraction of the longitudinal 

fibers, which shortens the long axis and draws the tricuspid annulus towards the apex (long-

axis shortening); 2) inward movement of the free wall toward the septum for reducing its 

cavity circumference, which produces a peristaltic or bellows-like effect, and; 3) traction on 

the free wall at the attachment points secondary to LV contraction. As most myocytes lie in 

the longitudinal orientation in the subendocardial layer, longitudinal shortening is a greater 

contributor to the SV than radial shortening (approximately 75% of total), (Figure 10).  

Figure 9: Normal and pathological 

pressure-volume loops of the right 

ventricle. Normal loop with triangular 

shape and rectangular shape in 

pathological settings such as pulmonary 

hypertension. Abbreviations: RV: Right 

ventricle. 
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However, in case of RV volume o pressure overloads radial and circumferential 

contraction increased and RV contraction becomes more uniform. In this context, the RV 

shortens in a circumferential direction during the isovolumic contraction (controlled by 

subepicardial fibers) and longitudinally during the ejection phase (controlled by 

subendocardial fibers) (22).  

 

3.2.3.  Haemodynamics.  

Under normal conditions, the RV has a unique physiology related to the low hydraulic 

impedance characteristics of the pulmonary vascular bed compared with the systemic 

circulation. Moreover, pulmonary circulation has a much lower vascular resistance, a lower 

peripheral pulse wave reflection coefficient, and a greater pulmonary artery distensibility 

(7-9). Hence, RV pressures are significantly lower than LV pressures (7). RV pressure 

tracings show an early peaking and a rapidly declining pressure in contrast to the rounded 

contour of LV pressure tracing (Figure 9). RV isovolumic contraction (RV IVCT) time is 

Figure 10: Right ventricular mechanics, 

with predominantely longitudinal 

contraction. Abbreviations: LA: Left 

atrium; LV: Left ventricle; RA: Right 

atrium; RV: Right ventricle. 
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shorter because RV systolic pressure rapidly exceeds the low pulmonary artery diastolic 

pressure. A study of hemodynamic tracings and flow dynamics also reveals that end-

systolic flow may continue even in the presence of a negative ventricular-arterial pressure 

gradient. This interval, which is referred to as the “hangout interval”, is most likely 

explained by the momentum of blood in the outflow tract (7,11,14). So, human RV 

pressure–volume relationships have been defined as a triangular or trapezoidal form, with 

ill-defined periods of isovolumic contraction and particularly isovolumic relaxation (figure 

9).  

Pressure–volume loops help to understand the complex relationship between RV 

contractility, preload, and afterload, since they may depict instantaneous pressure–volume 

curves under different loading conditions (11,29). Furthermore, maximal RV elastance 

better reflects RV contractility due to the different shape of the RV pressure–volume curve 

(7).  

 

3.2.3.1. Cardiodynamics.  

RV systolic function is a reflection of preload, contractility, and afterload. The 

regulation of RV function as well as LV function is based on the mechanisms that include 

heart rate (HR), the Frank–Starling mechanism or the load before contraction, and the 

autonomic nervous system (14, 30-31). The autonomic nervous system has a differential 

effect on the inflow and outflow region of the RV, since vagal stimulation prolongs the 

normal sequence of inflow–outflow contraction, while sympathetic stimulation may abolish 

the usual delay or even reverse this sequence. Moreover, animal and human studies have 
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suggested that the inotropic response of the infundibulum to sympathetic activation may be 

greater than that of the inflow tract. RV performance is also influenced by synchrony of 

ventricular contraction, and ventricular interdependence (30).  

On the basis of Frank-Starling mechanism within physiological limits, increased 

preload could improve myocardial contraction due to myocyte stretching. But beyond the 

physiological range, excessive RV volume load can compress the LV and impair the global 

ventricular function through the mechanism of ventricular interdependence (29-30).  

The diastolic filling period is also an important determinant of ventricular preload. 

RV filling normally starts before and finishes after the filling of the LV. RV isovolumic 

relaxation (RV IVRT) time is very short, and RV filling velocities are lower (32). The 

respiratory variations in RV filling velocities are, however, more pronounced and with each 

inspiration, the change in intrapleural pressure leads to a significant increase in venous 

return and RV preload and reduced the preload during expiration. Many factors influence 

RV filling, including HR, passive and active atrial characteristics, intravascular volume 

status, ventricular chamber compliance, ventricular relaxation, LV filling, and pericardial 

constraint (14, 30).  

 

3.2.4   Ventricular interdependence.  

The concept of ventricular interdependence refers that size, shape, and compliance of 

one ventricle may affect the size, shape, and pressure-volume relationship of the other 

ventricle through direct mechanical interactions (33). So, the RV is linked to the LV in 
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several ways: by a shared wall (the septum), by mutually encircling epicardial fibres, by 

attachment of the RV free wall to the anterior and posterior septum, and by sharing the 

pericardial space and right and left heart work in synergy. Consequently, it is impossible to 

consider abnormalities of the RV in isolation, and viceversa. It is always present but most 

apparent with changes in loading conditions such as those seen with respiration or sudden 

postural changes, and plays an important role in the pathophysiology of RVF, especially in 

the acute setting (34).  

Experimental animal studies showed that approximately 20% to 40% of RV systolic 

pressure and volume outflow results from LV contraction. The evidence for ventricular 

interdependence is well established and based on experimental and clinical studies (33).  

RV diastolic dysfunction adversely affects LV diastolic properties through diastolic 

interactions mediated by the reversed curved of the IVS and exacerbated by elevated 

intrapericardial pressure. So, in acute RV pressure or volume overload states, elevated RV 

diastolic pressure and RV dilatation shifts the IVS towards the LV, alters its geometry, and 

increases intrapericardial pressures and constraint. As a consequence, the decreased 

distensibility shifts the LV diastolic pressure-volume curve upward, which potentially leads 

to decreased LV preload and could produce low cardiac output state. Conversely, LV 

pressure or volume overload has also been shown to shift upward the RV diastolic pressure-

volume relationship and to redistribute RV filling into late diastole (14). 
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3.2.5  Perfusion.  

The perfusion of the RV varies according to the dominance of the coronary system 

(30). In a right-dominant system, which is found in about 80% of the population, the right 

coronary artery (RCA) supplies most of the RV. The lateral wall of the RV is supplied by 

the marginal branches of the RCA. The left anterior descending coronary artery (LAD) 

supplies the anterior free wall and superior two thirds of the septum, while the posterior 

descending artery of the RCA supplies the inferior free wall and inferior third of the 

septum. The infundibulum derives its supply from the conal artery, which has a separate 

ostial origin from the RCA in 30% of cases. Whilst coronary flow to the LV and 

interventricular septum occurs only in diastole, coronary artery flow to the RV free wall 

occurs during both systole and diastole. This explains the relative resistance of the RV to 

irreversible ischemic injury, alongside its lower oxygen demand since RV free wall has less 

myocardial mass and faces lower preload and afterload, more extensive collateral system 

from the left coronary arteries, and ability to increase oxygen extraction in part to lower 

coronary resistance that favours a left-to-right transcoronary pressure gradient (35). 

 

4. RIGHT ATRIUM. 

The RA plays a pivotal role in electromechanical and endocrine regulation of the heart 

with peculiar anatomical features and phasic mechanical function distinct from ventricles 

(36). However, RA has been a neglected chamber, mostly studied for assessment of atrial 

mass lesions, for electrophysiological studies, and in animal models for physiological 

assessment, but its role in the function of the right heart, pulmonary vascular pathology, 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 69 

CHD, and combined electromechanical activation phenomena has been less explored or 

unexplored (37).  

RA function is relatively difficult to measure because their walls are very thin and RA 

has many structures fitted into a small compartment. Therefore, the geometry and 

contouring of this chamber are slighyly difficult to trace.  

 

4.1   Anatomy and localization. 

The normal RA shows an ellipsoid shape and is located superior to the RV and 

anterior and lateral to the left atrium (LA), which forms the most posterior chamber of the 

heart. The interatrial septum is oblique (at 65 degrees) to the cardiac axis and the tricuspid 

and mitral valves are located at different levels. RA consists of a venous component, an 

appendage, and a vestibule. The RA receives venous blood from the superior (SVC) and 

inferior (IVC) cava veins, the coronary sinus, and the Thebesian veins that drain the 

myocardium (37-39).  
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Figure 11: Right atrial position and its components. 

 

Anatomically, the RA (Figures 11) includes six key structures: (i) crista terminalis 

(CT), (ii) RA appendage (RAA), (iii) fossa-ovalis (FO), (iv) cavo-tricuspid isthmus (CTI), 

(v) Eustachian valve (EV), and (vi) orifice of coronary sinus and Thebesian valve (figure 

11). The RAA, CT and FO are prominent landmarks that they could alter the electrical 

properties and strain of the RA.  

The RAA is derived from the ‘embryological’ RA, generally exhibiting a triangular 

shape, and forming most of the anterior and lateral RA walls. Typically, an extensive array 

of pectinate muscles spreads perpendicularly or obliquely from the CT, lining the internal 

surface of the RAA until the TV hingeline, resulting in a characteristic ‘corrugated’ surface 

appearance. Between pectinate muscles, the atrial walls are very thin, comprising of only a 

few layers of myocytes between the epicardium and endocardium. One prominent pectinate 
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muscle, the sagittal bundle, crosses the RAA wall transversely, dividing the RAA into the 

anteromedial and posterolateral portion (37). This small cavity is more distensible 

compared with the rest of the atrium and the ventricles. However, it is also more prone to 

fibrosis and hence to atrial fibrillation (AF) than the rest of the RA.  

The CT lies between the venous component and the RAA and is a fibromuscular 

ridge of the anterior RA wall (37). It has marked myocyte junction anisotropy, which is a 

substrate for micro-reentry circuits. A ridge, which was considered an embryonic vestigial 

structure, may give rise to a plethora of arrhythmogenic phenomena. This electrical 

phenomenon in turn affects RA strain. Its position is variable in the RA, leading to novel 

compliance and RA relaxation properties as RV systolic pressure, which moves the 

tricuspid annulus upward, and acts as an extrinsic force. The contractile phase depends on 

electrophysiological phenomena.  

The FO is an embryological remanent of septum primum and septum secundum when 

it closes in postnatal life, leave a mark-like impression from the LA (37). Sometimes it 

persists, leading to risk of paradoxical embolism, stroke, and migraine. The CS is the 

venous drainage chamber of the myocardium, which opens into the RA, and its opening is 

guarded by the Eustachian valve (37).  

 

4.2. Physiology and function of right atrium. 

The RA has unique morphological, ultrastructural and physiological characteristics that 

differentiate it from the other cardiac chambers (37). Furthermore, RA secretes hormones 
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that regulate the cardiovascular cycle. It has phasic mechanics and can be divided into three 

phases (figure 12); (37, 40): 

i) a reservoir phase, during which it acts as reservoir for coronary sinus and both 

vena caval blood returning during ventricular systole (atrial filling) after the 

closure of the TV, the RA stretches to accommodate incoming blood. So, its 

onset coincides with the QRS complex and isovolumic contraction of the 

ventricle. The duration of the reservoir phase and the amplitude of dilatation 

reflect the potential energy stored in the atria. The RA operates on the Frank-

Starling mechanism, with maximum contraction occurring at optimal length. 

Moreover, this reservoir function of the RA is fourth times more important than 

its contractile function, as it provides energy needed for atrial kick. This phase 

depends on intrinsic compliance and RA relaxation properties as RV systolic 

pressure, which moves the tricuspid annulus upward, acts as an extrinsic force 

(Figure 12). 

ii) a conduit phase, during passive RA emptying into the RV during early 

ventricular diastole. During this phase, the ventricles fill ‘‘passively,’’ without 

active energy expenditure by the atria. It starts from the opening of the TV and 

ends just before the start of active contraction of the atria after the P wave on the 

electrocardiogram. This phase depends on RV relaxation properties. 

iii) A booster pump, active or contractile phase, during atrial contraction, that 

augments RV filling during late ventricular diastole. This phase contributes 

about 15% to 30% of SV of the RV. This pumping activity is lost in AF, in 

which chaotic movement of atria affects atrial contribution to the ventricles. The 
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active phase depends on intrinsic contractility of the RA and is affected by RV 

compliance. 

 

Figure 12: Right atrial pressure-volume loop showing RA phasic function and volume. 

Arrows indicate temporal sequence throughout the “figure of eight” loop describing 

changes in RA pressure and volume during a single cardiac cycle. RA reservoir (solid line), 

conduit (dotted line), and active (red segmented line) function can be quantitated by 

measuring minimun RA volume, maximun RA volume, and pre-atrial contraction RA 

volume. Abbreviations: RA: Right atrium. TV: Tricuspid valve. 

 

Various invasive and non-invasive techniques have been used to elucidate RA 

structure and function (38-39). Of these modalities, echocardiography has distinct 

advantages over others. Several conventional measures of RA function through 

echocardiography have been described in the literature, but they are load dependent. A 
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relatively new technique is STE, which is relatively less dependent on loading conditions 

and is an ideal technique for assess RA regional and global function. 

5. PATHOPHYSIOLOGY OF THE RIGHT VENTRICLE-PULMONARY 

CIRCULATION UNIT COUPLING. 

RVF is a complex clinical syndrome that can result from any structural or functional 

cardiovascular disorder that impairs the ability of the RV to fill or to eject blood (41-42). 

The cardinal manifestations of RVF are: 1) fluid retention, which may lead to peripheral 

oedema, ascites, and anasarca; 2) decreased systolic reserve or low CO, which may lead to 

exercise intolerance and fatigue, and; 3) atrial or ventricular arrhythmias. RV dysfunction, 

on the other hand, refers to abnormalities of filling or contraction without reference to signs 

or symptoms of heart failure (HF). Numerous mechanisms can be responsible for RV 

dysfunction. These include pressure or volume overload, ischaemia, intrinsic myocardial 

disease, or pericardial constraint. But the RV may tolerate volume overload for a long time 

without a significant decrease in RV systolic function.  

The specific mechanisms underlying the development of RVF secondary to PH are not 

well understood and there may be a genotypic different between patients. It is unclear why 

some patients develop RV myocardial ischemia or myocytes undergo apoptosis, or if there 

is microvascular endothelial cell dysfunction. Also, RV wall thickness in PH has a variable 

degree, and there is evidence for changes of gene expression in the pressure-overloaded 

failing RV (foetal gene pattern recapitulation, decreased a-myosin heavy chain gene, and 

increased expression of foetal b-myosin heavy chain); (43). 
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5.1  Pressure overload.  

The commonest cause of RV pressure overload is PH (44). However, RV pressure 

overload can be presented due to CHD (such as, fixed pulmonary valve stenosis or dynamic 

RVOT, or even occur in less frequent forms of CHD such as transposition of the great 

arteries); (44-47). An initial adaptive response of myocardial hypertrophy is followed by 

progressive contractile dysfunction. Chamber dilatation ensues to allow compensatory 

preload and maintain stroke volume despite a reduced ejection fraction. As contractile 

weakening progresses, decompensated RV failure occurs, and it’s characterized by rising 

filling pressures, diastolic dysfunction, and diminishing CO, which can be further 

compounded by tricuspid regurgitation (TR) due to annular dilatation and poor leaflet 

coaptation (48).  

RV function during acute RV pressure overload consistently showed no significant 

change in RV diastolic performance, despite a rise in RV elastance. However, chronic RV 

pressure overload implies RV diastolic dysfunction with prolonged diastolic relaxation 

times and increased RV diastolic stiffness (42). So, RV diastolic dysfunction and 

significant TR may produce diastolic dysfunction of the LV and accentuate right-to-left 

shunting through a patent foramen ovale (PFO) and lead to hypoxemia, but this shunt may 

improve cardiac output. Pressure overload of the RV may also lead to RV ischemia, which 

may further aggravate ventricular dysfunction. In PH, RV function is the most important 

determinant of survival, even when accounting for the pulmonary artery pressures (6, 43, 

48). 
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5.2. Volume overload.  

In general, the thin-walled RV adapts better to volume overload than to pressure 

overload and therefore may remain well adapted to right-sided valvular regurgitant lesions 

or intracardiac shunts for a long time periods, without a significant decrease in RV systolic 

function. Even when Eisenmenger’s physiology in post-tricuspid shunt (pulmonary 

vascular disease caused by a large pre-existing left-to-right shunt) is well established, the 

outlook for these patients is better than for those with idiopathic PAH (IPAH), perhaps due 

to preconditioning or retention of the foetal right heart phenotype mediated by embryonic 

adaptive mechanisms. However, in non-repaired big pre-tricuspid shunts the prognosis is 

near to patients with IPAH when PVR increased (49-50). 

Compared to volume-overload states, histological changes are more pronounced in RV 

pressure-overload states as demonstrated by the increased density of myocardial connective 

tissue both seen in animal and human studies. Recent studies, however, have suggested that 

longstanding volume overload may also lead to an increase in morbidity and mortality.  

 

6. RIGHT VENTRICULAR FAILURE. 

RV affectation could be presented in different diseases such as, myocardial ischaemia 

and/or infarction, secondary to LV or RV cardiomyopathies such as arrhythmogenic RV 

cardiomyopathy (ARVC) and Uhl’s anomaly are the classic examples of cardiomyopathies 

with a predominant RV involvement.  
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6.1 .  Regulation of right ventricular function.  

Numerous studies describe the roles of the autonomic and renin-angiotensin-

aldosterone systems, endothelin, natriuretic peptides and cytokines in the regulation of RV 

function (31). Although activation and modulation of these neuro-hormonal and cytokine 

pathways are important to regulate RV function according to the varying loading conditions 

and metabolic needs, persistent upregulation can be detrimental in the long-term and 

contribute to RV dysfunction. In the failing RV, excessive sympathetic stimulation may 

adversely affect ventricular remodelling and survival. Activation of the renin-angiotensin-

aldosterone system may also contribute to fluid retention and ventricular remodelling. 

Endothelin system activation is an important feature in pulmonary vascular disease and RV 

dysfunction. In patients with PAH and CHD, elevated endothelin-1 levels are associated 

with decreased exercise capacity and impaired ventricular function. Conversely, 

pharmacological modulation of the renin-angiotensin-aldosterone and endothelin systems 

has resulted in improvements in exercise capacity, PVR, and reverse ventricular 

remodelling in PAH. B-type natriuretic peptide levels (BNP) may increase in RV pressure 

or volume overload states such as pulmonary embolism (PE), cor pulmonale, and CHD and 

are associated with increased mortality in patients with IPAH (49).  

 

6.2. Consequences of right ventricular failure.  

Many factors may contribute to the low CO in patients with RV failure, including RV 

systolic dysfunction, ventricular interdependence, arrhythmias, and suboptimal preload 

(27). The resulting hypotension may further aggravate RV dysfunction by inducing 
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coronary hypoperfusion and RV ischaemia (51). Ventricular interdependence plays an 

important role in the pathophysiology of RVF, especially in the acute setting. RV volume 

or pressure overload causes a leftward shift of the septum, changing LV geometry, and also 

RV dilatation and/or dysfunction may also increase the constraining effect on the 

pericardium. These changes contribute to a low CO state by reducing LV distensibility and 

preload. RV diastolic dysfunction impairs RV filling and increases diastolic RV and RA 

pressures. RVF may also cause TR, which may beget RV volume overload, decrease CO, 

and increase RA pressures (RAP); (30). These combined effects may lead to fluid retention 

and congestive hepatopathy, as well as cardiac cirrhosis in more advanced cases. Protein-

losing enteropathy due to extremely elevated systemic venous pressures is occasionally 

seen after the Fontan procedure, in constrictive pericarditis, in severe TR, and in RVF (47). 

This condition may result in profound hypoproteinaemia, malnutrition, and immunological 

deficiencies. 

 

6.3. Arrhythmias and sudden death.  

Persistent RV dysfunction may lead to atrial tachyarrhythmias due to increased RA 

filling pressures and subsequent neuro-hormonal activation with adverse remodelling (52). 

Atrial tachyarrhythmias are common in patients with RV dysfunction, and often lead to 

hemodynamic instability in severe RVF. Many studies have demonstrated that atrial flutter 

or AF portend a poorer prognosis in patients with right ventricular myocardial infarction 

(RVMI), PH, and CHD.  

Ventricular tachycardia could arise from the RV occurs in PH (52), CHD (53), RVMI 

(54), ARVC (55), and idiopathic RVOT tachycardia. Sudden death in patients with RV 
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disease is often caused by arrhythmias (either tachycardia or bradycardia). Other important 

causes of sudden death include PE and mechanical complications associated with RVMI. 

 

 

7. PULMONARY HYPERTENSION. 

PH is a pathophysiological disorder complicating many cases of cardiopulmonary disease 

and characterized by elevated PVR secondary to pulmonary vascular remodelling (56-57). 

As a result, RHF has become the main cause of mortality in patients with PH (6), and RV 

function is a key determinant of exercise capacity and outcome in patients with PH. Even 

though the LV is by definition unaffected at the outset, but, the volume and pressure 

overloaded RV may also lead to secondary decompensation of the LV by ventricular 

interdependence (33,34).  

Until a decade ago, limited treatment options existed, with median life expectancy being 

2.8 years from diagnosis, but current registry data show increases to 7 years (6, 58). There 

have been three primary pathways identified for treatment, endothelin receptor antagonism, 

prostacyclin augmentation and nitric oxide augmentation. The diagnosis and follow-up of 

PH involves the use of echocardiography, right heart catheterisation (RHC) and patient 

functional status with 6-minute walk distant (6MWD) and/or cardiopulmonary exercise test 

(CPET); (59). 

Pulmonary pressures elevation may indeed have several different causes with different 

management and outcomes, including increase in CO, left-to-right cardiac shunts, elevation 
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of pulmonary arterial wedge pressure (PCWP) in left heart disease (LHD), hyperviscosity 

and damage of pulmonary vasculature. This abnormal elevation may also be due to 

pulmonary vascular disease (PVD) associated with structural changes of small pulmonary 

arteries (59). 

In the early stage of PH, RV adapts to the increased afterload by a complex process that 

depends on the severity of PVD and on the interplay between neurohormonal activation, 

coronary perfusion and myocardial metabolism, and genetic and epigenetic factors (43). 

However, ventricular remodelling in PH represents a continuum and depend of its aetiology 

and its onset.  

The insidious onset of the symptoms of PH are non-specific and mainly related to 

progressive RV dysfunction secondary to a rise in resting pulmonary pressures and when 

they appear more than 50% of pulmonary microvasculature is affected (60-61). So, much 

effort should be directed towards detecting PVD at an earlier (and potentially more 

treatable) stage. 

 

7.1  Definition of pulmonary arterial hypertension. 

Currently, pre-capillary PH is a heterogenous group of diseases defined as an increase 

in the mPAP ≥ 20 mm Hg, PCWP ≤ 15mmHg and PVR ≥ 3 wood units at rest as assessed 

by RHC (62). In the past, the cut-off of mPAP was defined by the presence of mPAP ≥ 25 

mmHg (59), but this cut-off has been reduced in order to identified diseases in early stages. 

Moreover, the mPAP does not normally exceed 15 mmHg (14.0 ± 3.3 mmHg) when the 

subject is at rest and in a lying position, and this value may be little affected by age and 
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may be relatively independent of sex and ethnicity (62). But this value should not be used 

in isolation in order to characterize a clinical condition and does not define the pathological 

process per se.  

