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Abstract: Regardless of whether pulmonary hypertension (PH) results from increased pulmonary 
venous pressure in left-sided heart diseases or from vascular remodeling and/or obstructions in pre-
capillary pulmonary vessels, overload-induced right ventricular (RV) dysfunction and its final transition 
into right-sided heart failure is a major cause of death in PH patients. Being particularly suited for non-
invasive monitoring of the right-sided heart, echocardiography has become a useful tool for optimizing 
the therapeutic decision-making and evaluation of therapy results in PH. The review provides an updated 
overview on the pathophysiological insights of heart-lung interactions in PH of different etiology, as well 
as on the diagnostic and prognostic value of echocardiography for monitoring RV responses to pressure 
overload. The article focuses particularly on the usefulness of echocardiography for predicting life-
threatening aggravation of RV dysfunction in transplant candidates with precapillary PH, as well as for 
preoperative prediction of post-operative RV failure in patients with primary end-stage left ventricular 
(LV) failure necessitating heart transplantation or a LV assist device implantation. In transplant candidates 
with refractory pulmonary arterial hypertension, a timely prediction of impending RV decompensation 
can contribute to reduce both the mortality risk on the transplant list and the early post-transplant 
complications caused by severe RV dysfunction, and also to avoid combined heart-lung transplantation. 
The review also focuses on the usefulness of echocardiography for monitoring the right-sided heart in 
patients with acute respiratory distress syndrome, particularly in those with refractory respiratory failure 
requiring extracorporeal membrane oxygenation support. Given the pathophysiologic particularity of severe 
acute respiratory syndrome coronavirus (SARS-CoV-2) infection to be associated with a high incidence of 
thrombotic microangiopathy-induced increase in the pulmonary resistance, echocardiography can improve 
the selection of temporary mechanical cardio-respiratory support strategies and can therefore contribute to 
the reduction of mortality rates. On the whole, the review aims to provide a theoretical and practical basis for 
those who are or intend in the future to be engaged in this highly demanding field.
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Introduction

Regardless of whether pulmonary hypertension (PH) results 
from an increase in pulmonary venous pressure in left-sided 
heart diseases, or by pulmonary vascular remodeling and/
or obstruction in the precapillary pulmonary vasculature, 
progression of overload-induced right ventricular (RV) 
dysfunction and its final transition into right-sided heart 
failure (HF) usually remains one of the main causes 
of mortality associated with PH (1-3). Both limited 
adaptation of RV function to increased afterload and the 
hardly predictable transition of adaptive responses into 
pathological maladaptive remodeling necessitate a close 
monitoring of the right-sided heart (2,3). Being particularly 
suited for close non-invasive monitoring of the right-sided 
heart, routine echocardiography becomes mandatory for 
the surveillance of patients with severe PH, and also highly 
beneficial in both the therapeutic decision-making and the 
evaluation of therapy results (4-8). 

This article provides an overview on the current 
state of knowledge on the pathophysiological insights 
of heart-lung interactions with relevant impact on the 
clinical management of patients with PH of different 
etiology, as well as the diagnostic and prognostic value 
of echocardiography for monitoring the RV responses to 
pressure overload. Particular consideration is given to the 
usefulness and limitations of echocardiography for the 
prediction of life-threatening aggravation of RV dysfunction 
in transplant (Tx) candidates with precapillary PH, as well 
as the preoperative prediction of postoperative RV failure 
(RVF) in patients with primary end-stage left ventricle 
(LV) failure necessitating heart transplantation (HTx) or 
a LV mechanical support by an assist device (LVAD). In 
Tx candidates with severe refractory pulmonary arterial 
hypertension (PAH), a reliable prediction of impending RV 
decompensation can contribute to reduce both the mortality 
risk on the Tx list and the early post-Tx complications 
caused by severe RV dysfunction, and also to avoid the 
necessity of combined heart and lung Tx (8). In addition, 
the review will also focus on the clinical value of closely 
monitoring of the right-sided heart by echocardiography in 
patients with acute respiratory distress syndrome (ARDS), 
particularly in those with refractory respiratory failure 
requiring extracorporeal membrane oxygenation (ECMO) 
support. Given the pathophysiologic particularities of severe 
acute respiratory syndrome coronavirus (SARS-CoV-2) 
pulmonary infection, characterized by a high prevalence of 
a widespread thrombotic microangiopathy associated with 

increasing flow resistance in the pulmonary circulation 
and afterload-induced RV dysfunction, it is not surprising 
that in coronavirus disease (COVID-19) related ARDS, 
RV dilation and dysfunction were found independently 
associated with a significant increase in mortality risk  
(9-12). In patients with refractory COVID-19-related 
ARDS, echocardiography can improve the selection of 
temporary mechanical support strategies (e.g., veno-venous 
ECMO, veno-arterial ECMO or even veno-arterial ECMO 
plus temporary mechanical RV support) (10,13). 

Ventricular myocardial pump function

Right versus left ventricle: common features and 
particularities

Optimal heart function depends mainly on cardiac myocyte 
contractile abilities and the hemodynamic load that needs 
to be overcome (i.e., preload and afterload), but is also 
affected by valvular function, ventricular interdependence, 
synchrony of myocardial contraction, cardiac rhythm, and 
pericardial restriction (2,3,13).

Providing sufficient cardiac output (CO) to maintain 
an optimal blood flow to all organ systems is the primary 
function of the LV, whereas the primary of role RV function 
is to sustain an effective CO by minimizing the impedance 
to systemic venous return to the heart while also not 
limiting LV filling (14).

Systolic ventricular failure can be induced by both 
cardiac diseases and overload. Initially, the increasing 
stretching of myocardial fibers induced by the rising 
intraventricular end-diastolic pressure (EDP) as a 
consequence of stroke volume (SV) reduction, initiates 
important compensatory responses like increase in 
myocardial contraction force (Frank-Starling Law) and 
cardio-myocyte hypertrophy (3,15,16). Additionally, 
neurohormonal responses to the reduced CO aiming 
at maintaining the perfusion of vital organs (especially 
sympathetic activation and renin-angiotensin-aldosterone 
system activation associated with an increase of the systemic 
vascular resistance and the renal salt and water retention, 
respectively), act initially also as compensatory measures 
(16,17). However, continuous ventricular overloading 
will ultimately trigger the development of a pathologic 
(maladaptive) remodeling with ongoing deterioration of 
systolic function accompanied by ventricular geometry 
alterations, as well as by a rise in ventricular wall stiffness 
(16-18). With the advancement of geometry alterations, the 
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ventricle must generate correspondingly higher wall tension 
to preserve the systolic pressure in order to prevent further 
reduction of the CO. However, the higher wall tension 
reduces the coronary blood flow and increases at the same 
time the energy expenditure of the overloaded ventricle 
(17,18). Ventricular size and geometry changes also cause 
atrioventricular valve ring changes with subsequent 
secondary regurgitation associated with aggravation of 
ventricular volume overloading and further reduction 
of the forward stroke volume (SVf) (18). Ventricular 
overstretching also overrides the Frank-Starling adaptive 
response and triggers a continuous reduction of ventricular 
compliance, thus generating also a progressive diastolic 
malfunction accompanied by substantial aggravation of 
both the clinical phenotype and the severity of ventricular 
dysfunction (17,18). Therefore, with disease progression, 
both systolic and diastolic dysfunction, contribute in an 
interconnected manner to the severity and the progression 
and of ventricular failure. 

When assessing the RV, certain anatomical and 
functional particularities, especially its irregular shape and 
inhomogeneous contraction should be considered, because 
the RV is anatomically and functionally quite different from 
the LV (19). Thus, the three anatomical RV components 
(i.e., inlet, outlet and apex) contribute differently to the 
ejection. In addition, the heterogeneity regarding the 
ventricular mechanics (including its timing), even in healthy 
persons, complicates the RV investigations (16). Given the 
existence of a relevant ventricular interdependence, the RV 
pump function is also related to the LV function. Thus, via 
the crista supraventricularis which enables the transmission 
of the ventricular septum contraction to the RV free wall 
(RVFW) with simultaneous narrowing of the tricuspid valve 
(TV) ring, the LV contraction promotes both the RV pump 
function and the TV competence (19,20). Thanks to this 
interdependence, the LV can contribute for about 30% of 
systolic pressure generation in the RV, and LV contraction 
can generate up to 40% of both RV-SV and pulmonary 
flow (19,20). Being mainly a “volume pump”, the compliant 
RV with his particularly thin walls tolerates better volume 
overload than pressure load and is therefore, compared 
to the LV, much more sensitive to high afterload (16,19). 
Because of the particularly high load dependency of RV 
pump function, the pressure overloading-induced spherical 
dilation associated with high wall tension induced reduction 
of coronary blood flow with consequent systolic dysfunction 
arise much earlier in the RV than in the LV (8,19). The 
fact that differently from the LV the RV coronary blood 

flow occurs during the systole and not during the diastole 
also contributes to the much less adaptability of the RV to 
increased afterload (14). 

Because of the different orientation of myocardial fibers 
in the RV inflow and outflow region, these two regions 
contract perpendicularly to each other (i.e., longitudinally 
at the inflow part and circumferentially at the outflow part) 
(3,16). Because, overall, the RV myocytes are predominantly  
oriented longitudinally, the RV contraction pattern 
is normally characterized by a mainly longitudinal 
shortening (14,16,20). Thus, the longitudinal shortening 
of the subendocardial myocytes accounts for about 
75% of normal RV contraction (21). Whereas early  
RV-pulmonary arterial (RV-PA) uncoupling is associated 
with reduced longitudinal function, advanced RV-PA 
uncoupling appeared associated with a risk-related reduced 
anteroposterior RV wall movement due to the higher 
contribution of the circumferentially orientated myocardial 
fibers in the outflow part (22). All this explains the reduced 
adaptive capacity to increased afterload of the RV in 
comparison to the LV. From a physiological point of view, 
this more reduced adaptability is essential for ensuring the 
appropriate „matching“ of RV and LV outputs because any 
discrepancy, no matter how small, cannot be sustained. 
Even a short-term higher RV output, meaning that more 
blood will be introduced into the pulmonary vasculature 
than it will be removed can have immediate life-threatening 
consequences, depending on the extent of the mismatch. 

Diastolic function also differs between the ventricles. 
In comparison to the LV, the thinner RV walls are more 
distensible and their higher compliance allows relatively 
large changes in the RV volume without functionally 
relevant changes in the filling pressure (19,20).

Right ventricle responses to pressure overload

Under normal conditions, the RV coupling with the 
pulmonary circulation, which is necessary for maintaining 
a continuous adequate blood flow in the pulmonary 
arteries, occurs in an energy efficient manner due to the 
low resistance to blood flow in the highly compliant low 
pressure pulmonary circulation (19). 