A mPAP of 20 mmHg should be considered as the upper limit of normal value. This 

new definition has been recently proposed by others. However, this abnormal elevation of 

mPAP in isolation is not sufficient to define PVD as it can be due to an increase in CO or 

PCWP (62).  

 Today, there is growing evidence that in some pulmonary diseases (mainly PAH 

associated with systemic sclerosis, chronic tromboembolism and chronic lung diseases) 

patients with even a modest elevation in mPAP (21–24 mmHg) are symptomatic with 

exercise limitation and may have poor outcome (62). Nevertheless, a change in the 

haemodynamic definition of PH due to PVDs does not imply treating these additional 

patients, but highlights the importance of close monitoring of this group of patients. 

Prospective trials are required to determine whether this PH population might benefit from 

specific management.  

This cut-off value of PVR ≥ 3 WU is also quite arbitrary since some recent data 

suggest that PVR ≥ 2 WU could be also considered abnormal. 

 

7.2  Types of pulmonary hypertension. 

Post-capillary PH (Group 2) is the most prevalent type of PH and is due to left heart 

disease, with a transfer of hydrostatic pressure to pulmonary vasculature causing an 
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elevation of pulmonary pressures in the pulmonary arteries. In the present clinical 

classification of PH, pre-capillary PH concerns patients from groups 1 (PAH), 3 (PH due to 

chronic lung disease and/or hypoxemia) and 4 (PH due to chronic thromboembolic 

pulmonary hypertension; CTEPH), some patients from group 5 (due to unclear or 

multifactorial mechanisms), and rarely patients from group 2 with combined pre- and post-

capillary PH (table 1); (59; 62; 63). 

 

Table 1: Pulmonary hypertension classification. 

 
 

The characteristics of PAH (Group 1) are intimal proliferation, smooth muscle 

hypertrophy, in-situ thrombosis and the development of plexiform lesions in the small 
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pulmonary arterioles. The epidemiologic data presented by different registries vary slightly. 

The French registry describes the populations as 40% IPAH, connective tissue disease 

(CTD)-associated PH ~ 15%, and ~11% with CHD related PH. There is an increased risk of 

developing PAH in patients with systemic sclerosis (SSC), as well as human 

immunodeficiency virus (HIV) related PH, congenital heart disease (CHD) related PH, and 

heritable forms of PAH (59; 62, 63).   

As the hallmark of these diseases is malignant remodelling of the pulmonary 

vasculature causing increased PVR and PAP, the right-sided cardiac chambers bear the 

hemodynamic brunt of the disease. Not surprisingly, the cause of death in PAH is 

maladaptive remodelling of the RV, leading to severe TR and loss of right atrial phasic 

function (64).  

In CTEPH (group 4), a large international registry reported haemodynamic findings of 

severe pre-capillary PH with a mPAP of 47 mmHg and a mean PVR of 8.9 WU. In this 

setting, even in patients with mild elevation of mPAP (20–24 mmHg), PVR is generally >3 

WU (62).  

 

7.3  Remodelling in pulmonary hypertension. 

RV could maintain CO with the increased wall thickness and contractility, but with 

time or in more advanced stages, these compensatory mechanisms are insufficient, and RV 

progressively dilated and systolic and diastolic dysfunction appear. Moreover, compensated 

or adaptative remodelling and decompensated or maladaptive remodelling could be 

produced on the basis of morphometric and molecular characteristics (48; 64).  
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Adaptive remodelling is characterized by more concentric hypertrophy (higher mass-

to-volume ratio) and preserved systolic and diastolic function (e.g., ventricular remodelling 

observed in patients with Eisenmenger syndrome) (46; 48), whereas maladaptive 

remodelling is associated with more dilated RV and eccentric hypertrophy and worse 

systolic and diastolic function (e.g., remodelling observed in patients with PAH associated 

with CTD or IPAH). TR which is often secondary to annular dilation, may also lead to 

adverse ventricular remodelling and decreased flow reserve and, if the patients have a PFO 

can also be observed right-to-left shunting more frequently in patients with maladaptive 

remodelling and more severe RHF (figure 13) (48, 64-66). 

 

Figure 13: Right ventricular remodeling in pulmonary hypertension. 1. Normal right 

ventricle. 2. Adaptative remodeling with right ventricular hypertrophy and mild dilatation. 

3. Early maladaptative remodeling: Right ventricular hypertrophy with increased right 
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ventricular dilatation. 4. Descompensated right ventricle with severe right ventricular 

dilatation and impaired ejection fraction. Abbreviations: LV: Left ventricle. RV: Right 

ventricle.  

 

Several mechanisms contribute to maladaptive remodelling of the pressure-overloaded 

ventricle, including increased levels of reactive oxygen species that may produce an 

inflammatory condition, and activation of myocardial apoptotic pathways, and 

neurohormonal activation (e.g., adrenergic and angiotensin pathways) (65-66). Importantly, 

cardiomyocyte hibernation and growth arrest contrast with the resistance to apoptosis seen 

in the pulmonary vasculature in PAH. Moreover, also a change in myocardial metabolism 

is a prominent feature of RHF. A switch from fatty acid oxidation to glycolysis is 

presumably a protective response of the stressed right heart, as carbohydrate metabolism 

requires less oxygen amount than fatty acid oxidation (64). Nevertheless, decreased 

mitochondrial activity resulting in a switch from aerobic to anaerobic metabolism might 

also be involved in the transition from compensated RV with RV hypertrophy (RVH) to 

maladaptive remodelling. Insufficient adaptation of the capillary network and myocardial 

ischemia may also impair vascular endothelial growth factor signalling and the 

hypertrophic response (51).  

Recent studies also suggest that RV dyssynchrony is a marker of maladaptive 

remodelling and more severe dysfunction. In PAH, the RV free wall is still contracting 

while the LV is already in its early diastolic phase, leading to late systolic leftward septal 

movement. Because myocytes under mechanical stress prolong their contraction time and 

action potential duration, right-to-left ventricular dyssynchrony will increase in the failing 
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RV with increased wall stress, explaining why measures of dyssynchrony are associated 

with prognosis (64).  

Other studies from Kuehne and others have been shown that chronic RV pressure 

overload in PAH was associated with reduced RV pump function despite enhanced RV 

myocardial contractility (67). So, the transition between a compensated to a decompensated 

phase is produced when RAP is raised. Moreover, increased RAP marks RVF, and this 

pathophysiological process would involve RA as well. However, currently, the association 

between RA function and disease progression in PAH has not been fully evaluated.  

Similarly, pre-load can be defined as the combination of the factors that contribute to 

passive end-diastolic ventricular wall stress (or tension). Optimal pre-load is the pre-load 

that leads to maximal CO without causing significant systemic congestion or renal 

impairment. This is especially important in tailoring pre-load in patients with acute RHF.  

 

7.4  Prognosis of pulmonary hypertension. 

Outcome prediction in patients with PH has been extensively studied using large-

cohort designs studies and in a smaller study incorporating imaging parameters (6, 68). One 

consistent finding among studies is that survival in PAH is closely related to RV adaptation 

to the increased pressure overload as was previously described in this text (6, 44, 48). 

Hemodynamic studies have demonstrated the predictive value of RAP, CI and right 

chambers stiffness when increased the rate of myocardial fibrosis.  
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In addition, elevated RAP reflects RV overload in PH and is an established risk factor 

for poor survival in the long-term prognostic. Thus, RAP has important implications for the 

management of patients with PH. It has been proposed that enlargement of RA size is 

another prognostic factor for adverse outcome in PH patients despite many other 

cardiovascular conditions, such as HF with reduced ejection fraction and RV dysfunction 

(68). Moreover, a product of passive and active emptying is directly related to CO. 

Although similarly contributing to CO, the LA has been extensively studied over the past 

few years using STE and CMR in AF (37). However, RA mechanics has not been studied 

as extensively, particularly in PPH although the chambers size has been linked to mortality 

in primary PH, while its volume has been studied in systolic heart failure and in 

experimentally induced PAH studies (36, 37).  

Echocardiographic studies have highlighted the predictive value of TAPSE, RV 

myocardial performance index, atrial size, and pericardial effusion (17, 18). Moreover, 

CMR studies have emphasized the predictive value of SV index, RVEF, and indexed RV 

end-diastolic and end-systolic volume (19, 28). Although delayed enhancement has been 

associated with the severity of PAH, its independent predictive value has not yet been 

proved (65). More recent studies have shown the potential predictive value of RV strain.  

In terms of cardiac biomarkers, B-type natriuretic peptide (BNP and N-terminal B-

type natriuretic peptide) and troponin have been the most investigated cardiac biomarkers 

in PAH and both have been found to be predictive of outcomes (69). More recent studies 

are also highlighting the role of high-sensitivity troponin assays in PAH.  
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Exercise testing has highlighted the value of maximal oxygen consumption, right-

to-left shunting, maximal cardiac index with exercise, and the pulmonary pressure–CO 

slope (70-71).  

Other findings have been reported in chronic and acute settings. The available 

experience on strain rate (SR) imaging for the assessment of regional RV function in 

chronic PH is limited to single centre studies. It seems that regional analysis of myocardial 

function may enable the early diagnosis of imminent RV failure before irreversible damage 

will occur. As a result of their different muscular arrangements, each of the three RV 

morphologically distinct units could respond differently to both changes in preload and 

afterload and fibers stretch as a result of dilatation. This could explain the non-

homogeneous decrease in systolic deformation that occurs in patients with chronic 

obstructive pulmonary disease during times of worsening hypoxia, and hence increased 

afterload stress (59).  

 

7.5  Treatment of pulmonary hypertension. 

The management of acute and 4-stages chronic RVF should always take into account 

the origin of and setting in which RV failure occurs as well as the pathophysiologic aspects. 

In acute RV failure, every effort should be made to avoid hypotension, which may lead to a 

vicious cycle of RV ischemia and further hypotension (72). Specific treatment goals 

include optimization of preload, afterload, and contractility. Ventricular interdependence 

also is an important concept to consider when tailoring therapy. Furthermore, acute 
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responsiveness to pulmonary vasodilators is associated with a better prognosis in patients 

with advanced RHF (59, 60). 

Targeted right heart therapy has been the focus of recent investigation in PAH (59). 

These usually fall into 2 categories, the first being the investigation of medication proved to 

be beneficial in left heart failure with reduced ejection fraction and the second being the 

investigation of novel and potentially specific targets of RHF (73). Because of the 

embryologic and molecular differences between the right and left heart, results for chronic 

left heart failure cannot be directly extrapolated to RHF. Moreover, a pressure-overloaded 

ventricle may respond differently than a non-pressure-overloaded ventricle. Although 

recent experimental studies have suggested beneficial effects of carvedilol or bisoprolol on 

ventricular remodelling in PAH, but these beneficial effects may be mitigated in patients 

with severe PAH, in whom contractile reserve is significantly reduced and there is a need of 

the increased HR for maintain the CO (60). 

In fact, a small clinical study by Provencher et al. showed detrimental effects of non-

selective and selective beta-blockade on exercise capacity in patients with portopulmonary 

PAH (73). Clinical trials regarding the effects of resynchronization therapy in patients with 

PAH are currently ongoing, on the basis of early clinical and experimental studies showing 

promising results. At this time, the role of angiotensin-converting enzyme inhibitors, 

angiotensin or aldosterone blockade, myosin activators, implantable defibrillator or 

destination RV assist device implantation have not been comprehensively investigated in 

patients with RHF and PAH.   
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Treatments with phosphodiesterase type 5 inhibitor, endothelin receptor antagonist 

and prostacyclin therapies have demonstrated improvements in RV function in patients 

with PAH even though the RV dilatation and hypertrophy may not reverse (73). However, 

RV function, RV–LV interaction, and RV–pulmonary arterial coupling has been 

overlooked as potential targets for investigation in regard to therapy.  

Intravenous epoprostenol or teprostinil infusion therapies improves survival in 

IPAH patients (74) more than in patients with the variant of scleroderma-associated PH 

(75). One possible explanation for this discrepancy in treatment may be the presence of a 

diffuse myocardial microangiopathy in patients with scleroderma as demonstrated by the 

impairment of RV and LV functional parameters. 

In addition to their effects on exercise capacity and PVR, approved therapies for 

PAH lead to reverse remodelling of the right heart. This is mediated mainly through their 

vasodilatory or afterload-reducing effects (73). Nagendran et al. demonstrated that the 

vasodilator sildenafil may in addition have direct inotropic effects (73). Whether this will 

translate into long-term clinical benefits compared with endothelin receptor blockers still 

requires further studies.  

In managing acute RHF in patients with PAH, first volume loading should be avoided 

in patients with evidence of increased filling pressures (RAP >10 to 15 mm Hg) because 

this volume overload can worsen ventricular performance by further distending the RV 

with increasing septal shift and pericardial constraint through ventricular interdependence 

(72). Second, every effort should be made to avoid the vicious circle of hypotension and 

ventricular ischemia (51) and further hemodynamic compromise; this can include prompt 
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cardioversion of atrial arrhythmias, early initiation of inotropic or vasopressor support, and 

avoiding hypercapnia or increased intrathoracic pressure, as well consideration of 

extracorporeal membrane oxygenation when appropriate (72). Third, it remains unclear 

which agent is the inotrope or vasopressor of choice; the most commonly used agents 

include dobutamine, dopamine, norepinephrine, and levosimendan.  

 

8. IMAGING OF THE RIGHT CHAMBERS.  

The development of imaging has made a huge impact in medicine by enabling in vivo 

visualization of different organs and systems. Several techniques using different 

fundamental principles (X-ray, scintigraphy, ultrasound and magnetic resonance) are 

currently used to aid with the diagnosis and define the management of a wide spectrum of 

diseases (76-80). Cardiac imaging historically took longer to establish because the heart is 

an organ in perpetual motion, requiring ECG-gating and relatively high temporal resolution 

to acquire images from the desired phases of the cardiac cycle.  

This section approaches the different imaging modalities for the evaluation of the right 

chambers. Despite significant improvements in cardiac imaging, assessment of the RV still 

faces many challenges. These include (81): 1) the complex geometry of the RV, with a 

triangular shape in the sagittal plane and a crescentic appearance in the coronal plane 

(Figure 5); 2) the thin wall of the RV and RA, which makes it difficult to visualize and 

differentiate from the surrounding structures such as pericardium; 3) the limited definition 

of the RV endocardial surface caused by the heavily trabeculated myocardium; 4) the 

retrosternal position of the RV, which limits echocardiographic image acquisition, and; 5) 
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the marked load dependence of indices of RV and RA function.  

The assessment of the right heart plays an essential part in managing patients with PAH 

(73, 77). Although echocardiography is the mainstay in the evaluation of the right heart in 

clinical practice, CMR has emerged as the most accurate method for evaluating RV mass, 

RV volume, and RVEF (79). In addition, CMR offers the possibility to quantify regurgitant 

volumes; delayed enhancement, a marker for focal scar burden; myocardial feature 

tracking; coronary perfusion; and pulmonary pulsatility (82).  

Positron emission tomography is used experimentally to assess RV and pulmonary 

metabolism and, at specialized centres, for apoptosis imaging (83). Finally, conductance 

catheterization represents the gold-standard method for evaluating ventricular elastance, 

arterial elastance, and ventriculoarterial coupling. Moreover, maximum ventricular 

elastance is considered by many investigators as the best index of contractility, but since it 

is based on conductance catheterization that is invasive and time consuming, and 

furthermore, it is predominantly used as a research tool for the assessment of ventricular 

function. However, in the last years these measurements can be also obtained non-

invasively by CMR and by echocardiography indices (84-85).  

The commonly used indexes of RV systolic performance, such as RVEF and tricuspid 

annular plane systolic excursion (TAPSE), and the recently TAPSE/PASP are markers of 

ventriculoarterial coupling rather than ventricular contractility which is increased in early 

phases of PAH (85). Also, the reduction in TAPSE after cardiac surgery does not reflect 

corresponding changes in RVEF, because annular plane motion is compromised. 

Echocardiography indices are also dependent of age, sex, and race. So, in the general 
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population, younger age, male sex, and Hispanic ethnicity are associated with higher RV 

mass, while older age and female sex are associated with higher RVEF (86). 

 

9. ECHOCARDIOGRAPHY EVALUATION OF RIGHT CHAMBERS. 

Transthoracic echocardiography (TTE) is used as the first-line non-invasive imaging 

modality for the assessment of RV size and function because of its availability. The 

quantitative assessment of RV size and function is often difficult, because of its 

retroesternal position, and the complex anatomy, chamber’s crescentic shape, separate 

infundibulum, and prominent trabeculation as was described previously. While detailed 

functional assessment of the outflow tract and the apical ‘‘trabecular’’ compartment may be 

difficult to achieve by echocardiography, that of the inflow tract could easily be imaged and 

studied by all echocardiographic modalities. However, when used in a qualitative fashion, 

two-dimensional echocardiography can easily obtain valuable information about RV size 

and function (figure 14).  

 

9.1. Classic echocardiography parameters.  

The majority of the proposed classic methods of echocardiographic assessment of 

RV function are based on volumetric approximations of the RV. So, such approaches have 

inherent limitations, first as volume-related measures such as EF are load dependent, 

second because of the complex geometry of the RV. The issue of RV geometry is usually 
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overcome using geometry-independent parameters such as TAPSE and the Tei or 

myocardial performance index (MPI) with another limitations (87-89).  

For qualitative evaluation, the RV size should be compared with the LV size. In the 

parasternal long axis and apical four-chamber views, the normal RV is approximately two-

thirds the size of the LV. If the RV appears larger than the LV and/or shares the apex, RV 

dilatation is likely to be present. But, confirmation in other views is needed to avoid false 

positive findings. Because of the complex shape of the RV, triangular from the frontal 

aspect and crescentic from the apex, it is necessary to image the RV from several 

projections, each of them characterized by specific anatomic landmarks (90). 
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Figure 14: Classic and new echocardiography parameters in the assessment of right 

ventricular function. Abbreviations: Ao: Aorta. IVC: Inferior vena cava dimensions and 

collapsibility. IVCT: Isovolumic contraction time. IVRT: Isovolumic relaxation time. LA: 

Left atrium. LV: Left ventricle. PAT: Pulmonary acceleration time. RA: Right atrium. 

RAP: Right atrial pressure. RV: Right ventricle. RVEDA: Right ventricular end-diastolic 

area. RVMPI: Right ventricular myocardial performance index. RVOT: Right ventricular 

outflow tract. S: Systolic velocity by TDI. TAPSE: Tricuspid annular plane systolic 

excursion. TR: Tricuspid regurgitation. 

From short-axis projections, the RV should be smaller than the LV, while the LV 

shape should have a circular geometry throughout the cardiac cycle. The RV should also be 

evaluated from the subcostal views. Finally, the transoesophageal echocardiography (TOE) 

approach can be used in assessing the RV in CHD, but also may be very useful in adult 

patients with difficult transthoracic windows. TOE gives different longitudinal views and 

planes that display the RVOT longitudinally (90).  

RV size and function can also be quantitatively assessed by tracing the RV 

endocardial border or measuring RV dimensions. However, interobserver variability is high 

and 2D assessment of RVEF with Simpson’s rule and the area–length method showed 

moderate correlation with CMR with better correlation using the RV “focus view”. So, the 

measurement should be performed in the RV focus view (Figure 15). 
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Figure 15: Right ventricle “focus view” in an apical 4-chamber view.  RV septal and 

free-wall segments. A. Diagram of right ventricular “focus view” with their segments. B. 

Echocardiography image of the right ventricle “focus view” in the apical 4-chamber view. 

Abbreviations: RA: Right atrium. RV: Right ventricle.  

The measurement of TAPSE estimates RV systolic function by measuring the level 

of systolic excursion of the lateral tricuspid valve annulus toward the apex in the four-

chamber view (90-91). A significant correlation between the TAPSE and RV ejection 

fraction as assessed by radionuclide angiography and CMR-derived volumes was shown. 

The approach appears reproducible and proved to be a strong predictor of prognosis in HF. 

A TAPSE >1.5 cm was consistently observed in the normal population. Although simple to 

perform, assessments that depend on tricuspid annular excursion have inherent limitations 

as independent measures of RV systolic function. It is affected by preload, apical traction 

and is depending of the angle of insonation (89).   

TDI has been used in the assessment of RV diastolic function. Previous studies 

showed that RV E/e`, RV IVRT and the RV MPI index were significantly increased in rats 
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with PH induced by monocrotaline compared with controls, and it has been concluded that 

TDI was more accurate in assessing both RV diastolic and RV global dysfunctions (90, 92-

93).  

The Doppler index of MPI is another non-geometric index of RV global ventricular 

function. MPI is a ratio of sum of isovolumic contraction time and isovolumic relaxation 

time divided by ejection time (ET): MPI = (RV IVCT + RV IVRT)/ET (93). Increasing 

value correlates with increasing ventricular dysfunction. It is established that it is affected 

by HR, loading conditions and/or the presence and the severity of TR. An MPI of >0.4 by 

pulsate wave or >0.6 by TDI has 100% sensitivity and negative predictive value in 

identifying abnormal RVEF. However, calculation of the parameter is not always feasible. 

It can be pseudonormalized in the presence of a decrease in isovolumic contraction time 

associated with an increase in RV diastolic pressure as it may happen in severe RVMI or in 

chronic increased of RAP (93). 

The rate of pressure development (dP/dt max) is also used as an index of RV 

contractility. As demonstrated by numerous studies, RV dP/dt max is significantly affected 

by loading conditions and cannot be used as a reliable index of contractility. It may, 

however, be useful in assessing the directional change in response to therapy (90).  

Continuous wave Doppler is used to estimate pulmonary artery systolic and mean 

diastolic pressure by measuring the peak retrograde pressure drop across the TV and 

pulmonary valve, respectively. Peak TR gradient is today the most commonly used method 

to assess PASP in clinical practice (90).  
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Only a few studies have addressed the prognostic importance of RV diastolic 

function. The difficulty in studying RV diastolic function may be explained by the marked 

load dependence of RV filling indices (90). Pulsed wave Doppler interrogation of the RV 

inflow (RV E/A ratio), superior vena cava, and hepatic veins has been advocated in the 

comprehensive evaluation of RV diastolic function in various diseases including pericardial 

tamponade, constrictive pericarditis, restrictive cardiomyopathy, and CHD. The phase of 

respiration markedly influences hepatic veins, SVC and IVC flows, and RV inflow 

velocities. During inspiration, with increased venous return, there is a tendency to increase 

flow velocities, whereas in expiration, there is a tendency to decrease venous flow. The 

forward systolic and diastolic flow velocities and velocity integrals appear significantly 

greater than during expiration and apnoea, whereas there is greater flow in apnoea than in 

expiration. The percent change with respiration from expiration to inspiration is 

approximately 20%. These findings emphasize the need for monitoring the phase of 

respiration in the assessment of RV diastolic filling. However, although the assessment of 

RV diastolic function is complex, and many factors can influence the variables including 

depth of respiration and transducer and patient position, the RV flow patterns should 

include abnormal relaxation and pseudonormal and restrictive filling (94).  