RV adaptation to pressure overload depends on the 
intrinsic RV myocardial contractility, the adaptability of the 
myocardium to sustained abnormally high wall stress, as 
well as the progression rate (e.g., chronic steadily increase or 
acutely occurring massive increase in the resistance against 
blood flow in the lung vessels), duration and severity of the 
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pressure overloading (5,19). The early adaptation response 
to ongoing pressure overload is mainly realized by an 
increase in myocardial mass and contractility (i.e., adaptive 
hypertrophy) enabled by an upregulation of subcellular 
organelles (e.g., sarcolemma, sarcoplasmic reticulum, 
myofibrils, and mitochondria), which aimed to minimize 
the wall stress for the RV undergoing an abnormally high 
workload (homeometric adaptation) (3,23). In this adaptive 
state, RV-PA coupling, CO, ejection fraction (EF), and 
exercise capacity are maintained (3). However, myocyte 
hypertrophy leads to increased RV diastolic pressure, which 
indicates that increased RV contractile function occurs at 
the cost of an alteration of its diastolic function (3). The 
progression of pressure overloading eventually exhausts the 
homeometric adaptation and induces a transition of the RV 
to a heterometric “adaptation” where the RV dilates and 
uncoupling occurs because its contractility fails to match 
the afterload (3).

In the course of time, there were identified various 
stages of adaptive and maladaptive RV remodeling. The 
maladaptive RV remodeling passes through further 
stages of reversible and irreversible RVF. The adaptive 
and maladaptive myocardial changes are not completely 
different reactions to overloading. There seems to be a 
succession of different phases during the course of RV 
adaptation before its adaptability becomes exhausted (24). 
However, the basic pathophysiological processes involved in 
the transition toward RVF are not fully clarified.

Several processes have been associated with either 
adaptive or maladaptive RV phenotypes (e.g., capillary 
rarefaction, metabolic shift from oxidative metabolism 
toward glycolysis and sympathetic hyperactivity, and 
fibrosis). In end-stage RVF, experimental data suggest a 
larger contribution of interstitial fibrosis to total stiffness, 
whereas cardiomyocyte stiffening may play a larger role 
in earlier stages (25). Prolonged activation of adaptive 
mechanisms, particularly in association with a progressive 
increase of hemodynamic overloading, eventually leads 
to RV diastolic stiffness, mitochondrial dysfunction, and 
ischemia, followed by irreversible RVF. Given that the 
adaptability of the right ventricle to high afterload varies 
greatly among different patients, the transition to right-
sided HF remains difficult to predict (24).

After full exhaustion of its adaptive abilities to 
overcome the persistently high resistance in the pulmonary 
circulation, the RV responses to high afterload exhibit more 
often a transition to pathological myocardial hypertrophy 
associated with a decrease in myocardial blood supply 

due to the reduced capillary density, plus downregulation 
of the above mentioned subcellular activities. Ca2+-
handling abnormalities, oxidative stress, inflammation, 
and cardiomyocyte apoptosis appeared critically involved 
in the depression of contractile function in patients with 
pathological hypertrophy (23,26).

The adaptability of a pressure overloaded RV is mainly 
reflected by its ability to develop high systolic pressures 
without relevant alterations in its cavity size and geometry 
(8,27). As long as a pressure overloaded RV with reduced 
output remains able to increase significantly its systolic 
pressure in response to increased afterload, without relevant 
geometry alterations and/or aggravation of a preexisting 
tricuspid regurgitation (TR) grade ≤2, its adaptability to 
afterload increase is preserved, and the reduction of its 
afterload can normalize the output (5,27). Thus, even in 
the presence of severe secondary RVF, patients with end-
stage refractory LV failure who necessitate a LVAD support 
usually do not need a long-term biventricular VAD (BiVAD) 
support before the adaptability of the RV to high afterload 
becomes irreversibly impaired by ongoing maladaptive 
structural and functional alterations (27-29). Figure 1 shows 
the major pathophysiologic steps during the development of 
non-reversible secondary RVF in patients with advanced LV 
failure.

PH may be initially postcapillary (i.e., resulting from 
left-sided heart diseases-induced increase in pulmonary 
venous pressure), or precapillary (caused by continuous 
vasoconstriction and vascular remodeling in the distal 
pulmonary arterial tree) leading to increase in the 
pulmonary vascular resistance (PVR) (30). PH related to 
left HF [World Health Organization (WHO) group 2 PH] 
which is by far the most frequent form of PH worldwide 
(representing over 50% of all cases of PH) is the most 
common cause of secondary RVF (1,31,32). Starting as an 
isolated postcapillary PH, with aggravation of the left-sided 
HF and subsequent development of a reactive increase in 
the precapillary PVR, as soon as the latter becomes out 
of proportion to the increase in the pulmonary venous 
pressure, the PH will eventually turn into a combined 
precapillary and postcapillary PH associated with life-
threatening biventricular HF (33). Among the precapillary 
PH types, the prognostically most relevant subtypes are 
the chronic thromboembolic PH and the PH caused by 
pulmonary artery obstructions (WHO group 4), the PH 
caused by lung diseases and hypoxemia (WHO group 3), 
and the less common but clinically highly important PAH 
subtypes belonging to the WHO group 1 (33). As shown 
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in Figure 2, the pathophysiological mechanisms involved 
in the development of high afterload-induced RVF are 
similar, irrespective of the causes or the mechanisms that 
have contributed to the rise of the resistance to the blood 
flow in the pulmonary circulation. When assessing the 
RV overload in PH of different etiologies it is useful to 
consider in addition to the PVR also the contribution of 
other mechanical mechanisms involved in the RV pressure 
overloading like the dynamic opposition of the pulmonary 
circulation due to pulsatile blood pressure/flow (34). 
Experimental studies on the effect of PA collagen content 
on pulsatile RV afterload and on RV hypertrophy in early 
hypoxic PH revealed a significant correlation between 
pulse pressure and RV hypertrophy (34). In prevalent PAH 
patients, the severity of proximal PA remodeling is related 
to the risk stratification and associated with PA compliance 
and RV-PA coupling impairment beyond the indirect effect 
of the mean PA pressure (35). 

In contrast to the above mentioned types of PH, where a 

not previously damaged RV can improve its pump function 
within certain limits allowing different degrees of adaptation 
to unphysiologically high afterload, in a relatively high 
proportion of patients with refractory COVID-19-related 
ARDS associated with an acute RV pressure overloading 
inducing widespread thrombotic microangiopathy, 
the RV becomes unable to provide a vitally necessary 
transpulmonary blood flow (10,36,37). This explains the 
high incidence of RV dilatation (up to 70%) in hospitalized 
patients, the high prevalence (up to 50%) of RV-PA 
uncoupling in patients necessitating intensive care, and the 
very high mortality rates (i.e., 54–85%) in patients with 
COVID-19-related ARDS (36,38-40). 

Evaluation of the right ventricle by 
echocardiography

Since RV function was identified as an important prognostic 
predictor in congestive HF and PH of various etiologies 

↓↓

Precapillary PH Congestive HF due to  
primary impaired LV function

Adaptive‡ ↑ 
of contractility 

↑ LV and LA filling pressures transmitted 
to the pulmonary veins which increase the 
postcapillary pulmonary vascular resistance  

↑ Resistance of pulmonary circulation

Reactive ↑ of precapillary resistance* 

RV and TVAnn dilation
+ geometry changes

Secondary TR

Adaptability exhaustion and
transition to maladaptive remodeling

↑ RV afterload

↑ RV preload

↑ RV wall tension

RV ischemia 
↓ RV contractility

(reversible)

RVF  
(irreversible)

↓ RV contractility
(irreversible)

Apoptosis, fibrosis,
irreversible RV remodeling

RV-PA uncoupling
with reversible

RVF

Figure 1 Major pathophysiological mechanisms involved in the development of high afterload-induced right ventricular failure. The arrows 
inside the boxes indicate increase (↑) or decrease (↓). Green lettering and green arrows in and outside the box indicate favorable (adaptive) 
responses. Blue-green lettering in the boxes indicates reversibility of alterations. *, initially a protective mechanism against pulmonary 
edema. ‡, Frank-Starling mechanism and adaptive myocardial hypertrophy. PH, pulmonary hypertension; LV, left ventricle; LA, left atrium; 
HF, heart failure; RV, right ventricle; TVAnn, tricuspid valve annulus; TR, tricuspid regurgitation; RVF, RV failure.
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and, in particular, since durable mechanical assistance of 
the LV has been more frequently used as a vital therapy 
for end-stage HF, comprehensive evaluation of the right-
sided heart has gained a growing importance. At the present 
time echocardiography is one of the major tools for the 
assessment of the right-sided heart. It should be considered, 
however, that RV morphological and functional alterations 
cannot be evaluated simply by extrapolating the expertise 
obtained from the more intensive echocardiographic 
assessment of the LV, because of specific challenges and 
limits related to the RV assessment by this important non-
invasive technique. Due to the complex 3-dimensional RV 
shape and the limited imaging window, the poor definition 
of its endocardial surface, the differing complexity 
of the contraction-relaxation mechanism among the 
main RV anatomical components the influence of LV 

size, geometry and function on RV anatomy and pump 
function, plus the characteristically high sensitivity of 
the RV its loading conditions, accurate interpretations of 
echocardiographic findings remained quite challenging. 
Table 1 gives an overview of the normal values for the major 
echocardiographic parameters used for evaluations of right 
atrial (RA) and RV geometry, size and function (41-45). 

Assessment of RV size and geometry

Due to its anatomical particularities and because its dilation 
can take place both globally and regionally, the assessment 
of the RV by transthoracic echocardiography (TTE) 
necessitates in addition to the standard views also the use of 
certain specific short and long axis views. 

The apical 4-chamber view is essential for RV size 

Figure 2 Key pathophysiologic steps in the development of non-reversible secondary right ventricular failure in patients with advanced 
left ventricular failure. The arrows inside the boxes indicate increase (↑) or decrease (↓). LVEDP, left ventricular end-diastolic pressure; 
VP, venous pressure; PVR, pulmonary vascular resistance; RV, right ventricle; TR, tricuspid regurgitation; PA, pulmonary artery; RVF, RV 
failure; SV, stroke volume.