An estimation of RAP can be obtained from measuring the IVC dimensions and its 

diameter variation during normal breathing (collapsibility index). A reduction in IVC 

diameter of more than 50% is consistent with RAP of 10 mmHg. A small IVC (<1.2 cm) 

with spontaneous collapse is often seen in the presence of intravascular volume depletion or 

RAP 2-7 mmHg. A dilated IVC without collapse with inspiration suggests a markedly 
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increased RA pressure (>15 mmHg) and remains associated with worse survival 

independent of a history of HF, ventricular function, PAP, and other comorbidities (94, 95).  

 

9.2. New echocardiography parameters. 

Novel echocardiographic modalities of myocardial deformation and real time three-

dimensional echocardiography (RT3DE) provide promising tools to overcome most of the 

difficulties encountered with conventional echocardiography parameters (77, 96-97).  

Moreover, RT3DE using direct volumetric quantification is an emerging imaging 

tool, which appears superior in assessing right chambers volumes compared to classic 

echocardiography parameters compared with CMR (98). There are several RT3DE studies 

investigating alterations of RV volumes and function in humans with PH (99).  

DTI strain measurements have been shown to correlate well with sonomicrometry 

segment length measurements both in the inflow and outflow tract of the RV and under 

different loading conditions. Experimental data also showed that regionally derived 

isovolumic indices of myocardial tissue deformation correspond to the global contractile 

state of the RV and appear to be relatively less sensitive to increased afterload conditions 

compared to classic ejection-phase indices. However, its reproducibility is poor due its 

angle dependency (92, 100).  

2D STE is an application of pattern matching technology to ultrasound cine data. 

STE tracks acoustic interference pattern of the myocardium which forms “speckles” (i.e., 

bright and dark dots). A square template image is created using a local myocardial region of 
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the starting frame of the image data. Multiple templates can be used to observe the 

movement of the entire myocardium. The process is then repeated by creating new 

templates and observing their movement in the subsequent frames until the entire cardiac 

cycle has been assessed. So, myocardial deformation is calculated from continuous frame-

by-frame tracking of speckled myocardial patterns generated by irregularities in acoustic 

backscatter. This method does not make use of Doppler information. So, 2D STE has the 

advantage of being unaffected by the incident beam angle when characterizing ventricular 

mechanical dyssynchrony, whereas TDI methods are affected by the incident beam angle, 

has good reproducibility, and temporal and spatial resolution. However, it has several 

limitations including its 2-dimensional nature, being time consuming as acquisitions require 

the use of several views, and its inability to track out-of-plane or through-plane motion 

speckle, leading to decorrelation as the ‘‘fingerprint’’ of 2D speckles that were being 

tracked and they are no longer within the image (Figure 16). So far, 2D STE has been 

accepted widely for assessment of ventricular systolic function and measuring strain and 

SR of myocardial tissues of three different directions (Figure 16); (100). 

 
 

Figure 16: Mechanism of tracking of 2D STE, with the possibility of track out-of-plane 

or through-plane motion of speckles. 
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To overcome the limitations of 2D STE, triplane TDI, triplane 2DE and 

tridimensional (3D) STE have been developed. So, 3D STE overcomes the limitation of 

through plane motion of speckles at the expense of primarily temporal resolution (100-

101). In 3D STE, instead of using 2D templates to view 2D movement, cubic templates 

allow to estimate myocardial motion and deformation in three dimensions (Figure 17 and 

18). However, the increased field of view of the 3D ultrasound system typically comes at 

the expense of both spatial and temporal resolution of the data sets. As a consequence, 

decorrelation between subsequent ultrasound volumes might become significant. As some 

methods assume that the gray values or the gray scale patterns of each anatomical structure 

are relatively constant between subsequent image frames. Thus, their application becomes 

problematic if gray scale patterns differ largely (100-101). 
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Figure 17: The deformation of the RV myocardial segment is expressed in three 

relevant axes. The radial axis is perpendicular to the epicardium, the longitudinal axis is 

tangential to the pericardium and pointing from the apex of the ventricle to the base and the 

circumferential axis is tangential to the pericardium and orthogonal to the radial and 

longitudinal axis. Abbreviations: PV: Pulmonary valve; TV: Tricuspid valve. 

 

Traditionally the greatest attention during a routine echocardiography is paid to the 

function of the ventricles and assessment of the atria is limited to measuring the dimensions 

and volume of the chambers. Though assessing ventricular function is essential, there is 

robust data that atrial function is also important and can improve our decision making by 

determining the risk of adverse cardiovascular events in various disease conditions, such as 

PH (102).  
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Figure 18: Tridimensional 3D Data Set that display the right ventricle adquisition and 

its analysis. Panel A to D: Different sections of 3D RV. Panel E to F: 3D analysis. G: 3D 

volumetric view of RV. Abbreviations: IVS: Interventricular septum. PV: Pulmonary valve. 

RV: Right ventricle. RVOT: Right ventricular outlet. TV: Tricuspid valve. 

 

Bidimensional mechanics of RV and RA have been used to investigate 

pathophysiological mechanisms in PH leading to right chambers dysfunction and 3D RV 

STE showed excellent agreement with RT3DE (103). Unlike 2D STE, 3D STE studies 

investigating alterations of RA mechanics in PH are pretty lacking. Despite, RA has been 

proven to play an integral role in cardiac performance by modulating RV function with its 

reservoir, conduit, and active phasic functions (104). Previous studies have shown that RA 

enlargement may confer increased cardiovascular morbidity and mortality both in the 

general population and in patients suffering from impaired RA function by deformation 
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parameters (94, 104-105). Reduced RA mechanics might highlight advanced RA fibrosis 

and various degrees of atrial myopathy. So far, strain imaging has also shown promising 

results in detecting impaired RA function and predicting outcomes in patients with PH. 

Moreover, RA RT3DE allows us calculation of atrial volume in order to assess atrial phasic 

function, but this parameter displays load dependency (figure 19).  

 

  

 

Figure 19: Strain and strain rate curves during a complete cardiac cycle. A. ECG, RA 

strain curve and RA strain curve with P-P gating. B. RA strain and RA strain rate curves 

with R-R gating. Abbreviations: E: Strain. SR: Strain rate. PC: Pulmonary valve closure. 

PO: Pulmonary valve open. TC: Tricuspid valve closure. TO: Tricuspid valve open. 
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II. HYPOTHESIS AND OBJECTIVES.  

In this project, we have investigated clinical and functional parameters with the role of 

right-sided cardiac chambers, especially right atrium and right ventricle, and their 

mechanics in a group of human subjects with different types of precapillary PH (PPH) and 

the outcomes of this population of patients.  

 

1. HYPOTHESIS. 

Based on the above facts, in this study, we hypothesized that: 

1) 2D and 3D STE would be a reproducible, useful and quantitative tools for assessing 

RV and RA function in different types of precapillary pulmonary hypertension.  

2) 2D and 3D STE may be useful parameters in order to identify patients with worse 

prognosis and outcomes.   

  

2. OBJECTIVES. 

Based on all the above, the aim of this thesis was to investigate the role of the RV and 

RA in the physiology, pathology, and prognosis of different types of precapillary 

pulmonary hypertension by using 2D and 3D STE as the primary tool of research modality.  

The main or primaries aims of the study were: 
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a)  To evaluate regional and/or global RV and RA function in patients with 

different types of precapillary pulmonary hypertension by 2D and 3D STE. 

b) To assess RV contractile function and RA phasic function by 2D and 3D STE 

and its relation with outcomes in patients with different types of precapillary 

pulmonary hypertension. 

 

The secondary aims of the study were:  

c) To assess RV and RA function using 2D and 3D STE in patients with different 

types of precapillary pulmonary hypertension compared with a group of 

controls.  

d) To determine RA function using active, conduit and reservoir function by 2D 

strain and strain rate parameters in patients with different types of precapillary 

pulmonary hypertension compared with controls.  

e) Correlate classic and new echocardiography parameters.  

f) To determinate the changes of 2D and 3D STE parameters during the follow-up 

performed.  

g) To evaluate the best non-invasive echocardiography parameters in order to help 

in the identification of patients with worse prognosis.  
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III. METHODS. 

1. Design of the investigation. 

A registry of patients treated and followed at Pulmonary Hypertension Unit in 

Hammersmith Hospital (London, United Kingdom) was constructed from April 2014 until 

June 2016. The patients entered the registry prospectively on the date of echocardiography 

study and the type of PPH was classified using the Dana Point classification described in 

the PH guidelines from 2015 (59).  

Patients were eligible for inclusion if they met the following criteria: 1) mPAP ≥ 25 mm 

Hg and PCWP ≤ 15 mm Hg at rest as assessed by RHC according with the guidelines of PH 

from 2015 (59).  However, the current classification considered the cut-off of mPAP ≥ 20 

mm Hg. 2) Measurable TR velocity ≥  2.7 m/s and have high probability of PH on 

echocardiography study. 3) Age ≥ 18 years old.  

Exclusion criteria consisted of left-sided PH, any myocardial, valvular, or systemic 

diseases that might affect cardiac morphology and function; RVOT obstruction, pulmonary 

stenosis and pregnancy. Also, comorbidity with life expectancy < 6 months; or inability to 

obtain or analyse ultrasound image echocardiogram (defined as more than three myocardial 

segments that were not optimally visualized using conventional 2D and/or STE). Patients 

with PAH due to CHD or patients with AF/flutter were not excluded.  

A control group of asymptomatic age- and sex-matched healthy adults were prospective 

recruited from the community as controls and included if they were in sinus rhythm, had no 

histories of cardiopulmonary disease, no known cardiovascular risk factors (hypertension, 
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diabetes, hyperlipidaemia, smoking, and renal dysfunction) and not taking any 

cardiovascular medications, had normal biventricular systolic and diastolic function, with 

structurally normal valves and had measurable TR of <2.7 m/s, as determined by 

echocardiography examination. 

The study protocol was approved by the Hammersmith Hospital Institutional Review 

Board.  

 

2. Study population. 

From April 2014 to June 2016, 100 patients with PH were enrolled, but 20 were excluded 

because of poor echocardiography data or type 2 PH. Therefore 80 patients were included 

in this study. A control group consisted of 80 age- and sex-matched healthy adults were 

also included. 

 

3. Data collection. 

3.1.    Demographic and clinical variables. 

Demographic data (gender, date of birth, and body surface area), type of PPH, surgical 

history or catheter interventions, medical therapy (oxygen, pulmonary vasodilators, 

diuretics), arrhythmias, and comorbidities such as, current smoking status, obesity were 

recorded.  
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3.2. Etiology of PH (table 1).   

Type 1.- PAH with idiopathic PAH, heritable PAH, drugs and toxins induced PAH, 

associated with connective tissue diseases, HIV infection, portal hypertension, 

systemic to pulmonary shunts, schistosomiasis and chronic haemolytic anaemia.  

Type 3.- PH due to lung disease and/or hypoxia. 

Type 4.- CTEPH.  

Type 5.- PH with unclear and/or multifactorial mechanisms.  

Type 2.- PH secondary to LHD patients have been excluded in this study.  

 

3.3. Exercise capacity and tolerance.  

Analysis of functional capacity (FC) using World Health Organization functional 

classification (WHO-FC) classification (1 to 4). Exercise tolerance was assessed by 6MWD 

test and by CPET, measured of peak oxygen consumption (VO2) and its predicted value 

depending sex and age of the patients were recorded.  

 

3.4 Hemodynamic variables from right heart catheterization. Invasive 

measurement of PAP, CO and PVR were collected.  

 

3.5 ECG.  Heart rate (bmp), rhythm (sinusal, atrial fibrillation ...) and other 

anomalies. 

 

3.6  Blood test. Haemoglobin, creatinine, troponin, BNP were recorded. 
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3.7  Echocardiography parameters. 

3.7.1  Classic parameters. 

Transthoracic echocardiograms were performed and analysed for all patients by the 

same physician (E.C.C.) blinded to the clinical information and according to 

AHA/EACVI´s guidelines (106-107) following the same protocol at baseline and after 

median follow-up period of one year. Greyscale second-harmonic echocardiography studies 

were obtained with a Vivid E9 ultrasound system (GE Vingmed Ultrasound AS, Norten, 

Norway) equipped with a 1.5-4 MHz M3S transducer and 4V-D and Vivid E95 system (GE 

Vingmed Ultrasound, Horten, Norway) equipped with an M5S transducer and 4V probe. 

Echocardiography study connected to synchronous electrocardiography was performed 

with the patient in the left lateral decubitus position with calm respiration and special care 

was taken to ensure an adequate field of view to image the entire right chambers by 

narrowing the two-dimensional sector depth, size and width to include as little as possible 

outside the region of interest or positioning the transducer down an intercostal space and 

laterally in order to maintain adequate frame rate and optimal right chambers border 

visualization (RV focus view, Figure 15). Echocardiography images were stored digitally 

for offline analysis using ProSolv Echo and TomTec softwares (TomTec Imaging Systems, 

Unterschleissheim, Germany). 

For the purposes of this study, ventricular and atrial dimensions, diastolic function 

and ejection fraction were assessed. Ventricular ejection fraction was calculated by 

Simpson´s biplane method for LV and by FAC, TAPSE, MPI and systolic velocity by TDI 

for RV. The ejection fraction was considered normal if >55%, mildly reduced if 45-54% 

moderately reduced if 35-44% and severely impaired if <35%. 
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Colour, continuous-wave, and pulsed-wave Doppler for all valves and tissue Doppler 

imaging data were recorded. Valvular dysfunction was graded as absent, mild, moderate, 

moderate to severe and severe according to published guidelines. Significant TR was 

defining a TR bigger than moderate TR.  

The diastolic function of the LV was assessed based on mitral inflow and tissue 

Doppler in accordance with current guidelines (107). The diastolic function of the RV was 

assessed using the free wall tricuspid annulus TDI and tricuspid inflow Doppler velocities.  

The RA area and volume were calculated from 2D echocardiography at the end-

systolic frame corresponding to the largest RA area and volume, just before the tricuspid 

valve opening, by single-plane in the 4-chamber view using the monoplane Simpson's rule 

(figure 20). The RA border was manually traced in the same frame paying attention to 

excluding the tricuspid leaflets and annulus. The RA area was considered normal if 

≤18cm2, mildly dilated if 18cm2 to 24cm2, moderately dilated between 24cm2 to 28cm2 and 

severely dilated if >28cm2 and RA volumes were also calculated.   

 

Figure 20: Apical 4-chamber in a 

patient with PAH. Abbreviations: LA: 

Left atrium; LV: Left ventricle; RA: Right 

atrium; RV: Right ventricle.  
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The RV–to LV end-diastolic diameter ratio was calculated in the apical 4-chamber 

view. RV end-diastolic area and end-systolic area were assessed using manual planimetry 

and RV FAC was calculated. TAPSE was measured using apical views adjusted to 

optimize RV structures in the RV focus view in order to achieve proper orientation for M-

mode measures and tricuspid annular systolic velocities por TDI were measured at the same 

view at the lateral corner of the tricuspid annulus. 

RV MPI was determined as the sum of the isovolumic contraction time and 

isovolumic relaxation time divided by the ejection time by TDI.  

PASP was obtained by continuous-wave Doppler echocardiography using the most 

complete TR jet and highest velocity obtained from multiple views. RAP was estimated 

according to IVC dimension from long-axis subcostal views and its respiratory variation. 

RAP was estimated at 5-7 mmHg if the IVC was <2.0 cm in diameter at the junction of the 

RA and collapsed with respiration (>50%), 10 mmHg if the IVC was dilated and collapsed 

with respiration (>50%), and 15-20 mmHg if the IVC was dilated and did not collapse with 

respiration. Age and body mass index adjustment of PASP was performed as well. 

The RVOT time-velocity integral (centimetres) was obtained by placing a 1-mm to 

2-mm pulsed-wave Doppler sample volume in the proximal RVOT just within the 

pulmonary valve when imaged from the parasternal short-axis view. Pulmonary artery 

acceleration time (PAT) was calculated as the interval between the onset of ejection and 

peak pulmonary flow velocity from the parasternal short-axis view as previously described. 
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PAT is considered an indirect sign of elevated pulmonary resistances if < 105ms. RV-PA 

coupling was calculated as the ratio of TAPSE and RVSP. 

Maladapted right ventricle (MRV) was calculated as the composite of RVEF < 35%, 

RVEDV > 155ml and RAP > 15mmHg by echocardiography and adapted RV as the 

composite of RVH > 5mm with RVEF > 50% independing of RVEDV and early 

maladapted RV when RVEDV > 155mL with RAP <15mmHg and RVEF>35%. 

3.7.2 Bidimensional speckle tracking echocardiography. 

The images were acquired according to the recommendations given by expert 

consensus statement published in the European Journal of Echocardiography (100). 

Greyscale second-harmonic echocardiography was performed with images optimized 

for longitudinal 2D speckle-tracking strain analysis (50–90 frames/sec) from three apical 

RV and three RA views with the subject in the standard left lateral recumbent position and 

during breath hold and with a stable ECG recording (Figure 21 and 22). The three apical 

RV and RA views were equivalent to the imaging planes of the two-chamber, three-

chamber, and four-chamber LV apical views but with the transducer angled rightward and 

towards the left anterior axillary line in order to delineate better anterior right chambers 

walls. Care was taken to obtain true apical images using standard anatomic landmarks in 

each view and not foreshorten the RA or RV, allowing for a more reliable delineation of the 

ventricular and atrial endocardial border. Three consecutive heart cycles were recorded and 

averaged.  
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The analysis of files recorded were performed offline by a single experienced and 

independent sonographer (ECC), who was directly involved in the image acquisition and 

had no knowledge of hemodynamic measurements or clinical information, using a 

commercially available semi-automated two-dimensional LV strain software (2D CPA 

TomTec Imaging Systems, Unterschleissheim, Germany). The reference point was placed 

at the beginning of the QRS complex for RA analysis. This software has been previously 

validated for the determination of global peak strain in the LV (100). 

2D RV endocardial border was manually traced in end-systole using the medial and 

lateral tricuspid valve annulus as the beginning and end points depending of the view in the 

three views (four-chamber, two-chamber and three-chamber views, figure 19), thus 

delineating a region of interest (ROI), composed each other by 6 segments. Then, after the 

segmental tracking quality analysis and the eventual manual adjustment of the endocardial 

ROI, the longitudinal strain and circumferential curves were generated by the software for 

each ventricular segment. Segment with persistent inadequate tracking were excluded from 

analysis.  
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Figure 21: Echocardiography methodology of four-chamber, two-chamber and three-

chamber views of right ventricle. Abbreviations: RA: Right atrium. RV: Right ventricle. 

 

Figure 22: Echocardiography methodology of four-chamber, two-chamber and three-

chamber views of right atrium. Abbreviations: RA: Right atrium. RV: Right ventricle. 
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The endocardial border of RA was manually traced and a region of interest was 

manually adjusted to include the entire RA wall thickness (figure 23). Then, we set the 

starting point of strain analysis as the software preset R-wave peak (figure 24). The 

software selected stable speckles within the RA wall and tracked these speckles frame-by-

frame throughout the cardiac cycle. The entire RA tracking was then divided into 6 

segments by the software and tracking quality for each segment was provided. If the 

tracking was not acceptable, endocardial borders were readjusted until better tracking was 

achieved. The automated software then generated traces depicting the regional longitudinal 

strain for each segment and calculated global longitudinal strain. RA strain image from 

four-chamber apical view is shown in Figure 23. Analogous measurements were performed 

from apical two-chamber and three-chamber views. Using R-wave onset as starting enabled 

us to define first positive peak, which occurred after closure of TV and represent RA 

reservoir function (RA reservoir strain), and the second phase is when TV opening and 

represent RA conduit function (RA conduit strain), and is calculated as the different of the 

reservoir and active function, and the last peak occurred at TV opening and represent its 

contractile function (RA active or contractile strain). RA strain rate (SR) was calculated 

with the starting point as the software pre-set, with a first positive peak (RA reservoir SR) 

and two negative peaks (RA conduit and active SR). The values were averaged for all 18 

RA segments (6 in apical four-chamber view, 6 in apical two-chamber view and 6 in apical 

three-chamber view).  
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Figure 24:  Different curves of RA strain by R-R gating (A) and P-P gating (B). 

 

3.7.3  Tridimensional speckle tracking echocardiography. 
 

        All patients underwent 3D full-volume echocardiography acquisitions immediately 

 

Figure 23: Diagram of the strain trace 

of the right atrium (blue line). 

Abbreviations: IVC: Inferior vena cava. 

RA: Right atrium. RV: Right ventricle. 

SVC: Superior vena cava. TV: Tricuspid 

valve.  
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following 2D echocardiography study using a dedicated broadband, wide-angle 4D matrix-

array transducer (General Electric) with full coverage of the entire RV or RA by the 

pyramidal volume, with particular attention to the upper anterior wall and RVOT in the RV 

acquisition or RA walls. Within a single breath-hold and during a constant RR interval, 4–6 

wedge-shaped subvolumes were acquired from an apical window to create full-volume 4D 

datasets. The sector widths were decreased as much as possible to improve temporal and 

spatial resolution of the image to obtain a full-volume dataset of RA or RV with optimal 

border delineation and frame rates ≥20 Hz. Before each acquisition, the images were 

optimized for endocardial border visualization by increasing the overall gain and modifying 

the time gain and compression (figure 25).  

 

Chamber quantification by 3D STE was performed offline using 4D LV software 

version 2.5 (TomTec Imaging Systems, Unterschleissheim TomTec, Germany). 3D 

echocardiographic datasets were displayed in the apical four-chamber, two-chamber view 

and 3 short-axis views in basal, mid-ventricular, and apical RV regions. 3D RA volume 

were traced using the same methodology. In the apical 4-chamber and 2-chamber views, 

the endocardial border was traced by setting multiple reference points by the user starting at 

base of the RA at TV level going toward the RA apex and excluding the superior and 

inferior cava veins from the RA cavity (Figure 26) and RV was traced starting at TV 

annulus going toward the RV apex from RV cavity. Only endocardial border was traced in 

both chambers. After detection of the RA or RV borders at the end-diastolic reference 

frame, 3D wall-motion tracking, which is based on a 3D block-matching algorithm, was 

automatically performed by the software. The user could correct the shape of the RA or RV 

if needed throughout the entire cardiac cycle. The software automatically provided the 
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RAmax, RAmin and RA total emptying fraction (RAEF = [RAmax RAmin/ RAmax] x 

100) and longitudinal and circumferential strain based upon 3D wall-motion tracking 

analysis and the same methodology for the RV was followed (figure 25 and 26).  

Also, RV 3D data sets were analysed using dedicated 4D software to quantify RV 

(4D RV-Function 2.0; TomTec Imaging Systems, Unterschleissheim, Germany; figure 27). 

RV end-diastolic volume, RV end-systolic volume, RVEF, RV longitudinal free-wall and 

RV longitudinal septal strain were obtained from this software with the reconstruction of 

the RV endocardial surface for shape analysis. RV contours were manually traced in end-

systolic and end-diastolic frames in the short- and long-axis planes, while including the 

trabeculae in the RV cavity. Side-by-side display of dynamic tracking of endocardial 

borders throughout the cardiac cycle enabled end-diastolic and end-systolic contour 

adjustments. 

 

SAX MPR of the RV 

RV-focused 2D view RV-focused 3D dataset 
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Figure 25: 3D right ventricle from the 2D RV-focused view until 3D dataset. 

Abbreviations: 2D: 2-dimensional. 3D: 3-dimensional. RV: Right ventricle. 

 

Within the 3D data set, three orthogonal main cut planes were selected to define the 

end-diastolic and end-systolic frames within the sequence as well as several landmarks. On 

the basis of the initial view adjustment and the landmarks, the program automatically 

provides four-chamber, sagittal, and coronal RV views. Right ventricular end-diastolic 

volume (RVEDV) and RV end-systolic volume (RVESV) were measured from each 3D 

echocardiography data set. RVEF was calculated as follows: RVEF = [(RVEDV - 

RVESV)/RVEDV] x 100. The process of volume determination was done two times for 

each patient.  

 
 

Figure 26: 3D Full-Volume capture of the right ventricle. A: This view demonstrates the 

optimezed positioning of the thangential long-axis cuts to incorporate the largest portion of 

the right ventricle (RV) free-wall possible and the septum from 4 chamber and 2 chamber 

RV. B: Cross-section of the right ventricle in 9 plane views.  
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The following strain parameters were routinely measured by the software in a 

semiautomatic fashion: longitudinal strain (LS) in the direction tangential to the 

endocardial contour, circumferential strain (CS) in circumferential direction, and radial 

strain (RS) in a perpendicular direction to the endocardial contour, but this parameter was 

not used in the current study. Besides these “unidimensional” parameters, novel strain 

parameters using 3D wall-motion tracking were also recorded, such as 3D tangential strain 

defined as strain in the wall thickening direction; and area strain (AS) as a ratio of 

endocardial area change during the cardiac cycle.  
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Figure 27: Three-dimensional analysis of the right ventricle using offline specific RV 

3D echocardiography analysis software. Upper image: Position of the reference 

landmarks in the LV and RV. Lower image: Semiautomated tracing of the RV endocardial 

surface. Abbreviations: 3D: 3-Dimensional. LV: Left ventricle. RV: Right ventricle. SAX: 

short-axis views. 

RV mechanical dyssynchrony using time-to-peak methods were analysed using the 

standard deviation of the time-to-peak intervals (SDttp) in 3D data. RV dyssynchrony was 

quantified using the standard deviation of the HR–corrected intervals from QRS onset to 

peak systolic strain for the six segments. 

The 3D software divided RA and RV into 16 segments similar to that used for the 

LV. Strain parameters of each segment were calculated, displayed, and exported by the 

software as text files for further analysis using SSPS. An example of time-strain curve 

generated by the software is given in Figure 28 and 29. 
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Figure 28. Images from three-dimensional echocardiographic full-volume dataset 

demonstrating the right atrium in a healthy subject. A. Apical four-chamber view. B. 

Apical two-chamber view. C. 3D dataset of the RA. D. Virtual 3D model of RA. E. 

Distribution of the 16 segments. F. Volumetric and functional analysis from 3D STE 

analysis. G. Curve of RA volumetric changes over time (green line) based on 3D STE 

analysis. Abbreviations: EDV: maximum volume end-diastolic minimun RA volume, EF: 

ejection fraction, GCS: Global circumferential strain. GLS: Global longitudinal strain. 

ESV: minimun volume end-diastolic, maximun RA volume. RA: Right atrium. RV Right 

ventricle. SV: Stroke volume.   
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Figure 29. Results from 3D strain analysis in a patient with PAH. Panel A to C: Right 

ventricle. Panel D to F: Right atrium.  

 

3.7.4  Intraobserver and interobserved variability.  

Intraobserver and interobserved variability of 2D and 3D parameters was assessed in 

all patients and controls. Intraobserver variability was performed by the same sonographer 

six months after the first measurements and blinded to previous measurements and 

interobserver variability was performed by a second examiner blinded to previous 

measurements.  
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The intraclass correlation coefficients together with the absolute difference divided by 

the mean of two measurements and given as a percentage were calculated for both intra- 

and interobserver variability. 

 

3.7.5.  Outcomes. 

All patients were monitored in Hammersmith Hospital PH Unit according to current 

guidelines (Reference Unit of PH). Adverse cardiovascular events (ACE) were defined as 

the occurrence of one or more of the following: cardiovascular mortality, HF, 

hospitalization or worsening clinical situation needing new pharmacological treatment. An 

ACE was considered as the first occurrence of any of the four clinical outcomes during the 

follow-up period. Long-term complications after the PPH diagnosis were recorded as well. 

During the follow-up period, a follow-up echocardiography study was performed.  

Follow-up time was calculated from the baseline scan until an endpoint occurred or last 

contact with the patient. All outcome events were adjudicated by clinical cardiologists 

blinded to echocardiography data.  

 

3.8 Statistical analysis. 

Data are expressed as mean ± standard deviation (SD). Continuous variables were 

tested for normal distribution using the Kolmogorov-Smirnov test. Normally distributed 

variables are expressed as mean ± SD and compared with the unpaired or paired samples 

Student’s t-test as appropriate. The ANOVA test was used for comparisons of more than 2 

groups. Non-parametric variables are expressed as the median with the interquartile range 
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and were compared using the Mann-Whitney U-test. Group percentages were compared 

using the Chi-square test or Fisher’s exact test as appropriate. The association of 

echocardiography variables with time to ACE was assessed using Kaplan-Meier curves and 

the log-rank test. Receiver-operator characteristic (ROC) curves were used to provide 

optimal area under the curve (AUC) for possible risk factors for ACE. 

 To assess predictors of ACE, univariate analysis was performed using Cox 

proportional hazards models. Hazards ratios with the relevant 95% confidence intervals 

were computed. Multivariable analysis was performed as well. Variables with a P<0.2 were 

entered in a forward multivariate logistic regression model. Variables were adjusted by 

confounding factors in both groups (volume overload, TR). Statistical significance was 

considered for a two-tailed p <0.05. The statistical analysis was performed with the SPSS 

statistical package (version 23.0, SPSS Inc., Chicago, Illinois). 

To analyse intraobserver variability, measurements of parameters were made at 

multiple sites in all subjects on two different occasions. For interobserver variability, a 

second investigator made measurements in all patients without knowledge of other 

echocardiography parameters. Intraobserver and interobserver variability was determined 

as the difference between the two sets of observations divided by the mean of the 

observations and expressed as a percentage.  

Changes in cardiac deformation between baseline echocardiography and follow-up 

echocardiography studies were calculated. The relationship between the observed changes 

of 2D and 3D STE were assessed using both correlation analysis and analysis of covariance 

(ANCOVA), adjusting for baseline strain. To determine whether the modification of the 
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change of these parameters were associated with ACE, we performed a test for interaction. 

Changes from baseline to follow-up studies were also assessed using the mixed-effects 

repeated-measures model.  

All analyses were performed using SPSS (version 23) and STATA 12.0 (Stata Corp LP, 

2009, College Station, TX, USA). A written informed consent was obtained from all 

participants. The study was approved by local Ethics Committee.  

 

 

3.9 Sample size calculation (calculate with the use of G-Power 3 * 1.9.2). 
 

The incidence of PPH is 1-2 cases per 1.000.000 people and Britain has a population of 

55.980.000. So, a sample size of 69 patients is calculated in order to achieve 99% power 

with a significance of alpha type I error of 0.01 and a delta value of 0.4 (variance 5%) to 

detect significant differences in RV and RA strain between patients with PPH and healthy 

controls. A control subject of each patient was selected.  
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IV. RESULTS 
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IV. RESULTS. 

 

1. Baseline population characteristics.  

The baseline demographic and clinical characteristics of the PPH patients are presented 

in Table 2. The majority of patients were female (48; 60%) and the mean age was 51.6 ± 12 

years old. Of the 100 patients included in the echocardiographic study, the results for 10 of 

them were excluded for associated post-capillary PH. Of the remaining 90 patients (P), RV 

STE could not be analysed at baseline in an additional 10 P due to poor image quality 

(11%; analysed n = 80), and RV STE could not be analysed at follow-up in 2 P (4%; 

analysed n = 50). So, analysable images were available in 50 P at follow-up (Figure 30). 

 

Figure 30: Flow chart of study population. Caption: Reasons for exclusion are displayed 

in boxes. Abbreviations: PH: Pulmonary hypertension. PPH: Precapillary pulmonary 

hypertension. 
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Ultimately, 80 patients were included in the study. Among the 80 P, 37.5% (30 P) 

were diagnosed with IPAH, 5% (4 P) heritable PAH, 2,5% (2 P) secondary to drug and 

toxin-induced PAH, 5% (4 P) PAH secondary to connective tissue disease, 5% (4 P) 

secondary to HIV, 2.5 % (2 P) secondary to portal hypertension, 16.3% (13 P) secondary to 

CHD, 24% (19 P) were classified as CTEPH, 2.5% (2 P) PH with multifactorial 

mechanisms. 80 age- and gender-matched healthy subjects who did not have cardiac and/or 

respiratory disease were recruited as controls. No significant differences in age, gender, or 

body mass index were noted between the PPH and control groups. PPH had significantly 

lower blood pressure and higher HR (table 3). 

Among the 80 patients, 13 P (16.3%) had cardiovascular surgery, 10 P (12.5%) had 

pulmonary endarterectomy, 1 P (1.3%) atrial septal defect closure, 1 P (1.3%) has arterial 

switch and 1 P (1.3%) patent ductus arteriosus ligation. 14 P had hypertension (17.5%), 5 P 

(6.25%) were diabetic, 3 P (6.25%) dyslipidaemia, 5 P (6.25%) were smoker, 8 P (10%) 

were ex-smoker. 11 P (14%) had arrhythmias, 7 P (9%) have AF and 4 P (5%) atrial flutter.  

At baseline, 19 patients (24%) were under oxygen, 2 P (2.5%) were under calcium-

blockers, 51 P (64%) under sildenafil, 3 P (4%) tadalafil, 13 P (16.3%) under ambrisentan, 

24 (30%) under bosentan and 5 P (6.3%) under macicentan. 24 P (30%) were under 

diuretics and 58 P (72.5%) under anticoagulation. Also, 58 P (73%) had advance functional 

class. 22 P (27%) were at WHO-FC II, 51 P (64%) WHO-FC III, 7 P (9%) WHO-FC IV. 

At follow-up, 2 P (1.3%) were in WHO-FC I, 21 P (14%) were at WHO-FC II, 43 P (27%) 

WHO-FC III, 8 P (5%) WHO-FC IV. So, 51 P (64%) were in advance functional class.  
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2. Baseline echocardiographic characteristics. 

Echocardiographic characteristics of study population are illustrated in Table 3. PPH 

patients had significantly impaired values for all conventional and deformation 

echocardiographic measurements of RV and RA function.  13 P (16.3%) had significant 

TR, 7 P (9%) severe TR and 6 P (8%) moderate to severe TR. 15 P (18%) had moderate PR 

and there are not patients with significant PR. Patients with significant TR present 

significant RV and RA dimensions, worse RVEF and worse RA and RV deformation 

parameters. 

Among the 80 patients, 16 P (20%) had normal RV, 19 P (24%) had adapted RV, 27 P 

(34%) had early maladapted RV and 18 P (22%) had maladapted RV.  

 

2.1. Baseline right ventricle deformation in pulmonary arterial hypertension 

compared with controls. 

Adequate tracking for 2D strain of RV analysis was obtained in 1339 of all 1440 

segments (93%) of PPH patients included in the final population of patients and 1252 of 

1440 segments of control subjects (87%). Adequate tracking for 3D strain of RV analysis 

was obtained in 1196 of all 1280 segments (94%) of PPH patients included in the final 

population of patients and 1152 of 1280 segments of control subjects (90%). The anterior 

free wall segments (RV two-chamber view) had the lowest strain tracking rate (358 of all 

426 segments; 82% using 2D STE and 408 of all 480; 85% using 3D STE). Regional peak 

strain comparing the free wall, apical, and septal regions was highest in the free wall, then 

the apical segments and lowest in the septum.  
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Overall, all echocardiographic-derived parameters of RV systolic function (TAPSE, 

RV peak S′  by TDI, RV FAC and MPI) and RVEF were significantly different between 

patients with PPH and controls, consistent with RV dysfunction (Table 3). RVEF, TAPSE, 

RV FAC, RV peak S′, 2D and 3D deformation parameters decreased and MPI increased 

significantly. 2D STE strain values were significantly lower than in the control group 

(Table 3). Moreover, all three 3D-STE parameters calculated in these study (GLS, GCS, 

and GAS) have been correlated well with RVEF obtained by 3D echocardiography in 

patients with PPH. The strongest parameters correlate with RVEF were 3D RV CS, LS and 

AS (r = 0.9; p<0.001; RV 3D LS with an AUC of 0.97; 2D RV longitudinal STE, 3D RV 

circumferential STE and 3D RV AS with an AUC of 0.94). However, RV dyssynchrony 

showed weak correlation with all echocardiography and functional parameters. 

The change in RV longitudinal deformation parameter has also displayed good 

association with the change in RV circumferential deformation over the same period (r = -

0.65, P = 0.001) and the relative difference was -0.21±0.16. Interestingly, the relationship 

of non-invasive hemodynamic measures by echocardiography displays good correlation 

with circumferential and longitudinal strain. RV 3D circumferential strain had good 

correlation with PASP (R=-0.76; p<0.001) and PAT (R=0.82; p<0.001) and 3D RV 

longitudinal strain has also good correlation with PAT (R=-0.83; p<0.001) and PASP (R=-

0.78; p<0.001) as well. Moreover, RA conduit strain and strain rate present good 

correlation with 3D RV circumferential strain (-0.74; p<0.001; -0.71; p<0.001, 

respectively) and 3D RV longitudinal strain (-0.77; p<0.001; -0.75; p<0.001, respectively). 

Area strain shows very good correlation with 3D RVEF, 3D RV longitudinal and 3D 

RV circumferential strain (-0.9, p<0.001), and good correlation with FAC and 2D RV 
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longitudinal strain (-0.8, p<0.001), RVH (0.8, p<0.001), with echocardiography 

hemodynamic variables (PAT -0.8, p<0.001; PASP by echocardiography 0.8, p<0.001) and 

with classic echocardiographic variables (TAPSE -0.7, p<0.001; RV end-diastolic area 0.7, 

p<0.001; RV end-systolic area 0.7, p<0.001; MPI 0.7, p<0.001; IVRT 0.7, p<0.001). 

Longitudinal 3D and 2D strain of RA, reservoir and conduit RA strain showed good 

correlation as well (-0.8, p<0.001). The classic peak systolic velocity by TDI and RV 

dyssynchrony (0.5, p<0.001). Area strain showed poor correlation with parameters of 

exercise capacity. 

The correlations between 2D echocardiography measurement for RV systolic function 

(TAPSE, RV peak systolic wave by TDI, RV FAC and MPI) with the functional class 

assessed by 6MWD and VO2 were not statistically significant (p > 0.05). Moreover, the 

correlation between RV longitudinal and circumferential systolic strain by 2D and 3D with 

the functional class assessed by 6MWD were not statistically significant (p > 0.05).  

 

2.2. Baseline right atrial deformation in pre-capillary pulmonary hypertension 

compared with controls. 

Adequate tracking for 2D strain of RA analysis was obtained in 1368 of all 1440 

segments (95%) of PPH patients included in the final population of patients and 1339 of 

1440 segments of control subjects (93%). Adequate tracking for 3D strain of the RA 

analysis was obtained in 1228 of all 1280 segments (96%) of PPH patients included in the 

final population of patients and 1206 of 1280 segments of control subjects (94%). RA 

function parameters obtained with 2D STE and 3D STE were summarized in Table 3. 
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Compared with controls, patients with PPH had significantly bigger RA, reduced RAEF by 

3D and impaired all the deformation indices. As the WHO-FC of PH patients worsened, 

RA reservoir and conduit decreased significantly (p<0.001). 

Right atrial ejection fraction (RAEF) displays good correlation with 3D RA 

longitudinal strain (-0.8, p<0.001), with 3D RV AS, 3D RV longitudinal and 3D RV 

circumferential strain (0.7, p<0.001) and RVEF (-0.75, p<0.001) and moderate correlation 

with 2D longitudinal strain of RV (0.6, p<0.001). RA reservoir strain shows good 

correlation as well (-0.7, p<0.001) and RA conduit strain and RA active strain present 

moderate correlation with RAEF (-0.66, p<0.001; -0.6, p<0.001, respectively). 

Moreover, there is good correlation between 2D RA longitudinal strain and 3D RA 

longitudinal strain (0.8, p<0.001) and the relative difference was 0.21±0.1. Also, there is a 

good correlation between 2D RA longitudinal strain (-0.78, p<0.001) and 3D RA 

longitudinal strain (-0.84, p<0.001) with RVEF. Good positive correlation with non-

invasive haemodynamic variables was shown for PASP (0.68, p<0.001) and for PAT (-

0.72, p<0.001). 

RA reservoir strain presents very nice correlation with 2D and 3D RV longitudinal 

strain and RA conduit strain (0.95, p<0.001), good correlation with RVEF (0.8, p<0.001), 

3D RV AS, 3D RV longitudinal and 3D RV circumferential strain (-0.8, p<0.001), other 

RA deformation parameters (3D RA longitudinal strain and RA active strain (0.8, p<0.001) 

and RA conduit SR (-0.8, p<0.001), classic echocardiography parameters (TAPSE and 

FAC 0.7, p<0.001), RVH (-0.7, p<0.001) and other RA deformation parameters such us RA 

active strain, RA reservoir SR, age and RA volumes display moderate correlation (-0.6, 

p<0.001). RA reservoir strain was shown good correlation with non-invasive hemodynamic 
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variables such us PASP and PAT (-0.72, p<0.001), and with RV-PA coupling assessed by 

TAPSE/PASP (0.77, p<0.001). 

 

2.3. Right ventricular function in pre-capillary pulmonary hypertension 

compared with controls. 

The best factors associated with severely reduced RVEF in the multivariate analysis 

after volume overload adjustment (TR) were 3D RV longitudinal strain (Hazard Ratio 

[HR’], 1.6; 95% Confidence interval [CI], 1.2-2.2; p<0.001) and 2D RA conduit SR (HR’, 

16; 95% CI, 1.5-175; p<0.022); (figure 31). The best cut-off points for 3D RV longitudinal 

strain associated with severely RV impairment (considered as RVEF < 35%) was -14.35%, 

which had sensitivity of 92.5% and specificity of 91% (AUC: 0.96; CI, 0.94-0.99, p<0.001) 

and the best cut-off point for 2D RA conduit SR was -0.79/s, which had sensitivity of 81% 

and specificity of 84% (AUC: 0.93; CI, 0.88-0.97, p<0.001). 

 

Figure 31. Multivariate analysis of echocardiographic parameters associated to severe 

RVEF impairment. Abbreviations: 3D: Tridimensional. IC: Interval of confiance, RA: 

Right atrium. RV: Right ventricle. SR: Strain rate.  
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2.4. Maladapted right ventricle in patients with different types of pre-

capillary pulmonary hypertension. 

Patients with normal and adapted RV increased relatively circumferential function 

with reduced longitudinal function and RA active contractility is preserved or slightly 

enhance (RA active SR) (table 4). MRV were presented in 18 patients (22.5 %). Patients 

with MRV have shown more dilated RV and RA (p=0.001) with worse atrial and 

ventricular performance (p<0.001); (table 5). 

The best factors associated with MRV in the multivariate analysis were RA reservoir 

SR (HR’, 0.87; 95% CI, 0.8-0.97; p=0.014), RA conduit SR (HR’, 30; 95% CI, 2.6-180; 

p=0.027); RV AS (HR’, 3; 95% CI, 1.3-20; p=0.026); (figure 32). The best cut-off points 

for RA reservoir SR was 8/s, which had sensitivity of 72% and specificity of 85% (AUC: 

0.72; CI, 0.6-0.83, p<0.001), the best cut-off point for 2D RA conduit SR was -0.42/s, 

which had sensitivity of 78% and specificity of 72% (AUC: 0.8; CI, 0.64-0.87, p<0.001) 

and the best cut-off point for 3D RV AS 17%, which had sensitivity of 88% and specificity 

of 74% (AUC: 0.76; CI, 0.64-0.87, p=0.001). 
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Figure 32. Multivariate analysis of echocardiographic parameters of MRV predictors. 

Abbreviations: AS: Area strain; IC: Interval of confiance; MPI: Myocardial performance 

index; MRV: Maladaptative RV; RA: Right atrium; RV: Right ventricle. SR: Strain rate.  

 

 

3. Predictors of adverse cardiovascular events. 

The median follow-up period was 3.06 ± 1.54 years. Adverse cardiovascular events were 

presented in 51 patients (64%). 26 patients (32.5%) died; 1 has massive haemoptysis, 1 

sudden death, 24 secondary to RHF. 11 patients (14%) had RHF (14%) and 6 patients 

(7.5%) were admitted to the hospital. 32 patients (40%) need change of their treatment 

(12% prostaglandins, 2.6% ambrisentan, 1.2% bosentan, 2.6% riociguanit, 16% 

macicentan, 2.6% sildenafilo, 6% tadalafil); (table 6). 

ACE were more common in patients with maladaptative RV (p<0.001), increased 

BNP (p=0.002) and worse VO2 for their age (p=0.004). Patients with PPH and ACE have 

shown more dilated RV (p=0.001) and RA (p=0.05) and worse performance of RV and RA 

(table 7). 

WHO-FC is correlated with ACE and showed good correlation with 3D RV area 

strain (0.85, p<0.001), RVEF (-0.85, p<0.001), 2D RV longitudinal free-wall strain, RA 

reservoir strain, 3D and 2D RA longitudinal strain (-0.8, p<0.001), PAT (-0.8, p<0.001), 

FAC (-0.77, p<0.001), 2D RV longitudinal septal-wall strain, conduit strain and SR (-0.7, 

p<0.001) and 2D RV longitudinal strain, PASP and TAPSE (-0.7, p<0.001), RV systolic 

area, RV IVRT and MPI (0.7, p<0.001). 
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Factors associated with ACE in the multivariable analysis were RA reservoir strain 

< 24.6 % (HR: 2.3; 95% CI, 1.1-4.7; p=0.033) and RA active SR < -1.7/s (HR: 3.4; %CI, 

2.9-4.2; p=0.037); (figure 33 and figure 38 of supplementary material). In a mean follow-up 

of 3 years, ACE was detected in 33% of patients (17 P) with one parameter and 43% (22 P) 

vs 23% (12 P) without these parameters. After a mean follow-up 2 of years, 70% patients 

with both parameters remained free of ACE vs 90% with one o non parameters. However, 

after a mean follow-up of almost 5 years, all groups have a high ACE rate (100% of the 

patients with both parameters vs 80% of the patients without parameters; Log Rank 

(Mantel-Cox) = 22.4; p < 0.001); (figure 34). 

 

 

Figure 33. Multivariate analysis of ACE predictors. Abbreviations: IC: Interval of 

confiance, RA: Right atrium. SR: Strain rate. BNP: B-type natriuretic peptides.  



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 144 

 

 

Figure 34. Graph of survival free of adverse cardiac events in patients with one 

parameter, with both parameters and without parameters. Caption: Patients without 

parameters displayed less major adverse cardiac events (cardiac death, hospitalization, heart 

failure and need of change of treatment) than those with one or two echocardiography 

parameters. Abbreviations: ACE = Adverse cardiovascular events; RA: Right atrial. 