Left ventricular failure

Imbalanced excessive neurohumoral
and inflammatory activation

RV chronic 
pressure overload 

RV chronic 
volume overload  

↑ Renal retention of 
Na+ and H2O

↓ Cardiac output 

Pulmonary vasoconstriction 
and vascular remodeling

↑ LVEDP
↑ Pulmonary VP

↑ PVR
(↑ RV afterload)

Adverse 
RV remodeling RV ischemia ↑ RV wall tension

↑ TR

Excessive 
RV dilation 

↓ RV contractility 
with ↓↓ of RV-SV

RV-PA uncoupling
Reversible RVF

Non-reversible RV failure

Adaptive 
RV remodeling 
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Table 1 Normal values of the major echocardiographic parameters used for the evaluation of right atrial and right ventricular size, geometry and 
function (41-45)

Echocardiographic parameters
Normal values

Men Women

RV base/BSA (mm/m2 BSA) 19.2±3.1 18.9±2.5

RV mid/BSA (mm/m2 BSA) 16.1±3.2 15.2±2.7

RV length/BSA (mm/m2 BSA) 39.0±4.8 40.6±5.0

RVOT prox. PLAX (mm) 33±5 31±4

RVOT prox. SAX (mm) 32±4 31±4

RVAdi (cm2/m2 BSA) 10.7±2.3 9.2±2.6

RVAsi (cm2/m2 BSA) 6.1±1.3 5.1±0.09

3D EDV (mL/m2 BSA) 61.3±12.3 54.0±10.4

3D ESV (mL/m2 BSA ) 26.0±6.2 22.5±4.9

RV FAC (%) 43.0±4.0 44.3±4.0

41.4±7.7 44.0±6.8

3D EF (%) 57.5±4.1 58.4±4.3

TAPSE (mm) 23.7± 4.1 22.5±4.3

26±4 26±4

RVS' (cm/s) 14.7±2.6 13.6±2.3

2D-RVFWLS (%) −26.7±5.2 −27.5±5.5

−26.9 (−28.0 to −25.9) 

2D-RVGLS (%) −21.7±3.4 −22.3±3.5

−23.4 (−24.2 to −22.6)

2D-RVFWLSR (s−1) −1.58 (−1.88 to −1.29

2D-RVGLSR (s−1) −1.45 (−1.59 to −1.31)

3D-RVFWLS (%) −25.5 (−28.6 to −22.3)

3D-RVGLS (%) −21.3 (−24.6 to −17.9)

RA area (cm²/m2 BSA) 8.9±1.6 8.8±1.3

RA length (cm/m2 BSA ) 2.5±0.3 2.7±0.3

2D-RA strain (%) 

Reservoir phase 42.7 (39.4 to 45.9)

Conduit phase 23.6 (20.7 to 26.6)

Contraction phase 16.1 (13.6 to 18.6)

2D-RA strain rate (s−1)

Reservoir phase 2.1 (2.0 to 2.1)

Conduit phase −1.9 (−2.2 to −1.7)

Contraction phase −1.8 (−2.0 to −1.5)

SPAP (mmHg) 23.2±4.4

Data are presented as mean ± standard deviation or median (interquartile range). RV, right ventricle; BSA, body surface area; RVOT, 
RV outflow tract; PLAX, parasternal long axis; SAX, short axis; RVAdi, RV diastolic area index; RVAsi, RV systolic area index; EDV, end-
diastolic volume; ESV, end-systolic volume; FAC, fractional area change; EF, ejection fraction; TAPSE, lateral tricuspid annulus peak systolic 
excursion; RVFWLS, RV free wall longitudinal strain; RVGLS, RV global longitudinal strain; RVFWLSR, RV global longitudinal strain rate; 
RVGLSR, RV global longitudinal strain rate; RA, right atrium; SPAP, systolic pulmonary arterial pressure.
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measurements. However, these measurements necessitate 
an optimal visualization of the RVFW and the lateral TV 
ring. Therefore, dedicated RV-focused apical 4-chamber 
views become frequently indispensable, but it is necessary 
to maintain a true 4-chamber view in order to obviate the 
risk of measurements errors. In patients with normal LV 
size, the RV size can be roughly evaluated by the RV to LV 
area ratio (normal value: <0.66) (20). Subcostal views can 
be helpful in patients with inadequate apical images of the 
RV. However, the challenges in defining the RV antero-
posterior plane from these views can generate incorrect 
measurements of RV size (20).

Parasternal views enable the measurements of the 
RV outflow tract (RVOT) but, in long-axis views, the 
measurements can vary up to 40%, depending on the 
patient position during the obtainment of the RVOT 
images (20). LV dilation can induce misguiding reductions 
in the visible RVOT size in the parasternal long-axis view 
by modifying its spatial position (rotation out of the section 
plane) (46). The RVOT measurements should therefore 
be performed in both parasternal views (i.e., long-axis 
and short-axis view). For RV dimensions and RV area 
measurements acquired in the apical 4-chamber view, as 
well as for the RVOT dimensions acquired in parasternal 
views, the recommended reference values for 2D-TTE-
derived RV size measurements in adults reveal large 
differences between the lower and upper values (20,47). 
Measurements of RV size can also vary with slight rotation 
or tilting the transducer and should be therefore carried out 
only in the recommended standard views (46). However, 
the lack of accurate anatomic landmarks to define the RV 
standard views can induce both under- and overestimation 
of the actual RV size (46,47).

The lack of relevant options for reliable measurements 
of  the RV end-systol ic  and end-diastol ic  volume 
(ESV and EDV, respectively) is a major limitation of 
2D-echocardiography (46,47).

Because of their low reproducibility and poor reliability, 
RV volume estimations by 2D-echocardiography are not 
anymore recommended for practical utilization (20,47). 
Because 3D-echocardiography obviates geometric 
assumptions, 3D-TTE is more reliable for RV volume 
measurements. 3D-TTE-derived RV volume measurements 
showed good correlations with cardiac magnetic resonance 
imaging (MRI) derived RV volume calculations (20,48). 
Nevertheless, the 3D-TTE-derived reference values for RV 
normal EDV and ESV index values recommended by the 
guidelines for adult persons, show large differences between 

the lower and upper values especially for the ESV index 
(i.e., 12–45 mL/m2) (20,47). The EDV, ESV and SV values 
obtained by means of real-time 3D-echocardiography- 
can also be significantly lower than those provided by 
MRI (48). Thus, even though there were made further 
progresses during the last years in the validation of 
2D-echocardiography measurements and there were 
recently also several advancements in 3D-echocardiography 
techniques, there are still important challenges to be met in 
the future in order to achieve a better TTE-assessment of 
RV anatomy. 

The importance of transesophageal echocardiography 
(TEE) for evaluation of the RV is mostly hampered by the 
limited movement of the transducer in the esophagus and the 
position of the RV in the far field (20). The most commonly 
selected TEE-view for the measurements of RV size and 
volume is a modified 4-chamber view, obtainable from the 
mid-esophagus in the transverse plane (i.e., imaging angle 0°). 
Regarding this, it must be taken into account that this view 
of the RV is foreshortened and can therefore not represent 
the real size of the ventricle (20,49). RV size measurements 
performed during TEE should thus be interpreted with 
caution. A long-axis view, which includes both inflow and 
outflow segments of the RV, can often be gained from 
transgastric longitudinal scans. Due to its limitations, 
in obtaining appropriate RV images, this semi-invasive 
diagnostic modality is less suitable for routine examinations 
focussed more particularly on evaluation of the RV size and 
geometry, especially in the presence of an appropriate TTE 
image quality (46). This viewpoint is also strengthened 
by the significant correlation between 3D-TTE- and 
3D-TEE-derived RV volume measurements (50) .  
However, TEE (especially real-time 3D-TEE) can be 
beneficial for the evaluation of RV size, geometry and volume 
in intensive care units for patients with poor TTE image 
quality or in the operation room for patients undergoing 
cardiac surgery (50). 

Assessment of RV function 

Assessment of RV function by echocardiography is even 
more challenging than the already difficult assessment 
of RV anatomy, and the interpretation of functional 
parameters can often be highly challenging. 

Assessment of systolic function
The complex RV geometry does not enable reliable RV 
volume estimations from 2D-echocardiography-derived 
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images. Accordingly, the conventional calculation of the 
EF becomes also unreliable and, therefore, the use of 
2D-echocardiography-derived RVEF estimations is no 
longer recommended (20,46,47,51,52). 

The 3D-echocardiography is superior to standard 
2D-echocardiography for estimation of RVEF and 
the 3D-derived RVEF showed also close correlations 
with the MRI-derived RVEF (20,47,53,54). However, 
3D-echocardiography is technically challenging and yet not 
widely available (20,47). Single-beat 3D-echocardiography 
appeared also useful for RVEF estimation in patients with 
atrial fibrillation, but there is a risk of EF underestimation 
(55). Finally, it should not be forgotten that even the most 
reliable RVEF measurements do not alter the fact that because 
of its high afterload dependency, the RVEF is not an index of 
myocardial contractility (56). 

D e s p i t e  i t s  a f o r e m e n t i o n e d  l i m i t a t i o n s , 
2D-echocardiography remains highly useful for the 
evaluation of RV pump function because it enables 
assessments of other parameters like the RV fractional area-
change (FACRV) and the lateral TA peak systolic excursion 
(TAPSE), which can reveal functional details comparable to 
those provided by the EF (46,57).

Both TAPSE and FAC RV require  no geometric 
assumptions and TAPSE has additionally the advantage to 
be measurable even in patients with reduced image quality 
(8,20,58). FACRV measurements revealed large interobserver 
and intraobserver variability and can be impaired by less 
optimal endocardial definition (particularly during the 
systole) (20,57). FACRV does not incorporate the contribution 
of the RVOT to ejection and can overestimate the global 
RV systolic function under certain clinical conditions (59). 
TAPSE measurements are highly angle dependent and also 
affected by LV function and overall heart motion (20,57). An 
additional limitation of TAPSE is also the gross simplification 
of its diagnostic value in assuming that displacement of a 
single wall segment could actually represent the contractile 
function of a complex 3D structure (20,47). Regarding this, it 
is important to take into consideration that TAPSE does not 
incorporate the contribution of the interventricular septum 
and that of the RVOT to the overall RV systolic performance 
(59,60). These limitations could explain the poor correlation 
between the TTE- and MRI-derived TAPSE measurements 
(52,61).