 
 

The follow-up echocardiography characteristics are presented in Table 8. Reduced RA 

active function was more common in patients with ACE (reduced -2%; p=0.03). The 

improvement of deformation parameters after optimization of PAH treatment have not 

achieved statistical significance at follow-up in these cohort of patients. 
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4. Reproducibility. 

Interobserver, intraobserver, and test-retest variability was relatively good for all 

components of RA and RV deformation parameters by 3D STE and 2D STE. There was 

slightly better reproducibility for 3D parameters rather than 2D parameters. Intraobserver 

variability and interobserver variability for 3D RV GLS parameters and 2D RV GLS 

parameters demonstrated good reproducibility. The reproducibility of 3D RA parameters 

was good too; (Table 9). 
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V. DISCUSSION 
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V. DISCUSSION. 

 

The main findings of the present study in patients with PPH are as follows: i) Overall 

in patients with different types of PPH, 2D STE and 3D STE are useful and reproducible 

tools for assessing RVEF and RAEF. ii) The best echocardiography parameters associated 

with RVEF were 3D RV longitudinal strain and 2D RA conduit SR. iii) RA and RV 

function decreased in patients’ population of PPH as assessed by 2D STE and 3D STE 

parameters. iv) RV and RA 2D STE and 3D STE had stronger associations with adverse 

outcomes compared with other classic echocardiographic parameters of RV dysfunction 

and are related to adverse cardiovascular events during the follow-up. v) Maladapted RV 

was associated with 3D RV AS, RA reservoir SR and RA conduit SR. vi) The best 

predictors of adverse cardiovascular events in patients with PPH were RA reservoir strain 

and RA active SR. vii) Impaired RA active SR was the best parameter associated to adverse 

cardiovascular events during the follow-up. 

 

1. Right ventricle. 

RV dysfunction has been shown as a prognostic factor in PPH (108), but some questions 

arise, and no uniform criteria have been used to assess the presence of RV dysfunction and 

the measures of this chamber have age, gender, and race differences (108-111). However, 

new echocardiographic parameters of STE and RT3DE allow us better measuring regional 

and global RV function (111-113). Classic 2D methods of quantification of RV volumes 

use geometric models that do not represent the irregular RV shape accurately and 3D can 
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overcome 2D limitations by neglecting geometric assumptions and using multiple images 

to reconstruct the RV chamber (111-113).  

RV global, free wall or septal strain parameters are a reproducible measures of RV 

function (115-117) that agrees with RVEF on CMR and other traditional markers of 

function in PH patients using bidimensional and tridimensional deformation parameters 

(118-120). Furthermore, despite, its inability to interrogate RVOT, RVEF by RT3DE and 

CMR have shown good correlation, with nearly 20% smaller volume by RT3DE compared 

with CMR. However, this parameter has load dependency (120). So, 2D STE and 3D STE 

provides incremental prognostic information beyond this parameter and other traditional 

parameters of RV functional assessment in a variety of clinical conditions, such us, PAH, 

cardiac transplantation, HF and other pathologies (120-127). Nevertheless, RV functional 

analysis by strain demonstrates a significant change in global and segmental RV function 

with age and gender dependency, and therefore adjustment for these measures is required in 

the evaluation of RV function (109).  

Given the prominent contribution of longitudinal shortening to RVEF, quantification of 

longitudinal deformation of the RV is an attractive method to quantify RV systolic 

dysfunction without relying on geometric assumptions of RV shape. Concordant with 

previous studies, we demonstrate significant impairments in RV deformation parameters in 

PPH patients compared with healthy controls of similar age and gender (122-125).  

In the present study, most patients with PPH had mild or moderate TR, however, there 

are also patients with severe or significant TR at the time of echocardiography examination. 

Therefore, these data suggest that there was an effect of RV volume overload secondary to 
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TR on RV systolic function in our population of patients with PPH. So, even more load 

dependence of deformation should be taken into account in these pathologies because RV 

afterload can be minimal at rest without disease but increase fourfold or more in pulmonary 

vascular disease (7). Moreover, patients with RV volume overload had increased LS 

compared with subjets without this load (124). So, maybe parameters of contractility such 

as strain rate could be less dependent to load conditions. 

RV global peak strain ranged from 18% to 27% (mean, 23%) in normal population (109). 

This is approximately 5% greater than the higher LV strain values previously published 

likely due to the different mechanics of RV contraction with predominantly longitudinal 

contraction secondary to differences in loading conditions with more dynamic RV free-

wall, myocardial fiber orientation and thinner wall, as previously described. Also, there is a 

functional regionally peak strain gradient with the highest peak strain in the RV free wall, 

then the apex, and lowest in the septum. The observed contraction sequences to time to 

peak strain are explained by the underlying anatomy of the right bundle branch. RV global 

peak strain in the patients with pressure overload fell well outside of this range, which 

agrees with their diminished function by traditional functional markers too. 

Until recently, strain analysis of the RV has focused on the longitudinal direction because 

of the fact that the RV free-wall is best visualized in the 4-chamber apical view using “RV 

focus view” (128), whereas avoiding circumferential strain mechanics because of its thin 

cross section. This has been justified because of the predominant longitudinal arrangement 

of myocardial fibers and the inference that longitudinal motion is the predominant 

contributor to RV systolic function (figure 8). Anatomically, this makes sense, given that 
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the arrangement of RV myocardial fibers does not lend itself to circumferential shortening 

because of the lack of the middle layer.  

However, RV adaptation to pressure overload might produce a decline in longitudinal 

function and might increase circumferential contraction. So, longitudinal contraction should 

not be used as the sole measure of ventricular function when assessing RV pressure 

overload serially. Thus, whether there is an element of decline in longitudinal ventricular 

performance in addition to adaptation remains undetermined. So, the increased 

circumferential over longitudinal free wall contraction might represent an adaptive response 

to the suprasystemic pressures of long-standing PPH disease. This circumferential 

shortening may facilitate by a relatively increase in circumferential fiber mass, while the 

lack of torsion and reduced SR in the RV may suggest incipient myocardial dysfunction as 

has been described previously (122). Moreover, the leftward shift of the IVS with 

decreased radius of curvature gives the pressure overload RV a more circular short-axis 

shape comparable to that of the normal LV with loss of RV efficiency. So, in previous 

studies of segmentation of RV from Addetia et al have also been described that patient with 

PAH had a rounded free-wall apex, and more convex apical septum and body segments that 

is synonymous of septal “flattening” (129). So, RV shape should be taken into account in 

order to assess correctly RV function. 

So far, assessment of circumferential function and its decline after initiation of different 

treatments or improve hemodynamic may provide further insight into analyse RV function 

in patients with PPH by revealing that myocardial contractility decreases while still 

maintaining systolic ejection (circumferential strain). This reinforces the importance of 

circumferential assessment as a key component in determine the function of a pressure 
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overload RV, which is not properly and routinely assessed by conventional 2D 

echocardiographic methods.  However, this change of contraction pattern could be 

produced efficiently if foetal myocardial physiology remains when pressure overload is 

produced early in live. However, in cases of produced latter could not be enough efficiently 

when foetal physiology has been already lost. 

Furthermore, measures of myocardial deformation in pressure overload RV may provide 

a potential marker of ischemia when there is a decreased in circumferential contractility 

accompanied by an increased dyssynchronous contraction. We postulate that the combined 

insult from chronic pressure overload with posterior volume afterload in patients with PPH 

and in patients with volume loading status such as pre-triscuspid shunts with posterior 

pressure overload, may produce an incomplete RV adaptation that may contribute to RV 

myocardial dysfunction and so, RV-PA uncoupling (50).  

The lack of a decline in the ratio of longitudinal to circumferential ratio also suggested 

failure of the RV to adopt a LV–like contraction pattern and was associated with increased 

dyssynchrony, increased ventricular volume, decreased RVEF and presumably display less 

favourable contraction mechanics. So, the adaptative process of these RV may be 

insufficient to sustain RV-PA coupling through life and may fail earlier than RV with better 

circumferential contraction. So, there is a strong association of circumferential contraction 

with failing or maladaptive RV secondary to failure of the outer layer to contract 

circumferentially. Some caveats of their analysis are the thin RV wall thickness and the 

limited near-field resolution for clear definition of the anterior RV wall. Notwithstanding 

these challenges, quality and feasibility of RV data suitable for analysis could be obtained 
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highly in the healthy population with thinner RV wall. So, longitudinal and circumferential 

2D STE could be analysed better in PPH patients with RVH rather than in healthy controls. 

These findings point to the notion that although the RV is able to maintain ventricular 

function at different stages, the adaptive changes do not resemble that of a normal LV and 

are insufficient to maintain myocardial contractility for long time, suggesting an intrinsic 

inability of this RV myocardium to adapt to chronic suprasystemic pressures. The addition 

of deformation assessment to routine RV evaluation may allow earlier detection of 

ventricular dysfunction as well as providing a serial method of functional assessment that 

acknowledges the adaptive myocardial architectural changes that occurs in these RV 

working at high pressure overload. Although many studies have assessed and documented 

echocardiography evidence of reduced systolic function in the pressure overload RV, few 

have documented a really shift in the contraction pattern from predominantly longitudinal 

to circumferential contraction in the RV, which tries to become more like the LV when 

facing suprasystemic pressures (130-131).  

Alteration of RV mechanics assessment can be performed faster by 3D STE. All 3D 

strain vectors (radial strain were not analysed in this work) were significantly reduced in 

PPH patients compared with controls, with strong associations for AS, LS and CS with 

RVEF. There were also good correlations for deformation parameters with classic 

parameters. Longitudinal and circumferential parameters reflect deformation of the 

endocardial surface during ventricular systole and diastole. Because AS is the product of 

length and width, AS has the advantage of integrating the consequences of mechanics in the 

longitudinal (endocardial) and circumferential (epicardial) dimensions of RV by 3D that 

might be valuable for risk stratifying patients and help with therapeutic decision making. 
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Indeed, AS has been regarded as a promising parameter for the early detection of subtle LV 

dysfunction and its prognostic relevance in the RV was also previously reported by Smith 

et al (122); (figure 35). It can be argued, however, that our finding of inverse correlations 

between AS and RV volume may reflect an adaptive response in that a larger RV requires 

less area deformation to generate a similar stroke volume.  

 

Figure 35: Direction of myocardial fibers and area strain in a normal subject and in a 

patient with PH. Courtesy by Smith et al. 

 

Patients with PPH had more dyssynchronous RV contraction compared with 

controls, with increased dyssynchrony for worsening impairment. So, RV dilatation, 

electrical factors, fibrosis, surgical scars, and other regional processes likely could 

contribute to dyssynchronous contraction of the RV (132-134). So, RV mechanics could be 

an alternative parameter to indirectly detect RV fibrosis, as was described in the left-sided 

chamber. However, although myocardial dyssynchrony may contribute to ventricular 

dysfunction, it is probably not the major determinant of functional alterations seen among 

the patients with PPH, but it may become more important later in life. Another potential 
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confounding effect of RV mechanics would be medical therapy that affect RV function, 

whereby increased RV deformation parameters.  

Distortion of the LV geometry and function in patients with PPH due to the shared IVS 

and to impaired LV filling resulting from RV dilatation and dysfunction has also been 

associated with adverse effects on ventricular coupling in this chamber (33; 134-136). 

These findings are consistent with impaired septal deformation related to marked RV 

overload despite globally preserved or hyperdynamic LV systolic function. Previously, 

Puwanant et al. has been publish significant reductions in both septal and lateral CS of LV 

in PPH patients compared with controls (114). Also, in a cohort of patients with PPH was 

described a characteristic motion pattern with the cardiac apex being pulled towards the LV 

in the echocardiography four-chamber view. This so-called apical traction (AT) could be 

detected with high concordance between observers. Previous studies of quantitative 

analysis of LV and RV deformation suggests that this specific motion pattern is caused by a 

disbalance between the reduced RV function and relatively normal LV function (137).  

 

2. Right atrium.  

Until very recently, RA has remained relatively understudied in contrast to its left-sided 

counterpart that generated a huge interest as an important organ of prognosis in atrial 

arrhythmias (37). Despite, the evaluation of the structure and function of the RV is 

unreliable to perform with some echocardiography parameters due to the complex 

distortion of the RV geometry. On the contrary, RA has a simpler geometric structure. 

Moreover, its evaluation with the use of RA deformation parameters allows an easier, 
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simpler, and faster way to evaluate RV descompensation. Therefore, monitoring disease 

progression and prediction of outcomes in PPH should be performed repeatedly.  

Chronic RV pressure or volume overload have been related to changes in RA size, via 

modulation of RV fulfilling, thickening of the atrial muscle, and alteration of atrial 

movement (138). So, PH worsens RA flexibility thereby reservoir, conduit and active 

function can be reduced, as we have found in the current study using RA deformation 

parameters. So, its receptable capabilities to improve CO might be impaired in these 

patients. Furthermore, RA mechanics may provide important and valuable insight not only 

into the overall right-sided hemodynamics but also into the physical capacity of the disease 

at the onset of the disorder and during the follow-up.  

Initially RA responds to atrial wall stress with RA hypertrophy and RAEF could be 

increased to maintain cardiac function. Also, RA enlargement through Frank–Starling 

mechanics could enhance further its contraction. Indeed, this compensatory response has 

been documented in the counterpart left-side atrium. At some point, these adaptative 

mechanisms fail, and the RA dilates and its ejection fraction progressively declines. So, the 

parameters reflecting RA reservoir and conduit function could be decreased in PH patients 

because of RV afterload with secondary hypertrophy of the RV myocardium, delayed 

relaxation, decreased diastolic function, and weakened active suction of RV (figure 36 and 

figure 37). The alterations of RA function with reduced reservoir function and increased 

RA active function can be explained by the Frank–Starling law. Moreover, reduced 

reservoir and conduit function could be caused by a decrease in early diastolic emptying of 

the RA and may result in increased volume at the beginning of RA systole and so, its active 

function may be increased. However, when RV pressure overload progresses further and 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 157 

the preload reserve reaches its limit, atrial compensation for the increased RV afterload will 

become very limited, leading to a decrease in CO with the onset of severe RHF and rapid 

deterioration until death occurs. Similar results have been previously described by Willens 

et al. in a group of PH patients. These findings suggest the important role of RA function in 

maintain the preload reserve and in the prognosis in patients with PAH when RV pressure 

overload worsens in order to maintain RV-PA coupling.  

The histological examination of RA in this group of pathologies has shown extensive 

fibrosis, largest myocyte diameters, longest capillary distances and more prominent 

inflammatory cell infiltration (139). These histopathological changes may be progress in 

time in the context of raising pressure and volume RA overload and may be increase the 

dyssynchronous contraction of this chamber.  

Currently, RA enlargement has been implicated in certain clinical situations such as, PPH 

and cardiomyopathies and confer increased cardiovascular mortality and morbidity. Several 

conventional measures of RA function through echocardiography have been described in 

the literature, but they are load dependent. RT3DE technique calculation of atrial volume 

enables the assessment of atrial phasic volume changes and intensive description of atrial 

function over its size (140). So, 3D STE-derived RA volumes seem to be significantly 

increased in patients with PPH in keeping with other 2D echocardiography-based RA 

parameters as their load dependency. 

This study characterizes novel changes in the RA among patients with PPH using 

different deformation parameters. Despite the thinness of the RA wall, a complete RA 

morphological and functional assessment was possible in pretty all the patients that were 
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enrolled in this study and to the best of our knowledge, there are only a few studies in the 

literature that have directly evaluated RA myocardial mechanics by 2D STE and 3D STE in 

patients with PPH (141-145). Furthermore, currently, longitudinal strain and SR parameters 

can also be calculated in a faster and easy way.  

 

Figure 36: Right atrial strain depending of right ventricular ejection fraction. 

Abbreviations: RVEF: Right ventricular ejection fraction.  
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Figure 37: Relationship between right ventricular and right atrial contraction. A. 

Interaction between right atrial strain and right ventricular strain. The black arrows indicate 

the strength of myocardial contraction and the crimson indicates passive movement of right 

atrium. B. Interaction between right atrial size and strain. 

 

RA function was significantly impaired in patients with PPH compared with normal 

controls. Among the patients with PPH, RA strain and SR were significantly reduced in 

PPH with decompensate RV function compared to those with compensated RV function 

and healthy controls. Moreover, our findings indicate that, in patients with PPH, the RA 

reservoir may represent the clinical severity of PPH. In our study, RA active function was 

observed to be preserved and responsible for a greater proportion of PPH patients with non-

advanced functional class and active function was significantly decreased in patients with 

advance functional class as compared with controls.  

Previous studies showed that 2D STE is feasible for the evaluation of RA 

myocardial mechanics, which represent a new parameter for evaluating RA function (142-

145). Moreover, RA deformation parameters are relatively less dependent on loading 
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condition. So, these novel imaging techniques can assist in the assessment of the degree of 

functional impairment and might highlight advanced RA fibrosis and so, the degree of 

myopathy that could be relevant for clinical decision making. 

The patients with PPH have decreased the function of all 3 RA phases (reservoir, 

conduit and active) assessed by 2D strain imaging. With increasing RV dysfunction RA 

conduit and reservoir functions decrease while active function does not change or even 

increase (figure 36). RA conduit and reservoir functions decrease earlier than the diagnosis 

of RVF can be established according to the current guidelines in patients with PH (57). 

We found that RA reservoir function was significantly associated with RV function 

and with measures of RV overload (figure 37). So, RA reservoir was significantly 

correlated with RV functional parameters including FAC, MPI, and TAPSE and with 

measures of RV overload. The changes in RA function may point toward risks of RVF. 

Therefore, RA strain measurements are potential candidate indices for fast, reliable, and 

non-invasive detection of RV decompensation and RA deformation assessment 

demonstrated improved diagnostic performance of RV echocardiography parameters.  

In this line, 3D RA deformation parameters were also significantly reduced in our 

PPH patients. Detecting early changes in RA deformation properties that might be able to 

distinguish patients who have only mild structural changes in the RA and may remain well-

adapted with the optimization of pulmonary vasodilator therapy. Interestingly, Sato et al. 

and other authors have shown reduced RA deformation parameters in adult and paediatric 

patients with PAH. In other study, Querejeta Roca et al observed impaired RA reservoir 

and conduit functions in PAH, which were associated with greater RV dysfunction and 
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overload (146). Similar results were described by Meng et al in a group of patients with PH 

(143). So, instead of relying solely on standard RV indices, our results and others suggest 

that 2D and 3D RA strain measurements may be useful as a non-invasive harbinger of RV 

decompensation, valuable for assessing risks of clinical worsening, and predicting a 

composite adverse clinical outcome in patients with PPH. So far, RA strain and SR values 

may be a valuable additive to assess right-sided heart function and volume overload 

independently of RA size. It has been shown that the most sensitive parameters of severe 

RV dysfunction are RA reservoir strain (figure 36) and RA active strain rate, which 

significantly decrease even in mild RV affectation. So, our results confirm that decreasing 

RV function with the addition of alteration of the RA strain function precede traditional 

signs of RV dysfunction and decompensation.  

So far, RV dysfunction showed a strong contribution in deteriorating the RA 

deformation (figure 37). Similar results were obtained in an early study by Vitarelli et al. 

reporting how RA volume and function by STE were lower in HF patients with RV 

dysfunction compared to HF patients without RV dysfunction. Moreover, RA mechanics 

assessed by STE and invasive hemodynamic measurements could be helpful in order to 

monitor response to therapy and so, RA STE may potentially reduce the frequency of 

repeated RHC. Notwithstanding, this potential utility should be validated in larger series. 

In previous studies, RA deformation evaluation had a weak correlation with 

invasive PVR. However, other studies have found that RA reservoir was the strongest 

predictor of PAH and was inversely correlated with PAP and PVR (141, 147-149). Their 

findings are suggestive of a decreasing function of RA at increasing PAP and PVR. 

Moreover, published data by Padeletti and others have found a strong negative correlation 
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between RA reservoir strain and catheterization-based PASP in subjects with left-sided HF 

on transplantation evaluation (141), and an inverse correlation between the reservoir strain 

and PVR has been published as well (147). The difference between echocardiography RA 

reservoir strain and right heart hemodynamic variables could be explained by the nature of 

the underlying pathophysiology. Thus, whether RA mechanics can be useful to detect 

noninvasively PH conditions that may progress to PPH and increased PVR remain to be 

seen. 

In our patient population different degree of TR did not influence significantly the RA 

deformation, probably due to the fact that prolonged increased pulmonary pressure 

contributes in deteriorating further RA physiological deformation (149). 

Hopefully, STE will become one of the most important non-invasive imaging techniques 

in the future among others with its ability of detailed analysis of the RA function and 

deformation parameters and other echocardiography indices would be included in updated 

prognostic risk scales. Further studies are needed to investigate how the type of PPH might 

affect RA phasic function and other deformation parameters.  

 

3. Right ventricular-pulmonary artery coupling in precapillary pulmonary 

hypertension. 

In patients with PPH, RV pressure overload induces heterogeneous mechanical stretch in 

the myocardium, leading to regional ischemia and altering interventricular pressure 

interactions depending how acute was the increased of pressure overload (1-3). Moreover, 
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RV dilation results in tricuspid annular dilation, and subsequently reduced tricuspid leaflet 

coaptation, resulting in functional TR, which produce RV volume overload and sets up a 

vicious cycle of further RV dilation and coronary perfusion is reduced due to increased RV 

pressure, which impairs more RV function and RVF may appear.  

Over time, this progressive RVF leads to a further increase of RAP. Along with RAP 

increasing, the systemic circulation blood flow to the RA is reduced, and then the reservoir 

function decreased. This RA function reduction means a reduced RV-PA coupling and 

stiffness of right chambers. So, reduced RA phasic function was unable to sustain 

ventricular fulfilling, and RV become mal-adapted to this afterload with failure of its 

function. So, these mechanisms finally are leading to insufficient CO, RVF and 

exacerbation of clinical symptoms with impaired exercise capacity of these patients.  

This basic pathophysiology may be the most important mechanisms underlying the 

relevance of evaluated RAP being accompanied by decreased RA function in PPH as well 

as the rationale for the association between the RAP and survival. Thus, RA function may 

play a key role in the progress of PPH.  

Our study showed the clinical utility of STE measurements in the right chambers. Due 

the increased RV afterload secondary to high PAP in the context of RV-PA uncoupling 

produces fibers' impairment located in the right chambers that may be detected by STE. 

Moreover, other authors have reported that this technique offers a simpler, more accurate, 

and faster analysis than CMR and maybe analysis of right chambers mechanics could give 

us more information than RHC (40). 
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4. Prognosis in patients with Precapillary Pulmonary Hypertension. 

PH is a silent disease that when the patients are diagnosed, they are usually severely 

affected (150). So, right-sided chambers are already decompensated by adverse mechanical 

remodelling by the time that the patients receive PH specialist care. Therefore, there is a 

really need of pre-symptomatic or early identification of patients with PPH by primary care 

providers before the patients are severely affected by this disease. So far, advances in 

understanding myocardial mechanics in subclinical disease and tracking changes in disease 

progression or in response to therapies would be beneficial in this population of patients. 

Moreover, the rate of progression of PVD generally depends on the type of the PPH and its 

onset. Sensitivity analyses of diagnosis, risk stratification, and prognosis in PPH using 

various RV and RA mechanics parameters have been very useful in these cohort of 

patients.  

The current PH guidelines recommend a multidimensional approach in comprehensive 

risk assessment for PH that includes clinical features, WHO-FC, 6MWD, CPET, 

biomarkers (BNP and NT-proBNP), and certain variables derived from non-invasive 

imaging and invasive hemodynamic (57).  

The WHO-FC is one of the most powerful predictors of survival, not only at diagnosis, 

but also during follow-up. A worsening FC is one of the most alarming indicators of 

disease progression, which should trigger further diagnostic studies to identify the causes of 

clinical deterioration. The patients with PH can be classified as low risk, intermediate risk 

or high risk for clinical worsening or death (151). Patients categorized as low risk are 

basically presenting with non-progressive disease, no signs of clinically relevant RV 
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dysfunction and with good functional class. The patients in the intermediate-risk group are 

typically presenting in WHO-FC III, with moderately impaired exercise capacity and signs 

of RV dysfunction, but not with RVF. Patients in the high-risk group are presenting in 

WHO-FC III or IV with progressive disease and signs of severe RV dysfunction, or with 

RVF and secondary organ dysfunction.  

Although reliable individual predictions are always difficult, patients classified as 

intermediate and high risk have higher estimated 1-year mortality. However, the current 

risk score included only RA size and pericardial effusion as main non-invasive parameters 

(60, 62). The treatment goal in PPH is to maintain or reach a low risk profile that is closely 

associated with low mortality. Seventy-three percent of the patients with PPH enrolled in 

the current study had intermediate or high risks. 

RA reservoir function and conduit function are significantly impaired in PH patients, 

while active function is enhanced to ensure RV filling in PAH patients with WHO-FC II or 

WHO-FC III. In addition, RA reservoir improved risk classification in PAH patients with 

WHO-FC ≥ III. RA reservoir is of predictive value for WHO-FC ≥ III in PPH patients and 

correlates with the clinical severity and prognosis of PPH (152).  

On the basis of our results, it seems the RA reservoir may provide incremental and 

additive value in re-classification the risk in PPH patients with WHO-FC ≥ III. Our results 

also suggest that patients with PPH may have impaired exercise capacity and RV 

dysfunction and even failure with ACE when RA reservoir ≤ 24.6% and RA active SR < -

1.7/seconds. For these patients, we need to follow-up regularly, monitoring the changes of 

the disease and giving reasonable treatment as soon as possible that could be improved 
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symptoms, quality of life and 5-year survival rate. Previous studies of correlation analysis 

showed that RA reservoir was moderately correlated with RA size as measured by 

echocardiography (146), which have demonstrated prognostic value in PAH and so far, RA 

enlargement was an independent predictor of mortality with an increased risk of 1.54 of 

lung transplantation in a population of IPAH (151). Futhermore, RA dilation and 

subsequent remodelling of RA myocardium in response to increase in preload RA pressure 

would decrease RA compliance and blunt RA reservoir function. This may explain, 

notwithstanding the correlation between RA total strain and RV longitudinal strain (figure 

37), the better discrimination of RA strains for patients with RVF. Negative associations 

between RA strains and WHO class in the patient group suggested that strategies to 

maintain or restore normal RA function might help to improve WHO scores.  

BNP remains the main biomarker that is widely used in the routine practice in patients 

with PPH for the assessment of myocardial stress and RV overload (153). NT-proBNP 

levels correlate with myocardial dysfunction and provide prognostic information at 

diagnosis and during follow-up. RA strains were negatively correlated with BNP, 

indicating the predictive roles of RA dysfunction. It has also been shown that serum BNP 

correlates with RA contractility and RV diastolic dysfunction in adults with PH and 

suggested that increased BNP may be related to decreased RA systolic function and RV 

diastolic function.  

In addition to demonstrating a clear association between RA function and a prognostic 

risk score, the current study provided additional validation support of RA function as 

prognostic parameter of adverse outcomes based on the association of RA strain 

abnormalities with a composite end point of prospectively identified cardiac 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 167 

hospitalization, change of treatment, HF, or death. Some recent studies have reported that 

poor RA function impacts disease outcome in PPH, despite the differed methodology and 

patient population between them (93, 104). Alenezi et al found that RA total strain, active 

strain, and conduit SR were significantly associated with increased risk of the composite 

adverse clinical event outcome in patients with PAH (144). The findings in another 

prospective study suggested that the RA function carries prognostic information in IPAH, 

where a poorer RA function, as quantified by the RA total SR, was associated with a worse 

outcome (145). D’Alto et al showed in patients with IPAH that RA reservoir SR in 

combination with RV longitudinal SR best identified patients at higher risk of clinical 

worsening (152). In another study by Jone et al, diminished RA reservoir and active 

function, but not RV longitudinal function, were predictors of overt clinical events in 

paediatric PH (153). Similar findings were also reported for the left heart where LA 

reservoir strain has been shown to have prognostic value in patients with HF with reduced 

and preserved LVEF, independently of LV longitudinal strain (154). So, RA strain have 

been demonstrated better prognostic relevance over conventional RV function parameters 

and RV STE measurements for predicting adverse cardiac events. So far, RA mechanics 

have incremental value in the treatment process of these patients by evaluating the initial 

severity and monitoring the subsequent response to treatment. Our findings are in line with 

these previous studies.  

In addition, we provided additional prognostic validation based on prospectively 

identified cardiac events correlated to RA strain abnormalities. A reservoir strain and active 

strain rate were identified as having the highest discriminatory and predictive value of a 

composite of prospectively identified adverse clinical events compared with other 
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conventional RA and RV functional measurements. Given these findings, the RA strain 

parameters investigated are promising candidate indices for non-invasive detection of RA 

dysfunction and risk stratification in patients with PPH. 

This seems logical and can be explained as reservoir and conduit strains mostly depend 

on RV longitudinal contraction and RA myocardial compliance whereas active strain rate is 

mostly influenced by RA myocardial contractility and RV filling pressures.  

Reduced 3D-derived RVEF was associated with all-cause mortality and cardiac death in 

a cohort of patients with various cardiovascular diseases. Moreover, impairment of RV 

systolic function carried a significantly higher risk of mortality independent of RVEF. 

RVEF was superior to conventional echocardiography parameters of RV systolic function 

for predicting all-cause mortality. Moreover, the occurrence of AT was independently 

associated with worse outcome (15-fold higher mortality or heart – lung transplantation 

during follow-up) too (137). 

Reduced RV strain is also associated with adverse outcome. Previously Fine et al.  

reported increased mortality in those with decreased RV LS in a cohort of 575 patients 

referred for echocardiography assessment for PH (156). Complementing this, we also found 

that non-survivors had significantly reduced longitudinal and circumferential strain values. 

So, lower-magnitude strain values below the cut-offs for AS, CS, and LS in particular were 

associated with considerable increases in the risk of adverse outcome. Consequently, it may 

be suggested that improved RV strain may reduce mortality. However, this asseveration 

could not be proven in our follow-up population of patients due maybe to low sample size 

and RA superiority. This was previously illustrated in a cohort of patients with PAH, where 
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medical therapy improved LS in some patients, and a 5% improvement in RVLS had a >7-

fold reduction in mortality risk at 4 years (157). Anecdotal evidence from studies of 

bilateral lung transplantation and post-endarterectomy patients suggests immediate positive 

improving of RV systolic strain (158-159). But these asseverations could be due a bias of 

early death of patients with advance disease and worse prognosis.  

The PPH population of patients had reduced RV strain and more dyssynchronous 

ventricles than controls, which was relatable to clinical outcomes. Within the PPH patient 

group, those with more abnormal strain values had poorer outcomes. Reduced AS, LS, and 

CS were associated with increased mortality risk. The new measurement of AS had strong 

associations with RVEF, whereas only AS and, to a lesser degree, age were predictors of 

death, suggesting the superiority of 3D–derived AS over other variables. Thus, AS may be 

an important additional measurement in the assessment of RVEF in predicting outcomes. 

Indeed, Fine et al. have demonstrated a strong association between decline in RV strain and 

cardiopulmonar mortality and all-cause mortality during a follow-up of 16.5 month, 

indicating the value of RV strain over other standard echo variables for risk assessment in 

all Dana Point subgroups of PPH (156). Sachdev and colleagues have demonstrated 

incremental prognostic value of RV systolic strain with regards to worsening of oedema 

despite diuretics use and mortality of patients with IPAH (a cut-off RV strain value of 12% 

was associated with worst outcome, compared with the values of 20% or 12.5 to 20%); 

(160).  

RV dysfunction is a key prognostic determinant in PPH. Few data, exist regarding the 

effect of vasodilator therapies in improving pulmonary hemodynamic on RV-PA coupling 

in PPH and whether the combined assessment of 3D RVEF and deformation parameters 
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may give us valuable information on global and regional RV function, allowing a better 

prediction of unfavourable outcomes in these cohort of patients. So far, our results point out 

the utility of new echocardiography parameters, but do not contradict the notion that both 

cardiac biomarkers and echocardiography findings may be useful for risk stratification in 

this subgroup of patients. 

 

5. Feasibility and reproducibility.  

The feasibility of this strain analysis was good for RA and RV with nice tracking of 

their segments. All RV walls except for the anterior free wall were obtained with a very 

high level of consistency. Due to the anterior free wall, located just behind the chest wall, 

was the most difficult to image from an apical approach. Despite this relative difficulty, the 

anterior free wall segments still had an acceptable tracking rate (82%). So, these 2D views 

of RV and RA were consistently adequate for strain analysis using existing software and 

could be practically incorporated into an echocardiography examination. Compared with 

the LV, the thinner RV and RA wall diameter and different geometry did not negatively 

affect the feasibility in the subjects studied.  

The reproducibility of averaged and calculated strain measures was good for both 

intraobserver and interobserver variability. The apical and anterior segments demonstrated 

the poorest peak strain reproducibility. This was likely due to the sharp curvature and the 

difficulty in obtaining high-quality near-field 2D images in some individuals using the GE 

echocardiographer equipment. Another concern about using longitudinal strain to track 

apical segments is that apical shortening movement is lateral (across the azimuth angle of 
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the sector arc), likely confounding speckle-tracking in this dimension because of variable 

beam width and convergence of scan lines in the near field.  

Overall, our study has validated the accuracy and feasibility of 2D and 3D STE 

assessment across a wide range of RV and RA function parameters. This study population 

enabled our results to be more generalized and applicable to a real-life clinical population. 

The strong reproducibility, as illustrated by low interobserver, intraobserver, and test-retest 

variability, makes 2D and 3D deformation parameters a robust marker with potential 

widespread clinical use.  

Previous studies also have shown that 3D STE allows more rapid image acquisition and 

analysis. Whereas previous 2D techniques required multiplane acquisitions for analysis, 3D 

STE allows a reduction in acquisition time through the acquisition of the entire 3D volume 

data set from a single apical view over several cardiac cycles. The postprocessing analysis 

performed allows derivation of 3D RV volumes, RVEF obtained by 3D STE, and all 

components of 3D strain from a single analysis.  

 

6. Clinical implications and future directions. 

Researchers in recent studies and guidelines of PH continue to study the effects of 

elevated pulmonary pressures in the right-side of the heart to further improve our 

understanding of these pathological conditions and influence our clinical decision making. 

Reliable and accurate diagnosis, risk stratification, and prognosis are the cornerstones for 

clinical decision making and management of the patients with PH. In this context, there has 
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been growing interest in early markers of RA dysfunction, preferably obtained by a 

reliable, and non-invasive technique such us analysis of mechanics by echocardiography 

and/or CMR. So far, atrial function and mechanics are important markers regarding this 

investigation and they can improve our knowledge of the identification of patients at high 

risk for the incidence of adverse outcomes.  

The new parameters assessed by our strain methodology are reproducible and more 

sensitive than traditional ones and therefore provide a thorough evaluation of RA function 

that can assist in the early detection of subclinical disease, refine risk stratification, and 

guide therapy. The extent of reversibility of right chambers remodelling with medical 

therapy and the impact of such changes on outcomes warrant further bigger studies. In 

addition, the highly expeditious and reproducible right chambers mechanics measurement 

methods can also be performed in a variety of other cardiac pathologies that can affect the 

right heart, including CHD such us Ebstein’s anomaly, patients with Tetralogy of Fallot and 

patients with volume overload (cardiac shunts before PVR increased, severe TR or 

pulmonary regurgitation), RVMI, and sarcoidosis.  

However, contradictory data exists regarding the impact of pulmonary therapy to 

improve right chamber’s function. Few data exist regarding the impact of therapy to reduce 

PVR on cardiac mechanics in PPH. Although Borges et al. have previously described 

improvement in RV strain with vasodilator therapy in relationship with changes in 

pulmonary hemodynamics (160). Another study demonstrates that improvement in PVR 

over 24 weeks was associated with improvement in both RV and LV mechanics, in concert 

with improvement in mPAP, RAP, and SV index (142). Interestingly, the strength of 

association of these changes was greater with LV global and septal CS than with RV free 
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wall LS, suggesting that the inclusion of alteration in LV performance secondary to RV 

overload may be more sensitive to changes in pulmonary hemodynamic in PPH, but further 

studies would be needed in order to analyse these hypotheses.  

Changes in regional RV myocardial function after bilateral lung transplantation have 

been reported in a patient with primary PAH. Echocardiography data showed a significant 

improvement in RV size and global function after successful transplantation, but SR 

imaging (contractility parameter) revealed that the functional improvement was limited to 

the apical trabecularized portion of the RV, and that the smooth inlet segment did not 

improve after afterload reduction.  

Although, the current data presented in this study is based on a relatively small number of 

patients of different PPH etiologies. This study supports the use of detailed RV and RA 

deformation analysis for further identification of patients with PPH at high risk. So far, RA 

mechanics has the potential to apply in clinical routines at the onset of the disease, during 

the follow-up and as a tool complementary to RHC. Thus, RA analysis may reduce the 

need of repeated RHC in order to monitor the response to therapy, but this asseveration 

should be confirmed in a larger and multicentre studies.   

  



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 174 

 

 

 

 

 

 

 

 

 

 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 175 

 

  

 

 

VI. LIMITATIONS 
  



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 176 

 

 
VI. LIMITATIONS.  

Several limitations of this study should be noted when interpreting the results. First, 

this study included a small sample size of PPH patients with diverse aetiologies, who were 

assessed in a non-randomized manner from a single tertiary centre reference in PH, which 

might constitute a referral bias and confound the results, but PPH is a relatively rare 

disorder and this is a common limitation of similar studies. Indeed, patient characteristics 

differed between those with different etiologies of PH and therefore, we cannot obtain 

definitive conclusions for the general population and/or other centres.  

Second, 2D and 3D strain LV software’s was applied to the RA and RV assuming 

that the LV algorithm could be transferred to these chambers as has been applied in several 

clinical studies. Moreover, the accuracy of 3D volume and ejection fraction is less certain 

in significantly dilated and dysfunctional ventricles, because limited data are available in 

the literature. So, this should be taken into consideration when interpreting the results. The 

RA was assessed with exclusion of RAA, CS and cava veins as has been reported in 

previous studies. Also, there is a disagreement of which should be the onset of the analysis 

of RA STE (P-P gating vs R-R gating) and to whether the atrial septum is a part of the LA 

or to the RA. In the present study the septum was considered as a part of the virtual 2D and 

3D cast of the RA.  

Third, another limitation is that STE is dependent both on frame rate and image 

quality. So, low temporal and spatial resolution of 3D STE could underestimate the peak 

strain value, but will not hide the pattern of contraction. However, 3D image acquisition is 
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performed over multiple heartbeats to optimize the spatial image quality of the 3D data set 

while allowing a sufficient temporal resolution for tracking of speckles and data analysis. 

To date, the spatial and temporal resolution of 3D echocardiography is still inferior to that 

of 2D echocardiography. Additionally, the presence of severe RV dilatation can make 

inclusion of the entire RV myocardium difficult because of the conflicting requirements of 

adequate image quality, frame rates, and sector width. Its strength lies in the fact that there 

are more speckles per segment and fewer speckles lost to out-of-plane motion, so temporal 

resolution may not be as important. Given that 3D STE does not need to constantly source 

“new” speckles, so, the measurement of strain might be regarded as being more accurate. 

Also, RV 3D STE has not been properly validated for all four 3D STE values, RS, LS, CS, 

and AS using sonomicrometry. However, 3D-STE of LV has been tested using 

sonomicrometry with good correlation. At present, there are not normal values for all heart 

chambers and there are different strain values from the companies. But currently, the 

commercial echocardiography companies have been improved the image resolution and the 

software’s for the analysis of the echocardiography data. Another technical limitation is 

that the RA cavity sometimes appears longitudinally foreshortened in apical views, 

potentially overestimating RA strain parameters. Therefore, 3D may overcome this 

limitation.  

Fourth, the computer analytic model used was developed and marketed for LV 

strain analysis. The thin diameter of the RV wall, with fewer speckle targets, could 

theoretically lead to poor speckle-tracking or underestimation of strain because of its 

inability to exclude the pericardium from the thin-walled RV of the normal population. 

Otherwise, there was no reason to suspect that RV longitudinal strain measurements are 
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inherently different from an LV wall given appropriate orientation of moving speckle target 

information in the transducer field of view. So, the thinner RV wall and the asymmetric 

geometry of the RV did not appear to negatively affect the feasibility except potentially in 

the apex. So, further studies of the utility of RV apical strain are required.  

Fifth, arrhythmias, including atrial fibrillation and significant ventricular ectopic, 

make STE assessment unreliable because of significant beat-to-beat variability. Although it 

is not validated as to whether averaging multiple analyses of 2D STE data would provide a 

more accurate reflection of overall RV function, this would not be feasible in the current 

setting of 3D STE. This is particularly important in light of the need for multibeat 

acquisitions to allow satisfactory image quality and frame rates for 3D STE analysis.  

Sixth, a large proportion of strain analyses had to be discarded because of 

inadequate imaging with 11% of PPH patients and 9% of controls being excluded. Patients 

excluded included patients with poor apical acoustic windows, image dropout, and in some 

cases, the RV was too large for the 3D sector. So, the exclusion criteria make these studies 

results applicable to a rather selected population. Despite, STE techniques are dependent on 

good image quality, these tools have excellent inter-observer and intra-observer 

correlations, as we presented in this study and previously was reported. Furthermore, we 

did not analyse LV data to test ventricular interaction in PPH, but this was not the aim of 

the study, and will be studied in next projects. 

Seventh, high-quality parasternal short-axis RV imaging for 2D radial strain was not 

feasible in several patients and controls despite multiple attempts and therefore was not 
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available for analysis. So, this study was limited only to 2D longitudinal and 

circumferential strain. 

Eighth, although the problem of variations between the different systems and 

vendors was recently stressed in terms of STE analysis, a comparison of data obtained 

using the various systems would be appropriate, and this problem will require collaboration 

between manufacturers.  

Ninth, we did not compare 3D volumetric parameters with a reference imaging 

modality (CMR), because this study was not designed to validate 3D volumetric 

parameters. Moreover, good correlations of 3D parameters derived RV and RVEF with 

CMR values have been previously demonstrated.  

Tenth, influence of heart rate and load in deformation parameters were not fully 

assessed in the current study. 

Finally, we don't know if our study results could be affected because pretty all 

patients were receiving treatment at the time of their enrolment. Therefore, we cannot 

obtain definitive conclusions but can only formulate a hypothesis that requires confirmation 

by future multicentre trials and so, further multicentre 2D and 3D STE studies of right and 

left chambers with larger patient populations are warranted to confirm our findings. 
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VII. CONCLUSION. 

 

In summary, 2D and 3D deformation parameters are useful and reproducible tools 

for assessing RV and RA function in different types of precapillary pulmonary 

hypertension. RVEF is correlated with longitudinal strain, circumferential strain and area 

strain of the RV and deformation parameters of the RA. However, 3D RV longitudinal 

strain and 2D RA conduit strain rate are the best echocardiography parameters correlated 

with severe RV impairment.  

Compensated RV displays a reduction of longitudinal strain with compensatory 

relatively increased circumferential strain and enhanced RA active strain. Lower RA 

reservoir SR, RA conduit SR and 3D RV AS parameters are closely related to mal-adapted 

RV and may predict adverse outcome in patients with different types of precapillary 

pulmonary hypertension.   

The best parameters in order to identificate patients with worse prognosis were RA 

reservoir strain and RA active strain rate. Although RA STE is not routinely used in our 

daily clinical practice, RA mechanics may enhance non-invasive evaluation of right heart 

chambers in precapillary pulmonary hypertension patients. Further multicentre studies are 

needed to investigate how the affectation of  right chambers mechanics can affect RV-PA 

coupling. 
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VII. CONCLUSIONES. 

En resumen, los parámetros de deformación bidimensionales y tridimensionales son 

herramientas útiles y repoducibles para evaluar la función del VD y de la AD en diferentes 

tipos de hipertensión pulmonar precapilar. La FEVD se correlaciona con la deformación 

longitudinal, circumferencial y el área strain del VD y los parámetros de deformación de la 

AD. Pero, los parámetros que major se correlacionan con la FEVD severamente disminuida 

son la deformación longitudinal del VD determinada por 3D y la tasa de deformación de la 

fase de conducto de la AD determinada de forma bidimensional.  

El VD bien adaptado muestra una reducción de la contraction longitudinal, con un 

aumento relativo de la contractilidad circunferencial y un aumento de la función activa de 

la aurícula derecha. Descensos de parámetros de deformación por strain y strain rate de la 

AD están estrechamente relacionados con descenso de la función ventricular derecha y 

pueden predecir la incidencia de eventos cardiovasculares adversos en pacientes con 

hipertensión pulmonar precapilar. De hecho, la reducción del SR de la fase de reservorio y 

de la fase de conducto de la AD, junto al área strain por 3D del VD son los parámetros 

ecocardiográficos mejor relacionados con la presencia de VD mal adaptado en los 

diferentes tipos de hipertensión pulmonar precapilar. Los mejores parámetros para 

identificar a los pacientes con peor pronóstico fueron el strain de la fase de reservorio de la 

AD y el strain rate de la fase active de la AD. A pesar de que los parámetros de 

deformación de la AD no se usan de forma rutinaria, su utilización en la práctica clínica 

diaria podrían mejorar la evaluación ecocardiográfica de las cavidades derechas en 

pacientes con hipertensión pulmonar precapilar. Pero, son necesarios estudios 

multicéntricos para evaluar su verdadera utilidad y para investigar como la presencia de la 
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afectación de estos parámetros de deformación de las cámaras casrdías pueden ayudar a 

analizar el acoplamiento entre VD-AP. 
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X. SUPPLEMENTARY MATERIAL. 

 
 
Table 2. Baseline and follow-up characteristics of patients with PPH. 