The major impediment to a reliable use of RVEF, FACRV 
and TAPSE is the fact that because of their high load 
dependency, they can change without any changes in the 
RV myocardial contractility. Thus, they will decrease with 

increasing PVR even if the myocardial contractility remains 
unchanged (8,46). TR can cause RVEF, FACRV and TAPSE 
changes which can become misleading for assessment of RV 
contractile function and can also impair the timely detection 
of a progressive worsening of RV myocardial contractility 
( i .e. ,  reduction of responses to a given afterload) 
(20,46,56,62). Thus, TR can cause overestimation of RV 
contractile function by making the RVFW longitudinal and 
transversal (inward) motion easier due to the possibility of 
the RV ejecting a higher volume of blood during (i.e., SVf 
+ regurgitant flow) the systole which will correspondingly 
also increase the RVEF, FACRV and TAPSE values (8). 
Severe TR has also potentially misleading effects on the 
relationship between TAPSE and RVEF (i.e., worsening the 
correlation between them) (62). 

TAPSE is also quantifiable by TEE in the midesophageal 
4-chamber and deep transgastric RV view at 0° using 
the anatomical M-mode, where there can be a good 
agreement between 2D-TTE- and 2D-TEE-derived  
measurements (63). The deep transgastric RV long-axis 
view often underestimates the TAPSE (63). The RVOT 
fractional shortening derived from 2D-TTE measurements, 
which correlates well with longitudinal RV function, 
pulmonary arterial pressure (PAP) and RV-PA pressure 
gradient (∆PRV-RA) can also be used for evaluation of RV 
systolic function (60,64,65). 

Doppler-derived indices like the RV myocardial 
performance index (MPIRV) and the rate of RV pressure 
rise (dp/dt), which both are not influenced by RV 
geometry, appeared also useful for the evaluation of RV 
systolic function. Although the TR-derived dp/dt ratio 
obtained from continuous-wave (CW) Doppler-derived 
measurements are easily calculable, their clinical usefulness is 
limited by the angle and load dependency of measurements, 
as well as by the lack of reliable normative data (20,47,61). 
RV dp/dt becomes also less accurate in the presence of 
severe TR because of the neglect of the inertial component 
of the Bernoulli equation as well as due to the increasing RA 
pressure (47). Indexing dp/dt to the peak systolic pressure 
can reduce the dependence on angle and preload (20,66). 
Calculations of the pulsed wave (PW) Doppler-derived RV-
MPI is impaired by the impossibility to obtain the required 
measurements from a single cardiac cycle. Therefore, 
tissue Doppler imaging (TDI) is increasingly used for MPI 
calculation. However, the correlation between the two 
MPI calculation methods is poor and the normal values 
differ on the basis of the method chosen (47,54). Afterload 
dependence and the alteration of MPI values by severe TR 
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are other important limitations for the use of this index in 
the evaluation of RV myocardial contractile function (8,67). 
MPI also becomes unreliable in the presence of high RA 
pressure. (47,68). A pseudonormalization of the MPI in 
acute RVF induced by RV myocardial infarction has also 
reported (68). All these have led to the exclusion of MPI as 
a sole quantitative method for evaluation of RV function in 
current guidelines (47). 

The TR duration corrected for heart rate (TRDc) 
considered as a surrogate for early systolic equalization 
of RV and RA pressure, was also found beneficial for the 
evaluation of RV pump function. A reduced TRDc in 
patients with congestive heart failure (CHF) before LVAD 
implantation was identified as a significant risk factor for 
RVF during LVAD support (69). 

TDI can be particularly useful for the assessment of 
RV contractile function (70). An important limitation, in 
addition to the angle dependency of all TDI measurements, 
is the fixed position of the sample volume which does not 
enable the tracking of the surveyed area as it moves during 
the cardiac cycle and with respiration (60,70). Despite this, 
several measurements like the lateral TA peak systolic wall 
motion velocity (TAPS'), the RV isovolumic contraction 
peak velocity (IVCV) and the RV isovolumic acceleration 
(IVA) were found suitable for the assessment of RV systolic 
function (20,71-73). An important advantage of IVA (i.e., 
IVCV divided by the time-to-peak velocity), is its lower load 
dependency. Nevertheless, the lack of validated reference 
values and, even more importantly, the misleading adverse 
effect of TR on RV-IVCV limit its practical usability 
(20,47,72). IVA measurements were also found dependent 
on heart rate and patient age (47). During the isovolumic 
contraction, RV wall motion can also be influenced by 
the LV contraction (e.g., traction of the RVFW at the 
attachment points to the LV) (58,74). In comparison with 
the LV, the RV wall motion evaluation by conventional 
echocardiography is more challenging because RV radial 
thickening and circumferential shortening are less marked 
than the longitudinal shortening and are therefore more 
often unable to generate a clearly visible RVFW inward 
movement, whereas longitudinal shortening is generally 
badly assessable with the naked eye. 

A major limitation of wall motion (i.e., displacement and 
velocity) assessment by conventional echocardiography, 
regardless of whether the evaluated chamber is the LV 
or RV, is the fact that these techniques are unable to 
distinguish between active and passive movement of a 
certain myocardial segment (58,70,74). These limitations 

can be overcome by speckle-tracking strain imaging. 
Unlike wall motion, the myocardial deformation (i.e., 
strain) is unaffected by the motion of the entire heart and 
deformation analysis by strain and strain rate imaging allows 
not only the quantification of the myocardial deformation 
and deformation velocity, but also the distinction between 
active and passive movement of the myocardial tissue 
in different ventricular wall segments (46,58,70). The 
speckle-tracking echocardiography (STE) derived strain 
imaging parameters, which are also angle independent can 
be therefore particularly useful for the evaluation of RV 
contractile function (46,75). The RV global and RVFW 
peak systolic longitudinal strain and strain rate were found 
particularly beneficial for the evaluation of RV systolic 
function and they revealed also significant prognostic value 
with regard to individual risks for cardiovascular morbidity 
and mortality (76-78). The peak systolic longitudinal strain 
of the basal RVFW revealed high sensitivity and specificity 
for prediction of RVF after LVAD implantation (79). Strain 
and strain rate parameters appeared also beneficial for the 
evaluation of RV intraventricular dyssynchrony, a new and 
very promising attempt to improve the evaluation of RV 
dysfunction in patients with different cardiopulmonary 
diseases (80,81). 

3D-STE appeared notably suitable for RV assessment 
because it allows also assessment of the relative contribution 
of the regional deformation heterogeneity to the global 
RV systolic function (80,82,83). The major limitations of 
STE are the high dependency on image quality, the rather 
modest temporal resolution and segmental reproducibility 
of measurements (especially for 3D-STE), as well as the 
unavoidable dependence of the individual measurements on 
the RV loading conditions (58,70). Both RV peak systolic 
longitudinal FW and global strain showed better correlation 
with MRI-derived RVEF measurements compared with 
conventional 2D-echocadiography-derived measurements 
like FACRV, TAPSE or TAPS' (61). The global peak systolic 
longitudinal RV strain revealed also a significant correlation 
with both the right heart catheterisation (RHC)-derived 
stroke work index (SWIRV) and the 6-min walk distance 
(6MWD) (84,85). In LVAD candidates, the RVFW 
longitudinal peak systolic strain appeared also predictive for 
RVF after LVAD implantation but the strain data revealed 
a high heterogeneity (86). For a correct interpretation of 
STE measurements, it is essential to consider always also 
their load dependency (70,87). In patients with PAH RV 
longitudinal strain and strain rate correlate not only with 
the 6MWD, but also with RHC-derived hemodynamic 
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measurements and, after therapy, the reduction of both 
mean PAP (mPAP) and PVR appeared associated with 
a significant increase of the RV longitudinal myocardial 
deformation parameter values (88). Due to the relative lack 
of reliable normative data and their insufficient validation, 
STE is still not routinely used in the clinical praxis for 
evaluation of RV contractile function (47).

The intraventricular asynchrony of contraction 
quantified by calculation of a RV systolic synchronicity 
index (SSIRV) appeared also useful for evaluation of both 
LV and RV systolic dysfunction in HTx and lung Tx 
candidates, respectively (8,88,89). The SSIRV is defined by 
the variation coefficient of the time between the start of 
RV depolarization and the peak of the systolic longitudinal 
strain curve in six wall segments as: SSIRV = TPSLSD/TPSLM, 
where TPSL is the time from QRS onset to the peak systolic 
longitudinal strain, whereas TPSLM and TPSLSD denote the 
mean value and the standard deviation of the measurements, 
respectively, in the six RV segments (8).

Assessment of diastolic function
RVF induced by pressure overload is ultimately the 
consequence of both systolic and diastolic RV dysfunction. 
Nevertheless, whereas RV systolic dysfunction has turned 
out to be an independent predictor of mortality in PH, 
diastolic dysfunction was not found to be an independent 
predictor of mortality in all studies (47,90). Given that 
the RV diastole takes place in several phases, it cannot be 
outlined by one single parameter and this makes the already 
highly challenging evaluation of RV diastolic function by 
echocardiography even more complicated (2). Nevertheless, 
certain RV diastolic parameters can be useful adjuncts in 
estimation of right-sided heart filling pressures, or for 
early detection of RV dysfunction when right-sided heart 
malfunction is strongly suspected but RV size and function 
still appear normal (47). Transtricuspid E/A flow ratio, 
tricuspid E/E' ratio and RA size are the best validated 
echocardiography-derived parameters for the evaluation of 
RV diastolic function (47). It should be taken into account 
that the impact of respiration, heart rate and preload changes 
on the transtricuspid flow velocities and the E/A ratio can 
induce misleading diastolic parameter changes (47,91).

Table 2 provides an overview of the most frequently 
used echocardiographic parameters for assessment of RV 
function, regarding their reliability and major limitations.

Quantification of functional TR
Given the deleterious impact of TR on RV size, geometry 

and pump function (i.e., RV volume overloading with 
spherical dilation and high wall tension plus reduction of 
the RV forward SV which reduces the CO), its significance 
as a major risk factor for an unfavorable outcome, as well 
as the negative and often also misleading impact on the 
echocardiographic evaluation of the RV, quantification of 
TR is a major goal in patients with RV dilation, particularly 
in those with an end-diastolic tricuspid annulus diameter 
>40 mm (or >21 mm/m2). The color Doppler allows 
detection and semi-quantification of TR estimated by the 
extent of the penetration of the TR jet into the RA and 
inferior vena cava, as well as the measurement of the vena 
contracta width (92). However, the latter is not valid for 
multiple TR jets and small errors in the measurement of the 
vena contracta can result in large errors in the estimation 
of TR (92,93). Quantitative measurements of TR severity 
include the effective regurgitant orifice area (EROA), the 
regurgitant volume (RegVol) and regurgitant fraction 
(RegFr), which allow a better risk stratification (93,94). 
Thus, given that the RV EDV − ESV = fSV + RegVol, 
the RegVol can be calculated by subtracting the fSV from 
the blood volume which leaves the RV during the systole, 
whereas the RegFr can be calculated by dividing the RegVol 
by the blood volume which leaves the RV during the systole. 
Finally, the EROA can be calculated by dividing the RegVol 
by the CW Doppler-derived TR velocity-time integral 
(56,93). These quantitative measurements necessitate the 
additional use of 3D-echocardiography for the RV EDV 
and ESV measurements. When 3D-echocardiography is not 
available for assessing the RV volumes, and especially with 
poor 2D-TTE imagines, cardiac MRI can be very useful in 
both LVAD candidates and PAH patients with relevant RV 
dilation and TR referred for lung Tx (92-94). 