 
 

Patients with PAH 

N= 80 

Baseline 

characteristics 

Follow-up 

characteristics 

Age (Years)* 51±12  

Female sex 48 (60)  

Diabetic  5 (6.3)  

Hypertension 8 (11)  

Hypercholesterolemia 3 (4)  

Smoker 5 (6)  

Previous surgical treatment: 8 (10) 13 (16) 

Pulmonary endarterectomy 5 (6) 5 (6) 

ASD closure 1 (1.3)  

PDA ligation 1 (1.3)  

Arterial switch 1 (1.3)  

Electrocardiogram:   

QRS (ms)* 105±32 108±34 

Heart rate (beats per minute) *  77±14 79±13 

Functional class 

I and II 

III and IV 

 

22 (27.5) 

58 (72.5) 

 

23 (31) 

51 (69) 

6 minutes walk distance*(m): 309 ± 164 344 ± 152 

CPET:   
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Oxigen saturation (%) 

VO2 max (ml/min) 

% Depending age 

94 ± 3 

14 (11-18) 

56 (24-125) 

93 ± 4 

13 (11-19) 

62 (26-126) 

Blood test: 

BNP (pg/ml) 

Creatinine* (micromol/L) 

 

293 (10-2590) 

82 ± 22 

 

213 (10-2266) 

80 ± 20 

Right heart cath: 

mPAP (mmHg) 

PVR (mmHg.min/l) 

CI (L/min/m2) 

 

34 (25-51) 

4.4 (3-11) 

2.2 (1.8-2.9) 

 

Medical treatment: 

Calcium-blockers 

Sildenafil 

Tadalafil 

Bosentan 

Ambrisentan 

Macicentan 

Prostaglandins 

Oxygen  

Diuretics  

Anticoagulation  

Riociguanit  

 

2 (2.5) 

51 (64) 

3 (4) 

24 (30) 

13 (16.3) 

5 (6.3) 

13 (16.3) 

19 (24) 

24 (30) 

58 (73) 

0 (0) 

 

2 (2.5) 

50 (62) 

4 (5) 

26 (32.5) 

15 (17) 

13 (16.3) 

22 (27.5) 

18 (22.5) 

24 (30) 

56 (70) 

2 (2.5) 

Adverse cardiovascular events: 

  Death    

  Heart failure 

  Worsening with change treatment 

  Hospitalization 

  Arrhythmias 

- AF 

- Atrial flutter  

51 (64) 

26 (32.5) 

11 (14) 

32 (40) 

6 (7.5) 

13 (14) 

7 (9) 

4 (5) 
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Abbreviations: AF: Atrial fibrillation; ASD: Atrial septal defect; AT: Atrial tachycardia; 

BNP: B-type natriuretic peptide; bpm: beats per minute; CI: Confidence interval; CI’: 

Cardiac index. CPET: Cardiopulmonary exercise test; HR: Hazard ratio; ACO: 

Anticoagulation; PPH: Precapillary pulmonary hypertension; PDA: Patent ductus 

arteriosus; RA: Right atrium.  

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 

 

 

Table 3. Baseline echocardiographic characteristics of the study group and of patients 

with PPH and controls. 

 
 

Echocardiographic variables 
All people 

N=160 

With PPH 

N=80 

Controls 

N=80 
HR’ 95% CI p 

Baseline general characteristics       

Age (years) * 46±14 51±12 43±10 1.7 0.9-16 0.08 

Woman 94 (58) 48 (60) 46 (57.5) 0.9 0.5-1.7 0.7 

Weight* (kg) 70±12 70±12 69±4 0.8 0.2-5-3 0.85 

Height*(m) 168±13 167±11 169±19 1.3 0.5-4 0.12 

BMI* (kg/m2) 26±14 25±4 24±2 1.2 0.1-1.9 0.6 

HR*(bpm) 77±14 77±14 46±14 1.8 6-13 <0.001 

Systolic blood pressure* (mmHg) 117±16 117±14 112±7 1.9 1.5-8 0.033 

Diastolic blood pressure*(mmHg) 72±12 81±14 64±3 1.4 3.6-9 <0.001 

2-Dimensional study:       

LVEDV* (mL) 89 ± 54 62± 29 114 ± 57 16.6 1.2-36 <0.001 

LVESV*(mL) 34 ± 32 28 ± 15 41 ± 29 1.2 9.4-12 <0.001 

LVEF* (%) 62 ± 11 54 ± 13 64 ± 7 3.8 0.2-7 <0.001 
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Basal LV/RV diameters ratio* 1.2 ± 0.5 1.4 ± 0.7 0.7 ± 0.3 3 1.3-5 <0.001 

Pericardial effusion 17 (11) 16 (20) 1 (1.3) 69 61-76 <0.001 

IVC* (mm) 19 ± 5 21 ± 6 18 ± 3 3 1.8-4.6 <0.001 

Right ventricle:       

RV diastolic area*(cm2) 29 ± 11 36 ± 11 21 ± 4 15 13-18 <0.001 

RV systolic area*(cm2) 19 ± 11 27 ± 3 10 ± 3 17 9-19 <0.001 

Basal RV diameter*(mm) 42 ± 10 50 ± 10 35 ± 4 15 14-18 <0.001 

Mid RV diameter*(mm) 37 ± 12 44 ± 10 28 ± 5 17 14-19 <0.001 

Base-to-apex RV diameter*(mm) 83 ± 8 85 ± 9 83 ± 7 1.3 2-3 0.8 

RV thickness* (mm) 6 ± 2 7 ± 2 4 ± 2 3 2.7-3.4 <0.001 

TAPSE*(mm) 19 ± 4 16 ± 4 23 ± 2 6 5.3—7.2 <0.001 

FAC* (%) 40 ± 16 27 ± 10 53 ± 8 18 16-29 <0.001 

3D RVEF*(%) 44 ± 18 30 ± 10 63 ± 4 97 79-114 <0.001 

3D RVEDV*(mL) 164 ± 75 201 ± 82 125 ± 42 77 55-98 <0.001 

3D RVESV*(mL) 99 ± 71 144 ± 72 47 ± 19 33 29-40 <0.001 

2D Septal RV STE*(%) -17 ± 9 -11 ± 4 -26 ± 5 7 6-9 <0.001 

2D Free-wall RV STE*(%) -21 ± 12 -13 ± 6 -33 ± 5 20 18-21 <0.001 

2D global long RV STE* (%) -18 ± 8 -13 ± 3 -26 ± 7 13 11-15 <0.001 

3D Long RV strain*(%) -19 ± 9 -12 ± 4 -29 ± 4 17 15-20 <0.001 

3D Circum RV strain*(%) -18 ± 8 -11 ± 4 -26 ± 3 14 13-15 <0.001 

3D RV area strain*(%) 16 ± 6 16 ± 6 16 ± 5 1 0.6-3 0.1 

Ratio Long/Circum strain* 1.1 ± 0.6 1.1 ± 0.5 1.3 ± 0.6 0.3 0.1-0.5 0.07 

RV dyssynchrony 46 (26) 45 (56.3) 1 (1.3) 31 4.6-222 <0.001 

Right atrium       

RA area*(cm2) 22 ± 10 26 ± 11 16 ± 4 10 8-13 <0.001 

3D RAEF*(%) 48 ± 15 37 ± 13 61 ± 5 66 54-77 <0.001 

MARAV*(mL) 104 ± 56 107± 73 75 ± 24 30 12-49 0.001 

MIRAV*(mL) 50 ± 26 70 ± 62 29 ± 10 41 25-56 <0.001 

3D Long RA strain*(%) 24 ± 11 15 ± 7 34 ± 4 19 16-21 <0.001 

3D Circum RA strain*(%) 18 ± 7 14 ± 6 23 ± 4 9 7-11 <0.001 

2D Long RA strain*(%) 39 ± 20 24 ± 11 59 ± 9 35 31-39 <0.001 
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Reservoir RA strain*(%) 52 ± 31 31 ± 17 79 ± 23 49 42-56 <0.001 

Time-to-peak reservoir RAS*(ms) 359 ± 53 359 ± 59 359 ± 43 2.7 0.1-20 0.76 

Reservoir RA SR*(1/s) 25 ± 11 21 ± 12 30 ± 9 7.6 3-11 <0.001 

Time-to-peak reservoir RASR*(ms) 560 ± 76 539 ± 83 588 ± 57 46 21-71 <0.001 

Conduit RA strain* (%) 33 ± 25 16 ± 10 55 ± 21 40 34-45 <0.001 

Time-to-peak conduit RAS*(ms) 411 ± 110 367 ± 94 470 ± 101 101 67-135 <0.001 

Conduit RA SR*(1/s) -1.22 ± 0.9 -0.58 ± 0.37 -2.07 ± 0.8 1.4 1.26-1.7 <0.001 

Time-to-peak conduit RASR*(ms) 487 ± 71 476 ± 87 502 ± 37 29 5-52 0.014 

Active RA strain* (%) 20 ± 11 15.5 ± 9 25 ± 10 9 7-13 <0.001 

Time-to-peak active RAS*(ms) 738 ± 125 693 ± 115 798 ± 112 10 13-69 <0.001 

Active RA SR* (1/s) -1.7 ± 0.9 -1.35 ± 0.75 -2 ± 0.9 0.8 0.5-0.9 <0.001 

Time-to-peak active RA SR*(ms) 771 ± 134 726 ± 132 829 ± 112 9.8 14-56 <0.001 

RAP (mmHg) 9.4 ± 5 13 ± 6 7 ± 2 4.8 3.4-6.2 <0.001 

Doppler Study:       

E Wave* (cm/s) 39 ± 13 40 ± 17 39 ± 8 0.6 0.3-4 0.8 

A Wave*(cm/s) 32 ± 14 38 ± 17 25 ± 6 12 8-15 <0.001 

DT * (ms) 179 ± 47 172 ± 34 180 ± 34 5 0.2-10 0.3 

S by TDI*(cm/s) 12 ± 3 10 ± 3 13 ± 2 0.3 0.1-0.4 <0.001 

e’ Wave*(cm/s) 10 ± 3 8 ± 3 12 ± 2 3.5 2.4-4.2 <0.001 

a’ Wave*(cm/s) 10 ± 4 10 ± 4 10 ± 2 0.8 0.2-1.8 0.13 

E/e’*  4 ± 2 9 ± 3 5 ± 2 4.4 0.1-12 0.5 

RV IVCT*(ms) 53 ± 12 55 ± 9 50 ± 13 6 2.3-9.6 0.002 

RV IVRT*(ms) 86 ± 37 111.5 ± 37 56.5 ± 5 34 27-46 <0.001 

RV ET*(ms) 240 ± 33 224 ± 49 236 ± 26 10 0.2-21 0.1 

MPI* 0.62 ± 0.22 1.1 ± 0.37 0.46 ± 0.05 0.6 0.46-0.63 <0.001 

Diastolic length TR*(ms) 508 ± 141 442 ± 125 581 ± 123 19 17-30 <0.001 

Systolic length TR*(ms) 363 ± 62 389 ± 70 341 ± 43 9 6-29 <0.001 

Systolic/Diastolic ratio TR* 0.77 ± 0.26 0.92 ± 0.26 0.6 ± 0.1 0.3 0.26-0.39 <0.001 

PASP* (mmHg)  56 ± 32 81 ± 26 30 ± 2 50 45-57 <0.001 

PAT* (ms) 106 ± 33 78 ± 21 136 ± 10 58 53-64 <0.001 

TAPSE/PASP* (mm/mmHg) 0.77 ± 0.26 0.23 ± 0.12 0.76 ± 0.08 0.51 0.45-0.57 <0.001 
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Early PR gradient* (mmHg) 25 ± 14 33 ± 10 12 ± 1 25 20-29 <0.001 

Late PR gradient* (mmHg) 29 ± 12 35 ± 8 14 ± 2 21 17-25 <0.001 

Significant TR 13 (8) 13 (16) 0 (0) 0.45 0.38-0.54 <0.001 

Moderate PR 15 (9) 15 (19) 0 (0) 0.3 0.2-0.6 <0.001 

 

Abbreviations: BMI: Body mass index; CI: Confidence interval; ET: Ejection time; FAC: 

Fractional area change; HR: Heart rate; HR’: Hazard ratio; IVC: Inferior vena cava; IVCT: 

Isovolumetric contraction time; IVRT: Isovolumetric relaxation time; LA: Left atrium; LV: 

Left ventricle; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume; 

MARAV: Maximum right atrial volume; MIRAV: Minimum right atrial volume; MPI: 

Myocardial performance index; PASP: Pulmonary systolic arterial pressure; PAT: 

Pulmonary acceleration time. PPH: Precapillary pulmonary hypertension. PR: Pulmonary 

regurgitation; RA: Right atrium; RAEF: Right atrial ejection fraction; RAP: Right atrial 

pressures. RAS: Right atrial strain; RASV: Right atrial systolic volumen; RV: Right 

ventricle; RVEDV: Right ventricular end-diastolic volumen; RVEF: Right ventricular 

ejection fraction; RVESV: Right ventricular end-systolic volumen; SR: Strain rate; TAPSE: 

Tricuspid annular plane systolic excursion; TDI: Tissue Doppler imaging; TR: Tricuspid 

regurgitation. 

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 
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Table 4. Baseline characteristics and echocardiography parameters of the study group 

and of patients with normal RV, adapted RV, early maladapted RV and maladapted 

RV. 

 
 

 

Number of patients 

Patients with 

normal RV 

N= 16 

Patients with 

Adapted RV 

N= 19 

Patients with early 

maladapted RV 

N= 27 

Patients with 

maladapted RV 

N=18 

Baseline characteristics     

Age* (Years) 47±11 51±13 52±11 54±14 

Female sex 10 (63) 11 (58) 15 (56) 15 (67) 

Echocardiography:     

TAPSE* (mm) 17±4 20±3 15±3 14±3 

FAC* (%) 31±9 36±9 23±8 20±8 

RV IVRT* (ms) 108±32 94±9 108±35 138±40 

MPI* 1.1±0.3 0.9±0.3 1.1±0.4 1.4±0.4 

RVEDV by 3D* (mL) 133±56 162±47 229±81 262±70 

RVEF by 3D* (%) 56±6 50±4 32±10 23±6 

3D RV longitudinal strain*(%) -16±5 -15±3 -10±3 -9±3 

3D RV circumferential strain* (%) -16±6 -14±3 -11±4 -10±3 

3D RV AS* (%) 24±8 20±6 15±4 13±4 

TDttp* (ms) 412±79 440±74 445±89 476±104 

MRAV* (mL) 76±29 81±50 108±76 161±90 

RAEF* (%) 62±10 73±8 65±28 35±9 

3D RA longitudinal strain*(%) 29±12 30±11 23±9 16±8 

2D RA reservoir strain*(%) 42±24 40±14 28±10 17±8 

2D RA reservoir strain rate*(1/s) 29±14 26±13 21±9 13±8 
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2D RA conduit strain*(%) 23±13 20±9 13±5 8±3 

2D RA conduit strain rate* (1/s) -0.8±0.3 -0.9±0.4 -0.5±0.3 -0.3±0.2 

2D RA active strain*(%) 20±11 20±8 15±8 9±6 

2D RA active strain rate* (1/s) -1.6±0.8 -1.8±0.8 -1.3±0.6 -0.8±0.4 

TAPSE/PSAP* (mm/mmHg) 0.34±0.1 0.33±0.15 0.18±0.05 0.15±0.05 

Significant TR 0 (0) 2 (10.5) 5 (18.5) 6 (33.3) 

6-min walk distance* (m): 363±153 313±156 307±157 260±191 

CPET:     

VO2* (ml/min) 18±7 15±5 14±5 12±4 

% Depending age* 64±19 61±19 58±23 50±16 

Advance functional class: 3 (18) 11 (58) 19 (70) 15 (83) 

Blood test:     

BNP (pg/ml) 66 (27-87) 51(15-115) 100 (36-295) 562 (142-653) 

 
Abbreviations: AS: Area strain; BNP: B-type natriuretic peptide; CPET: Cardiopulmonary 

exercise test; FAC: Fractional area change; IVRT: Isovolumetric relaxation time; MRAV: 

Maximum right atrial volume; MPI: Myocardial performance index; RA: Right atrium; RV: 

Right ventricle; RVEF: Right ventricular ejection fraction; TAPSE: Tricuspid annular plane 

systolic excursion; TDttp: Time to peak. TR: Tricuspid regurgitation. 

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 
parenthesis. *Data are means ± standard deviation. 
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Table 5. Echocardiography and clinical characteristics of patients with precapillary 

pulmonary hypertension, and patients with and without maladaptative right ventricle. 

 

 
 

Echocardiographic variables 
With PAH 

N=80 

With MRV 

N=18 

Without MRV 

N=62 
HR 95% CI p 

Baseline general characteristics       

Age (years) * 51±12 55±14 51±12 0.6 0.2-2 0.5 

Woman 48 (60) 12 (68) 36 (58) 1.1 0.8-1.6 0.5 

O2 saturation* (%) 94±3 91.5±7.5 93±6 1.6 0.9-2 0.3 

BMI* (kg/m2) 25±4 24±3 25±7 1.8 0.3-2.2 0.9 

HR*(bmp) 77±14 77±15 76±10 2 0.9-5 0.6 

Systolic blood pressure* (mmHg) 117±14 119±15 115±16 3.8 0.6-12 0.35 

Diastolic blood pressure*(mmHg) 72±12 74±14 71±11 2.8 0.6-9 0.4 

Blood test: 

BNP (pg/ml) 

 

293 (10-2590) 

 

493 (225-2590) 
210 (10-1430) 

 

20 

 

33-75 

 

<0.001 

Adverse cardiovascular events: 

Mortality 

HF 

Treatment change 

Hospitalization 

Arrhythmias 

 

26 (32.5) 

11 (14) 

32 (40) 

6 (7.5) 

11 (14) 

 

10 (56) 

5 (28) 

8 (44) 

3 (17) 

6 (33) 

 

16 (26) 

6 (10) 

24 (39) 

3 (5) 

5 (8) 

 

3.6 

3.5 

1.3 

4 

3 

 

1.2-10.7 

0.9-13.5 

0.4-3.6 

0.7-21 

1.6-8 

 

0.018 

0.05 

0.6 

0.93 

0.023 

2-Dimensional study:       

LVEDV*(mL) 62± 29 58 ± 18 68 ± 27 3 1-17 0.06 

LVESV*(mL) 28 ± 15 27 ± 15 29 ± 14 1.2 0.7-6 0.09 

LVEF* (%) 54 ± 13 52 ± 9 58 ± 6 3.8 0.2-7 <0.001 

Pericardial effusion 16 (20) 9 (50) 7 (11) 4 2-8 0.001 

IVC (mm) 21 ± 6 29 ± 4 19 ± 4 3 1.8-4.6 <0.001 

No inspiratory collapse of IVC 27 (34) 16 (89) 11 (18) 9 8-16 <0.001 

Right ventricle:       

RV diastolic area*(cm2) 36 ± 11 44 ± 9 34 ± 10 10 5-15 <0.001 

RV systolic area*(cm2) 27 ± 3 36 ± 9 25 ± 9 11 6-16 <0.001 

Basal RV diameter*(mm) 50 ± 10 57 ± 7 49 ± 9 2.4 3-12 0.001 
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Mid RV diameter*(mm) 44 ± 10 52 ± 9 43 ± 10 2.7 2.9-13 0.003 

Base-to-apex RV diameter*(mm) 85 ± 9 84 ± 10 82 ± 7 2.8 1-8 0.27 

RV thickness*(mm) 7 ± 2 8 ± 1.5 7 ± 1.5 1.5 1.1-2.5 <0.001 

TAPSE*(mm) 16 ± 4 14 ± 2.5 17 ± 4 3 1.2-5 0.03 

FAC* (%) 27 ± 10 20 ± 8 29 ± 10 7 4-14 0.001 

3D RVEF* (%) 30 ± 10 23 ± 6 32 ± 10 9 6-13 <0.001 

3D RVEDV*(mL) 201 ± 82 262 ± 69 184 ± 77 52 39-110 <0.001 

3D RVESV*(mL) 144 ± 72 203 ± 61 127 ± 65 47 41-109 <0.001 

2D Septal RV STE* (%) -11 ± 4 -10 ± 4 -11 ± 4 2.4 1.3-4 0.031 

2D Free-wall RV STE* (%) -13 ± 6 -10 ± 3 -14 ± 6 2.9 1.4-6 0.018 

2D global long RV STE* (%) -13 ± 3 -11 ± 3 -13 ± 3 2.7 1.1-4.4 0.002 

3D Long RV strain* (%) -12 ± 4 -10 ± 3 -13 ± 4 3.2 1.2-5.3 0.002 

3D Circum RV strain* (%) -11 ± 4 -10 ± 3 -12 ± 4 1.5 0.2-3.8 0.067 

3D RV Area strain* (%) 16 ± 6 12 ± 4 17 ± 6 4.4 1.4-7.5 0.005 

Ratio Long/Circum strain* 1.1 ± 0.6 1 ± 0.4 1.2 ± 0.3 0.5 0.2-1.1 0.07 

Dyssynchrony 45 (56) 13 (72) 32 (52) 2.4 0.8-7.7 0.12 

Area strain dyssynchrony (ms) 4746 ± 97 476 ± 104 429 ± 75 22 2.7-90 0.038 

Right atrium       

RA area*(cm2) 26 ± 11 35 ± 14 23 ± 8 11 6-17 <0.001 

3D RAEF* (%) 37 ± 13 28 ± 11 47 ± 8 1.2 0.3-2 0.078 

MARAV*(mL) 107± 73 160 ± 90 92 ± 61 19 9-108 0.001 

MIRAV*(mL) 70 ± 62 119 ± 82 57 ± 49 14 8-88 <0.001 

3D Long RA strain* (%) 15 ± 7 10 ± 4 16 ± 8 6 1.9-9 0.004 

3D Circum RA strain* (%) 14 ± 6 11 ± 5 15 ± 6 4 1.9-7 0.024 

2D Long RA strain* (%) 24 ± 11 16 ± 8 27 ± 11 11 5-16 <0.001 

Reservoir RA strain* (%) 31 ± 17 17 ± 8 35 ± 16 17 9-26 <0.001 

Reservoir RA SR*(1/s) 21 ± 12 13 ± 7 25 ± 12 11 7-16 <0.001 

Conduit RA strain* (%) 16 ± 10 8 ± 3 17 ± 10 9 4.5-13 <0.001 

Conduit RA SR*(1/s) -0.58± 0.37 -0.32 ± 0.22 -0.67 ± 0.4 0.4 0.2-0.5 <0.001 

Active RA strain* (%) 15.5 ± 9 9 ± 6 18 ± 9 8 4-13 <0.001 

Active RA SR*(1/s) -1.35± 0.75 -0.8 ± 0.4 -1.5 ± 0.75 0.7 0.3-0.94 <0.001 

Doppler Study:       
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E Wave* (cm/s) 40 ± 17 45 ± 18 38 ± 16 7 1.1-15 0.1 

A Wave*(cm/s) 38 ± 17 30 ± 13 39 ± 16 14 1.2-21 0.16 

DT * (ms) 172 ± 34 156 ± 61 176 ± 52 20 8-39 0.16 

S by TDI*(cm/s) 10 ± 3 8 ± 3 11 ± 4 2 0.16-3 0.5 

e’ Wave*(cm/s) 8 ± 3 8 ± 3 8 ± 2 0.6 0.9-2 0.45 

a’ Wave*(cm/s) 10 ± 4 9 ± 5 11 ± 4 2.3 0.3-4 0.07 

E/e’  9 ± 3 6 ± 3 5 ± 2 1.5 1.2-2.9 0.032 

RV IVCT*(ms) 55 ± 9 46 ± 13 50 ± 14 3 2-9 0.3 

RV IVRT*(ms) 111.5 ± 37 118 ± 38 100 ± 32 12 15-52 <0.001 

RV ET*(ms) 224 ± 49 226 ± 40 238 ± 52 11 13-33 0.35 

MPI* 1.1 ± 0.37 1.4 ± 0.4 1 ± 0.32 0.3 0.15-0.52 <0.001 

Diastolic length TR*(ms) 442 ± 125 404 ± 86 452 ± 134 9 11-48 0.15 

Systolic length TR*(ms) 389 ± 70 399 ± 60 385 ± 73 13 20-42 0.5 

Systolic/Diastolic ratio TR* 0.95 ± 0.3 1 ± 0.2 0.9 ± 0.25 0.19 0.1-0.26 0.96 

PASP* (mmHg) 81 ± 26 98 ± 28 77 ± 24 20 7.6-34 0.003 

PAT* (ms) 78 ± 21 73 ± 20 78 ± 21 5.5 5-16 0.33 

TAPSE/PASP*(mm/mmHg) 0.23 ± 0.12 0.15 ± 0.05 0.25 ± 0.13 0.3 0.16-0.7 0.003 

Early PR gradient* (mmHg) 33 ± 10 36 ± 10 32 ± 9 3.5 1.7-10 0.35 

Late PR gradient* (mmHg) 35 ± 8 40 ± 7 34 ± 7 7 1.5-12 0.015 

Significant TR 13 (16) 6 (34) 7 (11) 3 0.8-5 0.12 

Moderate PR 15 (19) 4 (22) 11 (18) 2.7 0.8-4 0.5 

 

Abbreviations: BMI: Body mass index; BNP: B-type natriuretic peptide; CI: Confidence 

interval; ET: Ejection time; FAC: Fractional area change; HR: Heart rate; HR: Hazard 

ratio; IVC: Inferior vena cava; IVCT: Isovolumic contraction time; IVRT: Isovolumic 

relaxation time; LA: Left atrium; LV: Left ventricle; LVEDV: LV end-diastolic volume; 

LVESV: LV end-systolic volume; MARAV: Maximum right atrial volume; MIRAV: 

Minimum right atrial volume; MPI: Myocardial performance index; MRV: Maladaptative 

right ventricle. PASP: Pulmonary systolic arterial pressure; PAT: Pulmonary acceleration 
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time. PPH: Precapillary pulmonary hypertension. PR: Pulmonary regurgitation; RA: Right 

atrium; RAP: Right atrial pressures. RAS: Right atrial strain; RV: Right ventricle; RVEF: 

Right ventricular ejection fraction; SR: Strain rate; TAPSE: Tricuspid annular plane 

systolic excursion; TDI: Tissue Doppler imaging; TR: Tricuspid regurgitation. 