Approaches and concepts for right ventricle assessment in 
relation to load

The high load-dependency of RV size, geometry and 
function confirms the necessity to consider this fundamental 
aspect in the interpretation of all collected data related 
to the evaluation of the right-sided heart. Given that no 
single echocardiography-derived parameter can reveal 
the entire picture of RV dysfunction, it is indispensable 
to carry out multiparametric evaluations and to adopt 
integrative approaches by utilizing parameter combinations 
which include also details about the RV loading conditions 
(16,95,96). During the last years, different parameter 
combinations related to different concepts like simple 
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Table 2 Reliability and major limitations of the most frequently used echocardiographic parameters for assessment of right ventricular function 

Parameters Reliability, challenges and limitations

RV ejection fraction 
(8,20,46,47,51,53-56,62)

• RV volume measurements necessary for EF calculations are difficult to obtain (require optimal imaging 
windows and image quality as well as high spatial resolution)

• RVEF calculation using 2D-ECHO-derived RV volume measurements is not reliable and this approach is 
therefore not recommendable for clinical use

• Although 3D-ECHO-derived volume measurements are more useful for RVEF calculation, the cut-off value 
between normal and reduced RV ejection is not fully validated, and can also be lower than those provided by 
MRI

• Misleadingly higher EF values in the presence of TR and the relevant impact of RV loading conditions on the 

EF limit its reliability for assessment of RV systolic function

FACRV (8,20,46,57,58) • Measurements require high spatial resolution and optimal RV endocardial definition; the inter- and intra-
observer variability can be relatively high

• Load dependency and misleading increase inducible by TR should be considered

TAPSE 
(8,20,46,47,52,57-63)

• Measurements are angle dependent; TEE measurements are challenging and can underestimate the RV 

contractile function; correlation with MRI-derived RVEF is poor

• Influenced by overall heart motion and LV function; measurements are load dependent and misleadingly 
affected by TR

• Describes only the displacement of a single wall segment

TAPS' (20,60,70) • Measurements are angle dependent and more difficult by TEE with often underestimation of contractile 
function; less load dependency compared to TAPSE and FACRV

RV dp/dt (20,47,66) • High load and angle dependency of measurements; insufficiently validated normative data; is less reliable in 
the presence of severe TR

TRDc (69) • In early stages of LV failure with high afterload-induced secondary RV dysfunction, increased TRDc is a 
risk factor for worse outcome. By contrast, in advanced stages, after transitory “pseudonormalisation”, 
reduced TRDc (reflecting RVF-induced increased RV filling pressure) predicts the worst outcome after LVAD 
implantation

MPIRV (8,47,54,60,67,68) • Can be calculated from PW and tissue Doppler measurements, but the obtained data are different

• Only tissue Doppler enables the taking of all the necessary measurements from one cardiac cycle

• A pseudo-normalization of the MPIRV in advanced RVF the adverse impact of afterload, as well as RV 
hypertrophy and severe TR can be misleading

IVCV and IVA  
(20,47,71-73)

• The lack of reliable reference values, the angle dependency of measurements, the impact of heart rate and 
simultaneous LV contraction on measurements and the negative impact of TR makes the interpretation 
of these parameters often challenging. By contrast, their only moderate load dependency can be a great 
advantage

RVSL and RVSrL 
(46,58,70,75-78)

• Measurements require good image quality and the relatively poor temporal resolution as well as the low segmental 
reproducibility of measurements (particularly with the use the 3D-speckle-tracking technique) should be taken 
into consideration.

• In contrast to the angle independent speckle-tracking derived data, the TDI-derived measurements are angle 
dependent

• The load dependency of measurements (particularly that of the strain parameters) must be taken into account 
during the interpretation of the measurements

E, A, E/A, E/E' (47,90,91) • Respiration, heart rate and preload changes, as well as relevant TR can induce misleading changes in these 
diastolic parameters

RV, right ventricle; EF, ejection fraction; MRI, magnetic resonance imaging; TR, tricuspid regurgitation; FACRV, RV fractional area change; 
TAPSE, lateral tricuspid annulus peak systolic excursion; TEE, transesophageal echocardiography; LV, left ventricle; TAPS', lateral tricuspid 
annulus peak systolic wall motion velocity; dp/dt, rate of RV pressure rise; TRDc, TR flow duration corrected for heart rate; RVF, RV failure; 
LVAD, LV assist device; MPIRV, RV myocardial performance index; PW, pulsed wave; IVCV, RV isovolumic contraction peak velocity; IVA, 
isovolumic acceleration; RVSL, RV longitudinal strain; RVSrL, RV longitudinal strain rate; TDI, tissue Doppler imaging.
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ratio of function and load, RV-PA coupling, or indices 
for assessing the RV ability to face abnormally high PVR 
have been proposed for evaluation of the RV adaptability 
to overloading (5,8,96). However, optimal integrative 
approaches necessitate both echocardiography-derived 
and RHC-derived variables, because most of the tested 
approaches based only on echocardiographic parameters 
appeared l imited due to the lack of more precise 
hemodynamic data. Accordingly, the RV stroke-work index 
(SWIRV), calculated from RHC-derived measurements, 
was found more reliable than several echocardiographic 
parameters which are currently used for the evaluation 
of the RV in end-stage CHF (97,98). There was also 
found only a weak correlation between the RHC-derived 
and the echocardiography-derived SWIRV values (97). 
Meanwhile, two simplified and easily calculable composite 
echocardiographic parameters were suggested as surrogates 
for the SWIRV (99,100). One of them, the “RV contraction-
pressure index” (RVCPI), which is calculated as RVCPI = 
TAPSE × ΔPRV–RA, where ΔPRV–RA is the pressure gradient 
between RV and RA, showed a strong correlation with 
the RHC-derived SWIRV and also a high sensitivity and 
specificity to predict a reduced SWIRV (99,101,102). In a 
prospective study on patients with acute decompensation 
of advanced CHF, multivariate analyses revealed the 
presence of a low RVCPI as the best predictor of outcome, 
whereas neither TAPSE or FACRV, nor TAPSE/systolic 
PAP or FACRV/systolic PAP revealed significant predictive  
values (101). The usefulness of the RVCPI as an independent 
predictor of short-term postoperative patient outcome 
(including RVF) after LVAD implantation was confirmed 
also more recently (102). The other echocardiography-
derived surrogate for the RHC-derived SWIRV referred to as 
“RV stroke work” (RVSW), also revealed a good correlation 
with the RHC-derived SWIRV (100). It incorporates the SV 
and load and is calculated as: RVSW = 4 × [TR jet peak 
velocity]2 × [pulmonary valve area × VTI], where VTI is 
the velocity-time integral of the systolic transpulmonary  
jet (100). 

During the last decade, certain echocardiography-
derived composite indices which integrate either the 
longitudinal ventricular wall displacement and afterload 
(i.e., TAPSE/systolic PAP and TAPSE/PVR) or the velocity 
of myocardial shortening and load (e.g., the “afterload-
corrected peak systolic longitudinal strain rate”) had also 
proved to be suited for the evaluation of RV contractile 
function (5,8,103-106). The TAPSE/systolic PAP ratio 
is an easier strategy to assess RV contraction by plotting 

longitudinal myocardial shortening vs. the force generated 
for overpowering the increased load (103-106). In essence, 
TAPSE/systolic PAP facilitates the valuation of RV 
contractile ability, which in turn can be helpful in both 
estimation of prognosis and therapeutic decision making. 
Based on its correlation with the invasively calculated RV 
systolic elastance/arterial elastance ratio (P<0001), TAPSE/
systolic PAP was also suggested as a non-invasive index of 
RV-PA coupling (106). Several larger clinical trials showed a 
high reproducibility of the necessary measurements and this 
index was also identified as a powerful predictor of mortality 
in patients with HF due to primary impaired LV function, 
as well as in patients with advanced PAH (69,96). However, 
the significant predictive value for mortality in patients 
with severe congestive HF could not be confirmed in all 
studies (101). Another simple echocardiography-derived 
composite variable which was suggested as a potentially 
useful index of RV-PA coupling is the RV ejection efficiency 
(RVEe), defined as RVEe = TAPSE/echoPVR (104). Using 
TAPSE as a surrogate for RV ejection and the echoPVR (i.e., 
PVR = TR peak velocity/RVOT velocity-time integral) as 
surrogate for the RHC-derived PVR, the RVEe becomes 
easily calculable. The reliability of PVR measurement 
by echocardiography was for a long period of time a 
controversial issue (47,104,107). However, evaluations of 
data from five validation studies yielded a good correlation 
between RHC-derived and the echocardiography-derived 
PVR measurements (108). Thus, the determination of the 
echocardiography-derived RVEe might be helpful for the 
assessment of RV systolic function. However, additional 
studies are warranted to establish whether the RVEe index 
can be really useful for RV evaluation. A limitation of this 
index is its decreasing reliability with the increase of the 
TR in patients with high afterload-induced severe RV 
dilation. It is well established that severe TR is a significant 
confounding factor that can affect the use of TAPSE for 
assessing RV function (20,46,56,62). 

The SV/RV ESV ratio (SV/RVESV), was also suggested 
as a potentially useful surrogate for the RV-PA coupling 
which facilitates the evaluation of myocardial contractility 
corrected for afterload (109). The incorrect inherent 
assumptions that the relationship between the RV end-
systolic pressure and RV endsystolic volume is linear and 
crosses the origin and that also for the RV, Ees coincides 
with Emax can be a potential limitation of the SV/RVESV 
ratio which may reduce its reliability (109). An additional 
impediment is the unreliable measurement of RV volumes 
with 2D-echocardiography. For this reason, it was suggested 
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to use the RV area change/RV end-systolic area as a 
surrogate for RV-PA coupling, an approach whose potential 
usefulness as a prognostic marker in patients with severe 
PAH was already confirmed by one study (96). 

The afterload-corrected peak global systolic longitudinal 
strain rate (SRl), which is calculated by multiplying the 
measured global RV systolic SRl value (also known under 
the abbreviation PSSrL) with the ΔPRV-RA and, thereby, 
reflects the linkage between RV myocardial shortening 
velocity and RV load is a well reproducible and easily 
measurable combined parameter for evaluation of the RV 
contractile function in relation to load (5,8). Due to the fact 
that shortening-velocity is load dependent, the peak global 
systolic SRl will decrease simultaneously with the increase 
of RV systolic pressure. Under these circumstances, as long 
as the RV contractile function remains unchanged, due to 
the increase of ΔPRV-RA, the RV load-corrected peak global 
systolic SRl (i.e., SRl • ΔPRV-RA) remains relatively stable. 
As soon as the afterload increase overwhelms increase the 
ability of the RV to respond correspondingly by further 
increase of the systolic pressure (i.e., afterload mismatch), 
in addition to the SRl reduction there will also be a ΔPRV-

RA reduction caused initially by the increase of RA pressure, 
even before the RV systolic pressure will finally also 
become lower according to the degree of RV contractility 
impairment induced by the consequences of overloading. 
The load-corrected peak global systolic SRl is therefore 
more reliable for the assessment of RV contractile function 
than the peak global systolic SRl alone (5,8). 

The 3D-STE-derived volume measurements in 
combination with the RHC-derived PAP were also used 
to evaluate the relationship between RV remodeling and 
afterload (110). Regression analysis between systolic PAP and 
RV EDV-index was found to be able to distinguish between 
adapted, adapted-remodeled and adverse remodeled RV (110). 

A different approach for the evaluation of RV adaption 
to high afterload is provided by the “RV load-adaptation 
index” (5,8). In principle, this composite echocardiography-
derived index is based on the relationship between RV 
dilation and the RV loading conditions, given the fact 
that in patients with similar cardiac index and resistance 
to the blood flow in the pulmonary circulation, less RV 
dilation indicates better adaptation to high afterload. Using 
for the calculation of the RV load-adaptation index the 
easy and reliably measurable TR velocity-time integral 
(VTITR) as a surrogate of the hemodynamic load and the 
end-diastolic RV area (AED) as an alternative to the not 
reliably measurable RV EDV for obtaining a reliable RV 

size-geometry index, allows the obtainment of a highly 
reproducible dimensionless index (5,8,95): 
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The use of the VTITR as a surrogate of the RV 
hemodynamic load is reasonable and possible because, 
particularly in patients with relevant TR, the ΔPRV-RA, 
which is computed from the mean velocity of the TR jet, 
reflects in a more optimal way the RV loading conditions 
than the estimated systolic PAP (5,8). The use of the VTITR 

is more beneficial because it includes also the duration of 
the after-loading during the RV systole (8,95). Inclusion 
of the end-diastolic and not the end-systolic RV area and 
long-axis measurements into the load-adaptation index 
calculation formula is more appropriate for the purpose 
because RV dilation is more reliably quantifiable in the 
end-diastole, especially in patients with relevant TR (TR 
leads to underestimation of the RV dilation in the end-
systolic phase) (8,95). The utilization of AED instead of 
EDV is justified by the close correlation between the 
echocardiography-derived RV-AED and the MRI-derived 
RV-EDV (111). Thus, a small RV area relative to long-
axis length (i.e., no dilation) in the presence of an increased 
VTITR (i.e., high RV systolic pressure accompanied by a 
relatively low RA pressure) generates a high load-adaptation 
index which indicates a good adaptability of the RV to 
pressure overloading (i.e., RV ability to increase the systolic 
pressure without relevant cavity dilation and without 
increase of RA pressure) indicating the existence of an 
optimal RV contractile function and the ability of the RV 
to improve its pump function after reduction of pressure 
overloading. A large area relative to long-axis length (i.e., 
spherical dilation) in the presence of a relatively low VTITR 
generates a low load-adaptation index which suggests a 
poor adaptation to load (i.e., disproportionally excessive 
RV dilation associated with reduced RV systolic function) 
which suggests an impaired myocardial contractility. In 
healthy persons and patients with PH without impaired RV 
contractile function, the RV load-adaptation index values 
are ≥18. In patients with RV dysfunction, load-adaptation 
index values <15 indicate a reduced RV adaptability to 
load which can be insufficient to prevent RVF even after 
normalization of PVR(5,95,96,112).

Recently, the RV global work efficiency defined as RV 
global constructive work (i.e., the work contributing to 
the shortening of the cardiac myocytes during systole 
and their lengthening during the isovolumic relaxation) 
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divided by the sum of RV global constructive work and 
RV global wasted work (i.e., the work contributing to the 
lengthening of the cardiac myocytes during systole and the 
shortening during isovolumic relaxation), a more complex 
echocardiography-derived parameter combination for 
assessing the RV in relation to its loading conditions was 
found useful for predicting the risk of early right HF (RHF) 
after LVAD surgery (113). In that small study, the predictive 
value of the RV global work efficiency was superior to that 
of both the TAPSE/systolic PAP (sPAP) and the RVFW 
longitudinal strain/sPAP ratio. 

Clinical usefulness of right ventricle evaluation in relation 
to load

Several studies using variable methodology revealed 
significant correlations between RV systolic function 
and patient outcome across a large spectrum of diseases 
(5,8,51,111,112,114-117). Despite this, although the 
relevancy of RV function in the prognostic assessment 
and clinical management and of numerous cardiovascular 
diseases is irrefutable, it is not easy to include RV 
functional alterations into therapeutic decision-making. 
This, however, is unavoidable particularly before HTx or 
LVAD implantation, where the assessment of the RV in 
connection with its loading conditions has proved to be 
particularly useful in accurate decision-making, as well as 
for timing of lung Tx-listing for patients with refractory 
advanced precapillary PH (95,118). Given the limitations 
of echocardiography in the hemodynamic evaluation 
of patients with HF, as well as the limitations of RHC 
in the evaluation of cardiac structural and functional 
abnormalities, neither echocardiography, nor RHC allows 
alone a reliable clinical management of these patients. 
However, the combined use of echocardiography and RHC 
has proved to be a crucial tool for the evaluation of HF 
patients and therapeutic decision-making. 

Given the  part icular  importance  of  a  re l iable 
quantification of both RV dilation and TR severity for the 
clinical decision-making in LVAD candidates or patients 
with pharmacological therapy refractory severe PAH, in 
some cases, it will be reasonable to use cardiac magnetic 
resonance (CMR) measurements which are more reliable 
than those provided from echocardiography (119,120).

Usefulness for evaluation of patients referred for 
ventricular assist device implantation
Both ventricles are usually affected in advanced HF, even if 

it originated from a left-sided heart disease. Even though 
an LVAD provides better survival and quality of life than a 
BiVAD, one must also consider that RVF can arise in almost 
25% of patients supported by an LVAD (121,122). Due to 
its close association with high postoperative morbidity (e.g., 
renal, hepatic or multiorgan failure) and mortality [even if 
LVAD placement is later followed by additional right VAD 
(RVAD) insertion], the presence of a severe RVF in LVAD 
recipients must be avoided (121,122). Therefore, both 
patients who require a durable BiVAD support and those 
who need only a temporary RVAD in addition to the LVAD 
must be detected already pre-operatively or not later than 
intraoperatively (95,123). In the meantime, it has become 
obvious that echocardiography can be a cornerstone for the 
timely identification of those patients. 

Patients with further worsening of RV function after 
LVAD implantation, revealed already before LVAD 
implantation more serious alterations of echocardiographic 
parameters reflecting the RA and RV size, geometry and 
function (69,86,98,124-136). Particularly the RV end-
diastolic diameters and short/long axis ratio (S/LED), the RV/
LV diameter-ratio, as well as the FACRV, TAPSE, TAPS', 
peak systolic global longitudinal strain and strain rate, RA 
diameter, TRDc, and TR severity were found to be beneficial 
parameters for the assessment of the right-sided heart before 
VAD implantation (8,95,126,134-143). In LVAD candidates, 
S/LED >0.57, RV/LV diameter ratio ≥0.75, FACRV <30%, 
TAPS' <8 cm/s, TR >2nd degree, ΔPRV-RA <35 mmHg, peak 
systolic global longitudinal strain and strain rate <−9.6% and 
<0.6/s, respectively, as well as LA volume-index <38 mL/m² 
were identified by univariate analysis as relevant risk factors 
for RVF after LVAD implantation. Preoperative RV/LV 
diameter-ratio ≥0.75, TA dilation and TR ≥ moderate-to-
severe, were identified as significant risk factors for RVF 
after LVAD implantation, also by multivariate analysis  
(8,27,131-133,136,138,140-146). Nevertheless, these 
preoperative anatomical and functional RV alterations 
could not be found in all studies to be significant risk 
factors for RVF during LVAD support (51,130,142). This 
could be partially explainable also by the remarkable 
disparities between individual clinical units regarding the 
criteria used for both defining RVF and the selection of 
patients and devices for ventricular support (51,86). Table 3 
provides an overview of the risk discrimination capacity of 
echocardiography for preoperative prediction of RHF after 
LVAD implantation.

Nearly all of the echocardiography-derived parameters 
whose pathological alterations were identified as significant 
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Table 3 Risk discrimination capacity of echocardiography for preoperative prediction of right-sided heart failure during left ventricular long-term 
mechanical support 

Variables Cut-off values
Prognostic performance for RV failure during LVAD support (%)

Sensitivity Specificity PPV NPV

RV peak systolic SRl, /s (5) 0.6 80 98 92 95

RV load-corrected peak systolic SRl, mmHg/s (5) 24 89 96 97 87

RV load adaptation index (5) 14 91 95 83 97

RV echocardiographic score* (143) – 87 87 91 81

Left-sided heart echo-score† (131) ≥3 89 80 80 91

∆PRV-RA, mmHg (5) 35 84 93 96 76

RV global PLS (4c view) (142) −9.7% 89 78 84 84

RV PLSbasal (79) – 86 95 67 95

TAPS', cm/s (5) 8 84 90 95 70

RV global work efficiency (113) 77% 100 82 60 100

TAPSE/longitudinal RVEDD (144) 17.1% 78 68 67 77

RVFW peak systolic LS§

(98) −19% 86 95 91 82

(133) −9.6% 68 76 76 68

RV global peak systolic LS§ (139) −14.4% 83 66 92 51

TAPSE, mm§

(130) <7.5 46 91 85 67

(98) Not predictive for RV failure before LVAD implantation

RV-S/LED (5) 0.57 84 74 94 46

TTE score [points (p)]‡,§ (132) ≥5 63 78 75 64

RA longitudinal strain (135) <10.5% 94 65 33 98

Tricuspid annulus diameter, mm$,§ (146) 41 73 75 29 90

RV E/E'§ (139) 10.2 83 57 44 90

*, the components of this score are: LV diameter, RV global longitudinal strain, TR ≥ moderate, pulmonary acceleration time, pulmonary 
acceleration-to-ejection time ratio. †, the components of this score are: the components of this score are: LV end-diastolic diameter, 
left atrial/LV end-diastolic diameter ratio, LV ejection fraction. §, assessed by multivariate analysis. ‡, the components of this score 
are: RV fractional area change, estimated RA pressure, left atrial volume index. $, this study is focused on prediction of late post-LVAD  
(>30 days) RVF. RV, right ventricle; LV, left ventricle; LVAD, LV assist device; PPV, positive predictive value; NPV, negative predictive value; 
SRl, longitudinal strain rate; RA, right atrium; PRV-RA, pressure gradient between the RV and RA; PLS, peak longitudinal strain; TAPS', lateral 
tricuspid annulus peak systolic wall motion velocity; TAPSE, lateral tricuspid annulus peak systolic excursion; RVEDD, RV end-diastolic 
diameter; RVFW, RV free wall; LS, longitudinal strain; S/LED, end-diastolic short/long axis ratio; TTE, transthoracic echocardiography; E/E', 
early diastolic transtricuspid flow/lateral tricuspid annulus early diastolic peak velocity ratio; RVF, RV failure.