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 

 

 

 

Table 6. Adverse cardiovascular events of baseline characteristics of the PPH 

patients’ group. 

 
 

 

Number of patients 

PPH 

N=80 

With ACE 

N= 51 

Without ACE 

N=29 
HR’ 95% CI p 

Baseline characteristics       

Age (Years)* 51±12 52±13 59±12 2.8 0.4-7 0.6 

Female sex 48 (60) 35 (63) 16 (55) 1 0.5-2 0.21 

Diabetic  5 (6.3) 4 (8) 1 (3) 2.4 0.3-22 0.6 

Hypertension 8 (11) 4 (8) 4 (14) 1.5 0.4-5.3 0.5 

Hypercholesterolemia 3 (4) 2 (4) 1 (3) 1.1 0.1-13 0.9 

Smoker 5 (6) 3 (6) 2 (7) 0.8 0.1-5 0.8 

Surgical treatment: 13 (16) 3 (6) 10 (35) 0.1 0.03-0.5 0.01 

Pulmonary 

endarterectomy 

10 (12.5) 
2 (4) 8 (28) 0.4 0.2-0.6 0.002 

ASD closure 1 (1.3) 0 (0) 1 (2) 0.8 0.4-2 0.3 
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PDA ligation 1 (1.3) 0 (0) 1 (2) 0.3 0.3-0.5 0.2 

Arterial switch 1 (1.3) 1 (2) 0 (0) 0.6 0.5-0.7 0.4 

Electrocardiogram:       

QRS (ms)* 105±32 108±32 98±31 3.2 0.9-10 0.1 

Heart rate (bpm)* 77±14 77±16 69±10 3.4 0.7-8 0.1 

Arrhythmias 13 (14) 9 (18) 4 (8) 1.6 0.5-6.6 0.2 

AF 7 (9) 7 (14) 0 (0) 0.6 0.5-0.7 0.037 

Atrial flutter  4 (5) 1 (2) 3 (10) 0.2 0.1-1.7 0.1 

Functional class: 

I and II 

III and IV 

 

123 (87) 

51 (69) 

 

6 (13) 

40 (87) 

 

17 (61) 

11 (39) 

 

10 

 

 

3-32 

 

<0.001 

6 minutes’ walk test*: 309 ± 164 289 ± 172 348 ± 141 12 0.9-22 0.15 

CPET: 

Oxygen saturation 

VO2 max (ml/min) 
% Depending age 

 

92% 

16 (7-88) 

56 (24-125) 

 

89% 

15 (7-88) 

49 (20-125) 

 

94% 

16 (7-88) 

59 (32-120) 

 

2 

 

0.9-5 

 

0.1 

0.07 

0.04 

Blood test 

BNP (pg/ml) 

Creat* (micromol/L) 

 

293(10-

2590) 

82 ± 22 

 

323(10-2590) 

82 ± 22 

 

283(10-2020) 

83 ± 20 

 

8 

0.9 

 

 

0.7-12 

 

0.01 

0.8 

Medical treatment: 

Calcium-blockers 

Sildenafil  

Tadalafilo 

Bosentan  

Macicentan  

Ambrisentan 

PGs 

Oxigen 

ACO 

 

2 (2.5) 

51 (64) 

3 (4) 

24 (30) 

5 (6.3) 

13 (16.3) 

13 (16.3) 

19 (24) 

58 (73) 

 

1 (2) 

37 (73) 

2 (4) 

19 (37) 

5 (10) 

9 (18) 

10 (20) 

16 (31) 

37 (73) 

 

1 (3.4) 

14 (48) 

1 (3) 

5 (17) 

0 (0) 

4 (14) 

3 (10) 

3 (10) 

21 (72) 

 

0.6 

2.8 

1.1 

2.8 

0.6 

1.3 

2.1 

4 

1 

 

0.1-9.3 

1.1-7 

0.1-13 

0.9-8.7 

0.5-0.7 

0.4-5 

0.5-8.4 

1.1-15 

0.3-2.8 

 

0.7 

0.03 

0.9 

0.06 

0.08 

0.65 

0.3 

0.034 

0.9 
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Diuretics 24 (30) 18 (35) 6 (21) 2.1 0.7-6 0.17 

 
Abbreviations: AF: Atrial fibrillation; ASD: Atrial septal defect; AT: Atrial tachycardia; 

BNP: B-type natriuretic peptide; bpm: beats per minute; CI: Confidence interval; CPET: 

Cardiopulmonar exercise test; HR: Hazard ratio; ACO: Anticoagulation; PPH: Precapillary 

pulmonary hypertension; PDA: Patent ductus arteriosus; RA: Right atrium.  

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 

 

 

Table 7. Adverse cardiovascular events of echocardiography variables of the PPH 

patients’ group. 

 
 

Echocardiographic variables 
With PPH 

N=80 

With ACE 

N=51 

Without ACE 

N=29 
HR’ 95% CI p 

Baseline general characteristics       

Age* (years)  51±12 51±13 51±12 1.4 0.2-7 0.6 

Woman 48 (60) 32 (63) 16 (55) 1.1 0.8-1.6 0.5 

Weight* (kg) 70±12 69±11 72±12 2.6 0.4-9 0.1 

Height*(m) 167±11 166±12 170±6 4 0.1-10 0.1 

O2 saturation* (%) 94±3 92±7 95±3 3 1.4-6 0.025 

BMI* (kg/m2) 25±4 25±4 25±5 2 0.1-0.8 0.9 

HR*(bpm) 77±14 77±15 76±10 1.2 1.1-4 0.7 

Systolic blood pressure* (mmHg) 117±14 114±16 120±13 6 0.2-14 0.058 

Diastolic blood pressure*(mmHg) 72±12 71±13 73±9 1.1 0.1-6 0.7 

2-Dimensional study:       

LVEDV* (mL) 62± 29 58 ± 18 68 ± 27 3 1-17 0.06 
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LVESV* (mL) 28 ± 15 27 ± 15 29 ± 14 1.2 0.7-6 0.09 

LVEF* (%) 54 ± 13 52 ± 9 58 ± 6 3.8 0.2-7 <0.001 

Pericardial effusion 16 (20) 16 (20) 1 (1.3) 3 0.9-7 0.055 

IVC* (mm) 21 ± 6 21 ± 6 18 ± 3 3 1.8-4.6 <0.001 

IVC with no collapse 27 (34) 21 (41) 6 (21) 2 0.8-4 0.05 

Right ventricle:       

RV diastolic area*(cm2) 36 ± 11 39 ± 11 33 ± 8 7 1.9-11 0.007 

RV systolic area*(cm2) 27 ± 3 30 ± 11 23 ± 8 7 2.5-12 0.003 

Basal RV diameter*(mm) 50 ± 10 53 ± 10 47 ± 8 6 1.5-10 0.008 

Mid RV diameter*(mm) 44 ± 10 47 ± 11 42 ± 10 5 1.6-10 0.03 

Base-to-apex RV diameter*(mm) 85 ± 9 84 ± 10 82 ± 7 1.7 0.2-6 0.4 

RV thickness* (mm)  7 ± 2 7 ± 2 5 ± 1 0.7 0.06-1.5 0.07 

TAPSE* (mm) 16 ± 4 16 ± 4 17 ± 4 1.9 1.3-4 0.04 

FAC*(%) 27 ± 10 25 ± 9 31 ± 11 6 1.5-11 0.009 

3D RVEF*(%) 30 ± 10 27 ± 8 35 ± 10 8 3-11 <0.001 

3D RVEF < 35% 57 (71) 43 (84) 14 (48) 6 2-16 0.01 

3D RVEDV*(mL) 201 ± 82 219 ± 91 172 ± 52 47 10-84 0.012 

3D RVESV*(mL) 144 ± 72 162 ± 79 112 ± 39 50 19-82 0.002 

2D Septal RV STE*(%) -11 ± 4 -10 ± 4 -11 ± 4 1.3 0.1-2 0.1 

2D Free-wall RV STE*(%) -13 ± 6 -11 ± 6 -15 ± 6 3.5 1.5-6 0.009 

2D global long RV STE*(%) -13 ± 3 -13 ± 3 -26 ± 7 1.8 1.2-4 0.044 

3D Long RV strain*(%) -12 ± 4 -11 ± 4 -13 ± 4 1.6 1.6-3 0.049 

3D Circum RV strain*(%) -11 ± 4 -11 ± 4 -11 ± 4 1.5 0.9-1.75 0.09 

3D RV area strain*(%) 16 ± 6 16 ± 6 16 ± 5 1.4 0.9-3 0.06 

Ratio Long/Circum strain* 1.1 ± 0.6 1.1 ± 0.5 1.3 ± 0.6 0.5 0.2-1.1 0.07 

Dyssynchrony 45 (56) 29 (57) 16 (55) 1.1 0.7-1.4 0.9 

Mal-adaptative RV 18 (22.5) 16 (31) 2 (7) 6.2 1.3-29 0.012 

Right atrium       

RA area*(cm2) 26 ± 11 28 ± 11 23 ± 9 5 0.08-9.5 0.1 

3D RAEF*(%) 37 ± 13 30 ± 12 44 ± 9 0.2 0.3-10 <0.001 

RAMAV*(mL) 107± 73 116 ± 72 91 ± 68 24 0.8-60 0.18 

RAMIV* (mL) 70 ± 62 76 ± 63 68 ± 42 14 0.6-45 0.4 

3D Long RA strain*(%) 15 ± 7 14 ± 7 18 ± 6 2 1.1-12 0.01 
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3D Circum RA strain*(%) 14 ± 6 14 ± 6 15 ± 7 1.5 0.8-2.5 0.7 

2D Long RA strain*(%) 24 ± 11 21 ± 10 29 ± 11 7 2-12 0.005 

Reservoir RA strain* (%) 31 ± 17 27 ± 16 39 ± 16 11 3-20 <0.001 

Time-to-peak reservoir RAS*(ms) 359 ± 59 361 ± 63 363 ± 47 2.7 0.1-20 0.76 

Reservoir RA SR*(1/s) 21 ± 12 19 ± 11 26 ± 12 8 2-13 0.007 

Time-to-peak reservoir RASR*(ms) 539 ± 83 537 ± 88 553 ± 73 21 0.8-59 0.5 

Conduit RA strain* (%) 16 ± 10 13 ± 9 20 ± 9 6 1.7-11 0.008 

Time-to-peak conduit RAS*(ms) 367 ± 94 364 ± 96 379 ± 90 15 0.9-33 0.5 

Conduit RA SR*(1/s) -0.58± 0.37 -0.5 ± 0.3 -0.8 ± 0.4 0.3 0.14-0.5 0.001 

Time-to-peak conduit RASR*(ms) 476 ± 87 472 ± 88 476 ± 76 3 0.2-47 0.9 

Active RA strain* (%) 15.5 ± 9 14 ± 9 19 ± 8 5 2-9 0.018 

Time-to-peak active RAS*(ms) 693 ± 115 694 ± 117 704 ± 115 10 1-70 0.7 

Active RA SR*(1/s) -1.35± 0.75 -1.2 ± 0.7 -1.7 ± 0.6 0.6 0.2-0.9 0.002 

Time-to-peak active RA SR*(ms) 726 ± 132 725 ± 136 743 ± 124 17 0.8-84 0.6 

Doppler Study:       

E Wave*(cm/s)  40 ± 17 40 ± 18 39 ± 15 1.8 0.6-9 0.7 

A Wave*(cm/s) 38 ± 17 37 ± 15 38 ± 19 4 0.2-7 0.9 

DT*(ms) 172 ± 34 168 ± 54 179 ± 55 14 0.2-14 0.4 

S by TDI*(cm/s) 10 ± 3 8 ± 4 11 ± 3 1.1 0.2-1.9 0.1 

e’ Wave*(cm/s) 8 ± 3 8 ± 3 8 ± 2 0.9 0.4-1.2 0.9 

a’ Wave*(cm/s) 10 ± 4 10 ± 4 10 ± 2 1.7 0.2-3 0.09 

E/e’* 9 ± 3 9 ± 3 11 ± 3 0.8 0.6-2 0.7 

RV IVCT*(ms) 55 ± 9 46 ± 13 54 ± 13 9 3-15 0.002 

RV IVRT*(ms) 111.5 ± 37 118 ± 38 100 ± 32 34 27-46 <0.001 

RV ET*(ms) 224 ± 49 218 ± 50 235 ± 45 3.3 0.4-26 0.7 

MPI* 1.1 ± 0.37 1.2 ± 0.38 1 ± 0.32 0.4 0.1-0.6 0.044 

Diastolic length TR*(ms) 442 ± 125 440 ± 144 445 ± 87 5 0.9-63 0.8 

Systolic length TR*(ms) 389 ± 70 389 ± 74 387 ± 62 1.5 0.9-34 0.9 

Systolic/Diastolic ratio TR* 0.95 ± 0.3 0.98 ± 0.3 0.89 ± 0.2 0.5 0.3-1.7 0.4 

PASP* (mmHg)  81 ± 26 88 ± 25 69 ± 24 18 7-30 0.002 

PAT* (ms) 78 ± 21 75 ± 20 81 ± 22 5 3-15 0.24 

TAPSE/PASP* 0.23 ± 0.12 0.2 ± 0.08 0.3 ± 0.16 0.2 0.15-0.5 <0.001 
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Early PR gradient*(mmHg) 33 ± 10 33 ± 10 34 ± 9 1.6 0.4-5 0.7 

Late PR gradient*(mmHg) 35 ± 8 36 ± 9 35 ± 7 0.7 0.8-7 0.7 

Significant TR 13 (16) 10 (20) 3 (10) 0.45 0.38-0.54 0.4 

Moderate PR 15 (19) 8 (16) 7 (24) 3.5 0.7-5 0.3 

 

Abbreviations: BMI: Body mass index; CI: Confidence interval; ET: Ejection time; FAC: 

Fractional area change; HR: Heart rate; HR’: Hazard ratio; IVC: Inferior vena cava; IVCT: 

Isovolumic contraction time; IVRT: Isovolumic relaxation time; LA: Left atrium; LV: Left 

ventricle; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume; MPI: 

Myocardial performance index; PASP: Pulmonary systolic arterial pressure; PAT: 

Pulmonary acceleration time. PPH: Precapillary pulmonary hypertension. PR: Pulmonary 

regurgitation; RA: Right atrium; RADV: Right atrial diastolic volumen; RAEF: Right atrial 

ejection fraction; RAS: Right atrial strain; RASV: Right atrial systolic volumen; RV: Right 

ventricle; RVEDV: Right ventricular end-diastolic volumen; RVEF: Right ventricular 

ejection fraction; RVESV: Right ventricular end-systolic volumen; SR: Strain rate; TAPSE: 

Tricuspid annular plane systolic excursion; TDI: Tissue Doppler imaging; TR: Tricuspid 

regurgitation. 

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 
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Table 8. Baseline and follow-up echocardiographic characteristics of the study group 

of patients with PPH. 

 
 

Echocardiographic variables 
Baseline 

N=80 

Follow-up 

N=50 

2-Dimensional study:   

Pericardial effusion 16 (20) 8 (1.3) 

IVC*(mm) 21 ± 6 20 ± 5 

Right ventricle:   

Basal RV diameter* (mm)  50 ± 10 48 ± 4 

Mid RV diameter* (mm)  44 ± 10 45 ± 5 

Base-to-apex RV dia* (mm) 85 ± 9 84 ± 7 

RV thickness* (mm)  7 ± 2 5 ± 2 

RV diastolic area*(cm2) 32 ± 10 30 ± 8 

RV systolic area*(cm2) 20 ± 8 18 ± 6 

TAPSE*(mm) 16 ± 4 16 ± 3 

FAC*(%) 27 ± 10 25 ± 9 

3D RVEF*(%) 30 ± 10 29 ± 9 

3D RVEDV*(mL) 201 ± 82 226 ± 91 

3D RVESV*(mL) 144 ± 72 164 ± 83 

2D Septal RV STE*(%) -11 ± 4 -12 ± 5 

2D Free-wall RV STE*(%) -13 ± 6 -14 ± 5 

2D global long RV STE*(%) -13 ± 3 -13 ± 7 

3D Long RV strain*(%) -12 ± 4 -11 ± 4 

3D Circum RV strain*(%) -11 ± 4 -10 ± 4 

3D AS*(%) 15 ± 6 16 ± 6 

AS dyssynchrony*(ms) 465 ± 162 450 ± 152 

Right atrium   

RA area*(cm2) 26 ± 11 26 ± 10 

3D RAEF*(%) 37 ± 13 35 ± 12 

MARAV*(mL) 107± 73 105 ± 68 

MIRAV*(mL) 70 ± 62 74 ± 49 



Assessment of 2D and 3D Right Chambers Mechanics in Different Types of PPH 

 233 

3D Long RA strain*(%) 15 ± 7 14 ± 5 

3D Circum RA strain*(%) 14 ± 6 13 ± 6 

2D Long RA strain*(%) 24 ± 11 25 ± 9 

Reservoir RA strain*(%) 31 ± 17 30 ± 15 

Reservoir RA SR* (1/s) 21 ± 12 22 ± 9 

Conduit RA strain*(%) 16 ± 10 14 ± 8 

Conduit RA SR*(1/s) -0.58 ± 0.37 -0.7 ± 0.2 

Active RA strain*(%) 15.5 ± 9 15 ± 9 

Active RA SR*(1/s) -1.35 ± 0.75 -1.4 ± 0.8 

Doppler Study:   

S by TDI*(cm/s) 10 ± 3 10 ± 3 

E/e’ * 9 ± 3 8 ± 3 

RV IVCT*(ms) 55 ± 9 50 ± 13 

RV IVRT*(ms) 112 ± 37 115 ± 28 

RV ET*(ms) 224 ± 49 236 ± 26 

MPI* 1.1 ± 0.37 1 ± 0.4 

PASP* (mmHg) 81 ± 26 85 ± 29 

PAT*(ms) 78 ± 21 136 ± 10 

TAPSE/PASP*(mm/mmHg) 0.23 ± 0.12 0.25 ± 0.13 

 

Abbreviations: CI: Confidence interval; ET: Ejection time; FAC: Fractional area change; 

IVC: Inferior vena cava; IVCT: Isovolumic contraction time; IVRT: Isovolumic relaxation 

time; MARAV: Maximum right atrial volume; MIRAV: Minimum right atrial volume; 

MPI: Myocardial performance index; PASP: Pulmonary systolic arterial pressure; PAT: 

Pulmonary acceleration time; PPH: Pulmonary precapillary hypertension. RAEF: Right 

atrial ejection fraction; RAS: Right atrial strain; RASV: Right atrial systolic volume; RV: 

Right ventricle; RVEDV: Right ventricular end-diastolic volume; RVEF: Right ventricular 

ejection fraction; RVESV: Right ventricular end-systolic volume; SR: Strain rate; TAPSE: 

Tricuspid annular plane systolic excursion; TDI: Tissue Doppler imaging. 

 

Note: Unless otherwise indicated, data are number of patients with the percentages in 

parenthesis. *Data are means ± standard deviation. 
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Table 9. Intraobserver and interobserver variability. 

 
 

Patients analysed 

N= 160 

Intraobserver Interobserver 

Right ventricle:   

3D RVEF 0.1 (-0.02) 0.1 (-0.01) 

3D RV GLS 0.5 (-0.04) 0.2 (0.23) 

3D RV GCS 0.3 (-0.02) -0.8 (0.9) 

2D RV GLS 0.7 (-0.05) -0.2 (0.23) 

Right atrium:   

3D RAEF 0.3 (-0.2) 0.4 (-0.3) 

3D RA GLS 0.3 (0.02) -0.14 (0.24) 

RA reservoir strain 0.6 (0.02) 0.86 (0.94) 

RA conduit strain 0.2 (0.01) 0.2 (0.25) 

RA active strain 0.8 (0.05) -0.2 (0.44) 

 
Abbreviations: GCS: Global circumferential strain. GLS: Global longitudinal strain. RA: 

Right atrium.  RAEF: Right atrial ejection fraction. RVEF: Right ventricular ejection 

fraction. 

 

Note: Unless indicated data are represented as absolute difference (relative difference).  
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Figure 38 of supplementary material: COR curves of different echocardiography 

parameters.  
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Abbreviations: FAC: Fractional area change; GCS: Global circumferential strain. GLS: 

Global longitudinal strain. LS: Longitudinal strain. MPI: Myocardial performance index; 
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RA: Right atrium; RAEF: Right atrial ejection fraction; RAS: Right atrial strain; RV IVCT: 

Isovolumic contraction time; RVEF: Right ventricular ejection fraction; RV IVRT: 

Isovolumic relaxation time; RV: Right ventricle; SR: Strain rate; TAPSE: Tricuspid annular 

plane systolic excursion; TDI: Tissue Doppler imaging. 
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