risk factors for RVF after LVAD implantation (particularly 
FACRV and MPI) appeared alone not able to predict 
preoperatively the RV function during LVAD support 
(51,130). Until now, only TAPS' and both peak systolic 
global longitudinal strain and strain rate revealed alone 

significant predictive values for post-operative RV function 
in LVAD candidates (5,86,133,147,148). For decision in 
favor or against the necessity of a BiVAD support, it appears 
to be much more reliable to use composite variables which 
include, in addition to details on RV geometry and function, 
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also parameters which reflect the RV loading conditions 
(5,8,148,149). Thus, several echocardiographic parameters 
became more predictive for post-LVAD RVF if they were 
utilized in combination, either as part of a scoring-system 
or as part of a composite index variable (5,126,131,132). 
At certain cut-off values, different echocardiography-
derived composite variables and scoring systems yield 
preoperatively positive and negative predictive values for 
post-LVAD RVF which ranged between 75–97% and 
64–97%, respectively (Table 3). Up to now, the highest 
predictive values (≥80%) for both RVF and freedom 
from RVF after LVAD implantation were found for three 
STE-derived parameters (i.e., the peak systolic global 
longitudinal strain and strain rate, as well as the RVFW 
longitudinal strain), two composite echocardiography-
derived variables and two echocardiographic scores  
(Table 3) (5,98,131,133,142,143). So far, for different 
object ive  reasons,  the c l inical  va lue of  di f ferent 
echocardiographic parameters for pre-implant prediction 
of post-implant RV function in LVAD candidates were 
more often assessed by univariate analysis. However, as 
shown in Table 3, even studies which used multivariate 
analysis can reveal different predictive values for the 
same echocardiographic parameter (98,133). Based on 
the available evidence, currently there is not possible 
to establish a hierarchy of echocardiography-derived 
parameters based on their ability for pre-implant prediction 
of post-implant RV function in LVAD candidates (86,150). 

Role in evaluation of lung transplant candidates with 
precapillary PH 
RVF induced by pressure overload is the leading cause of 
mortality among patients with severe PAH and chronic 
thromboembolic PH (CTEPH), and the mortality rate of 
PAH patients with acute RHF can reach 40% (151-155). 
With the continuous prolongation of waiting times for 
Tx, early prediction of irreversible RVF in candidates for 
lung Tx is of crucial relevance for optimal timing of listing 
procedures, and the search for reliable prognostic predictors 
remains further a major goal (156-158). 

Prognosis of the risk for life-threatening cardio-
respiratory failure in PAH patients is primarily based on 
RHC-derived hemodynamic measurements which, being 
invasive, are less frequently repeatable and not always 
feasible for early baseline stratification of PAH patients 
(156-160). In addition, hemodynamic measurements 
alone are often insufficient for a reliable prediction of 
impending life-threatening deterioration RV function, 

because of the lack of direct information about the impact 
of the pressure overloading on the RV size and geometry. 
Echocardiography can provide that missing information, 
and certain parameters like FACRV, TAPSE and TAPS' 
revealed also a strong correlation with MRI-derived 
RVEF (161,162). In patients with PAH and CTEPH, 
univariate analysis revealed that pericardial effusion (PE), 
increased RA area-index, RV end-diastolic diameter, RV 
EDA- and RV ESA-index, RV end-systolic remodeling 
index (RVESRi = end-systolic lateral length/septal high), 
RV diastolic and systolic eccentricity index and MPIRV, as 
well as reduced TAPSE and systolic peak IVCv at the TA, 
reduced RV longitudinal strain and strain rate, severe TR 
and RV dyssynchrony, can be significant risk factors for 
mortality (8,96,163-173). However, multivariate analyses 
have identified only the PE, the severe TR, the increased 
RVESRi and RA size, the increased MPIRV, as well as the 
reduced systolic peak IVCv and reduced peak systolic 
longitudinal strain rate (PSSrL) as significant risk factors for 
death in those patients (96,165,169). 

Nevertheless, those parameters could not be identified 
in all studies as significant risk factors for mortality without 
urgent Tx and actually no single echocardiography-derived 
parameter except the presence of PE has univocally proved 
to be a reliable prognostic indicator (8,159). Given that the 
PE is not an early indicator of RVF it can reasonably be 
concluded that timely identification of patients at imminent 
risk for short-term development of RVF by echocardiography 
in order to improve Tx-listing procedures is challenging and 
there is no single echocardiography-derived parameter which 
could be alone sufficiently reliable for a timely prediction of 
irreversible RVF in the course of advanced precapillary PH.

Several studies revealed in patients with PAH and 
CTEPH already before the first RVF episode significant 
differences in certain echocardiography-derived parameters 
like end-diastolic RV diameter, S/LRV, TAPSE, TAPS', load-
corrected peak global systolic SRl, RV systolic longitudinal 
synchronicity index, TR severity and ΔPRV-RA between those 
who later developed RVF and those who remained free 
from RVF (8,76,173-177). TAPSE and peak systolic global 
SRl were found by univariate analysis to be relevant risk 
factors for RVF and the load-corrected PSSrL (i.e. peak 
global systolic SRl) was identified as a significant risk-factor 
for RVF also by multivariate analysis (8). Nevertheless, the 
predictive values of all these variables for occurrence of RVF 
has proved to be only modest due to their rather modest 
specificity ranging only between 56.5% and 73.9% (8,173). 
In PAH, RVFW longitudinal strain values below −12.5% 
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showed only sensitivity and specificity values between 
71% and 67%, respectively, for the emergence of clinically 
relevant RHF, and even lower values (only 54% and 64%, 
respectively) for occurrence of all cardiovascular adverse 
events (death included) (75). Standard functional parameters 
like TAPSE and FACRV also showed only modest sensitivity 
for prediction of the MRI-derived RVEF worsening 
(162). It was also observed that, with progression of RV 
dysfunction, TAPSE reduction reaches a limit after which it 
does not further decrease, even with further aggravation of 
RV dysfunction (178). This could be at least partly related 
to the worsening of secondary TR which facilitates the 
longitudinal RV wall motion correspondingly to the higher 
blood volume which can leave the RV during the systole and 
can thus also impede prevent a further reduction of TAPSE 
during an ongoing reduction of RV pump function. RV 
intraventricular dyssynchrony quantified from 2D-STE-

derived longitudinal strain measurements in 6 ventricular 
wall segments appeared also independently predictive for 
event-free survival in patients with PH (179).

The load-adaptation index and the load-corrected PSSrL, 
were found particularly suited for RV evaluation and appeared 
also significantly predictive for development of RVF in the 
presence of PAH and CTEPH. The load-corrected PSSrL 
and the RV load-adaptation index showed positive and negative 
predictive values between 88–91% and 76–90%, respectively, 
for the development of RVF during the subsequent 2 months 
(Table 4) (8). The 20% cut-off value for the RV load adaptation 
reduction, before the first appearance of any signs or symptoms 
of RVF, allows the prediction of RVF development and RHF-
free outcome during the subsequent 12 months with 91% and 
90% probability, respectively (8). In PAH patients, the RV load-
adaptation index values are usually >25 (i.e., within or above 
the normal range for healthy people), even in the presence of 

Table 4 Risk discrimination capacity of echocardiography for prediction of imminent worsening of right ventricular function in potential lung 
transplant candidates with pre-capillary pulmonary hypertension

Variables Cut-off values
Prediction (%) of RV worsening

Sensitivity Specificity PPV NPV

RV load adaptation index (8) 35 94 74 90 85

Reduction with ≥20%* 96 78 91 90

RV load-corrected peak global 
systolic SRl, mmHg/s (8)

45 91 70 88 76

RV peak GLS (174) −16.6%** 79 56 48 84

−12.7%† 77 76 37 95

RV peak GLS (175) −13.4%‡ 73 91 68 77

RV peak GLS (173) −14.0%$ 100 55 100 65

RV synchronicity index, ms◊ (177) 37.6§ 84 80 44 96

FACRV (175) 25.7% 87 83 65 89

TAPSE, cm (174) 1.7** 46 68 44 69

1.4† 40 87 36 88

EDDRV, S/LED, ∆PRV-RA, TR, TAPS', 
SSIRV (8)

Rather moderate predictive values for development of RVF during the next 1 to 3 years, with PPVs 
between 60–68%, and NPVs between 81–88%

EDARV, RAarea, TAPSE, FACRV, PAPs, 
RVGLS (176)

These parameters collected before lung transplantation appeared in this study unable to predict post-
transplant outcome

*, reduction of >20% of the baseline (initial) value. **, major worsening. †, 1-year mortality. ‡, major worsening ± death. $, transplant-free 
survival. §, mortality after diagnosis during a mean follow-up of 42±15 months. ◊, index calculated from speckle-tracking strain images 
using the apical four-chamber view. RV, right ventricle; PPV, positive predictive value; NPV, negative predictive value; SRl, longitudinal 
strain rate; GLS, global longitudinal strain; FACRV, right ventricular fractional area change; TAPSE, lateral tricuspid annulus peak systolic 
excursion; EDDRV, RV end-diastolic diameter; S/LED, end-diastolic short/long axis ratio; ∆PRV-RA, pressure gradient between the RV and RA; 
TR, tricuspid regurgitation; TAPS', lateral tricuspid annulus peak systolic wall motion velocity; SSIRV, RV systolic synchronicity index; RVF, 
RV failure; EDARV, right ventricular end-diastolic area; PAPs, systolic pulmonary arterial pressure.
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RVF, indicating that in most of all those patients, the trigger of 
RVF is the excessive pressure overload and not an impaired RV 
contractility (8). This explains the reverse remodeling with 
relevant improvement (up to normalization) of RV pump 
function after lung transplantation in the majority of patients 
with pre-capillary PH. Figure 3 shows echocardiographic 
images of 2 PAH patients with nearly identical extremely high 
PAP values, which indicate a supranormal systolic function. 
However, the risk of a RV functional decompensation of these 
patients is different because the RV load adaptation index 
turned out to be 64% lower in the patient with RV dilation 

when compared to that of the patient without RV dilation. 

Usefulness in the management of COVID-19-related 
ARDS 
Given the high prevalence of extensive pulmonary 
thrombotic microangiopathy associated with severe 
ventilation-perfusion mismatch, increased pulmonary 
vascular resistance and frequent afterload-induced acute 
RVF, which were identified as distinct features of severe 
COVID-19-related ARDS (especially in infections caused 
by the Delta/B.1.617.2 variant), it is not surprising that 
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Figure 3. Different right ventricular load adaptation in 2 patients with massive 
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RV = right ventricle; PAH = pulmonary arterial hypertension; ∆PRV-RA = pressure gradient 
between the RV and right atrium; sPAP = systolic pulmonary arterial pressure.  
Given that in both patients the RV was able to develop a systolic and mean PAP of more than 
130 mmHg and 74 mmHg, respectively, indicates that their RV systolic function is far better than 
that of healthy persons. However, the progressive RV dilation in the second patient indicates the 
existence of an impending risk of RV-pulmonary arterial uncoupling with rapid reduction of 
cardiac output, which arguments against a delay of the recommended lung transplantation.    
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Figure 3 Different right ventricular load adaptation in 2 patients with massive pulmonary arterial hypertension and nearly identical 
pulmonary arterial pressure. Given that in both patients the RV was able to develop a systolic and mean PAP of more than 130 and  
74 mmHg, respectively, indicates that their RV systolic function is far better than that of healthy persons. However, the progressive RV dilation in the 
second patient indicates the existence of an impending risk of RV-pulmonary arterial uncoupling with rapid reduction of cardiac output, which 
arguments against a delay of the recommended lung transplantation. RV, right ventricle; PAH, pulmonary arterial hypertension; ∆PRV-RA,  
pressure gradient between the RV and right atrium; sPAP, systolic pulmonary arterial pressure. 
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RV dilation and dysfunction were found independently 
associated with a significant increase in mortality risk and 
that RVF was often identified as the leading cause of death 
attributed to COVID-19 (9-12,180-183). Especially during 
the 2nd pandemic wave, between 80–100% of the lungs 
examined at autopsies revealed platelet-fibrin thrombi 
in the small pulmonary vessels, and microangiopathy 
with widespread thrombosis were found up to 9 times 
more frequent than in the lungs from patients who died 
from influenza (184-189). In one study, intravascular 
pulmonary microthrombosis was detected during autopsy 
in the lungs of all persons who died from COVID-19, 
and in all of them, the cause of death was related to the 
pulmonary lesions (189). These observations indicate 
that in COVID-19-related severe ARDS, with severe RV 
afterload mismatch associated with relevant RV output 
reduction which will be further aggravated by RV dilation-
related rapidly increasing TR, any attempts to improve 
the blood oxygenation by optimizing the mechanical 
ventilation and even the use of veno-venous-ECMO may 
become insufficient, as long as the blood circulation in the 
small pulmonary vessels is severely impaired (10,181). It is 
proven that the increase in pulmonary arterial resistance 
and pressure can be a factor 4 to 5 compared with only 
about 50% in the systemic circulation (183). However, 
this adaptive response can be attained only during chronic 
pressure overloading and not without the development of 
a pronounced RV hypertrophy. When faced with an acute 
increase in afterload, the normal RV is able to increase peak 
systolic pressure up to maximum ~60 mmHg associated 
with RV dilation, before RV contractile failure and systemic 
hypotension ensue (190). This explains the observations 
that the acute cardiorespiratory decompensation in severe 
SARS-CoV-2 pulmonary infection occurs typically only 
about one week after initial symptom onset and that the 
simultaneous detection of RV dilation and dysfunction 
by TTE performed on median day 6 after admission to 
intensive care units appeared independently associated with 
in-hospital mortality (191,192). Thus, the early appearance 
of RV dilation in hospitalized patients with SARS-CoV-2 
pneumonia should be considered as a potentially important 
indication for an acute increase of the RV afterload even in 
the presence of a rather moderate increase of the systolic 
PAP, when compared to the much higher PAP values in 
relative stable patients with chronic PAH. Given that the 
life-threatening SARS-CoV-2 related widespread small 
vessel thrombosis occurs typically only several days after 
the onset of clinical symptoms, the monitoring of RV 

size and geometry appears necessary in all patients with 
moderate RV dilation especially in those with systolic PAP 
≥40 mmHg. Figure 4 provides an overview on the impact of 
heart-lung interactions on the development and progression 
of potentially life-threatening RV dysfunction during 
SARS-CoV-2 pulmonary infection in patients without 
direct damage to the myocardium. 

Early detection of progressive hemodynamic overloading 
of the RV in the course of a severe SARS-CoV-2 pulmonary 
infection can facilitate the selection of the most appropriate 
management (including the requirement of veno-arterial 
ECMO or a combined respiratory and circulatory support), 
which can be decisive for their survival (10,181,193). 
Being the most frequently involved side of the heart in 
COVID-19 and because RV dilatation and dysfunction 
were identified as the most striking echocardiography 
abnormalities in hospitalized patients with SARS-
CoV-2 infection, the right-sided heart deserves particular 
consideration in those patients. Echocardiography can help 
anticipate an aggravation of the patient’s clinical condition. 
Timely detection and severity evaluation of right heart 
over-loading plus prediction of RVF are key issues to ensure 
the best possible care of hospitalized patients. Regarding 
this, close surveillance of RV and RA size and geometry, 
search for TR and assessment of its progress, as well as 
monitoring of the SV and the ∆PRV-RA are essential (10).  
Evaluation of RV-PA coupling using the FACRV/RV systolic 
pressure, plus assessment of RV adaptability to pressure 
overloading using the RV load-adaptation index could also 
allow prognostic statements to be made (10). In a large 
multicentre prospective study on COVID-19 patients 
requiring invasive mechanical ventilation, abnormal RV-free 
wall longitudinal strain (FWLS) (below −20%) was found 
independently associated with 30-day mortality (170). This 
study supports the importance of early identification of RV 
dilation and dysfunction by echocardiography for timely 
recognition of patients at high risk for life-threatening 
cardiocirculatory complications, thus avoiding delays in the 
implementation of appropriate therapeutic measures (194). 

Because the different waves of infection were mainly 
associated with one or more SARS-CoV-2 “variants of 
concern” (VOC) with different pathogenicity, it appears 
obvious that the pathogenicity of the dominant VOC in an 
infection wave can have important impacts on the outcomes 
of patients with severe COVID-19. Although currently 
both the incidence and the severity of pulmonary SARS-
CoV-2 infections are in regression, the role of heart-lung 
interactions in the emergence and progression of potentially 
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life-threatening RV dysfunction during SARS-CoV-2 
pulmonary infection should continue to be considered 
because a renewed appearance of more pathogenic VOCs 
cannot be ruled out.

Conclusions 

During the last decades, simultaneously with the progresses 
made in the diagnosis and therapy of PH and especially 
since implantation of long-term ventricular assist devices 
has become a widely recognized life-saving treatment for 
end-stage refractory HF, focused assessment of RV size, 
geometry and function has emerged as a crucial part of 
cardiac evaluation which includes echocardiography as an 
indispensable cornerstone. Nevertheless, it is important 
to note that due to the relevant anatomical and functional 
particularities of both the normal and the pathologically 
altered RV its evaluation is not simply possible by 
extrapolating data and vast experience gained from the 
echocardiographic evaluation of the LV. Particularly 
challenging can be the correct interpretation of the 

echocardiography-derived measurements regarding to their 
diagnostic and prognostic relevance. There are several 
well-established limitations in the assessment of the RV by 
echocardiography and in the integrative interpretation of 
collected measurements which should always be considered.

The high load-dependency of RV size, geometry and 
function suggests the need to consider this fundamental 
aspect in the interpretation of the collected data related 
to the evaluation of the right-sided heart. Because not a 
single echocardiographic parameter can reveal alone the 
entire highly complex clinical picture of RV dysfunction it 
is mandatory to perform multiparametric evaluations and to 
apply integrative approaches using parameter combinations 
which include also information about the RV hemodynamic 
loading conditions. At certain cut-off values different 
echocardiography-derived composite variables and scoring-
systems revealed positive and negative predictive values for 
post-LVAD RVF ranging between 75–97% and 64–97%, 
respectively. Certain composite echocardiography-derived 
variables have proved to be able to facilitate timely decision-
making for LVAD implantation before RV dysfunction and/

Figure 4 Key pathophysiological mechanisms involved in the occurrence and progression of severe secondary RV failure during SARS-
CoV-2 pulmonary infection associated with widespread thrombotic microangiopathy. Red bold arrows show the major direct damaging 
effects of the virus on the pulmonary tissue. ↓ and ↑ in the boxes stand for reduced and increased, respectively. *, coexistence of shunt and 
dead space ventilation. SARS-CoV-2, severe acute respiratory syndrome coronavirus; RV, right ventricle; CO, cardiac output.
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or end-organ damage become irreversible.
In patients with advanced precapillary PH, several echo-

derived parameters which were identified as significant 
risk factors for RVF (e.g., TAPSE and RVFW longitudinal 
strain) revealed, nevertheless, only modest predictive values 
for development of RVF. Only composite echo-derived 
parameters which included also parameters related to the 
loading conditions appeared so far sufficiently predictive for 
imminent development of RVF, and, thereby also useful for 
clinical decision-making. 

Theoretically, the major questions which need to be 
answered in the presence of RV dysfunction associated with 
high resistance to blood flow in the pulmonary circulation 
are related to the relative contribution of hemodynamic 
load, pathological (maladaptive) RV remodeling and 
impaired myocardial contractility, as well as to the potential 
reversibility of RV dysfunction. However, currently many 
of those questions are often not reliably answerable even by 
multimodality approaches and multiparametric evaluations. 
Regarding the contribution of echocardiography to improve 
the clinical decision-making, it appears meaningful to 
take also the RV adaptability to increased hemodynamic 
afterload into account. 
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