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Abstract

Right ventricular (RV) function and its adaptation to increased afterload [RV–pulmonary arterial (PA) coupling] are crucial in
various types of pulmonary hypertension, determining symptomatology and outcome. In the course of disease progression
and increasing afterload, the right ventricle undergoes adaptive remodelling to maintain right-sided cardiac output by increas-
ing contractility. Exhaustion of compensatory RV remodelling (RV–PA uncoupling) finally leads to maladaptation and increase
of cardiac volumes, resulting in heart failure. The gold-standard measurement of RV–PA coupling is the ratio of contractility
[end-systolic elastance (Ees)] to afterload [arterial elastance (Ea)] derived from RV pressure–volume loops obtained by conduc-
tance catheterization. The optimal Ees/Ea ratio is between 1.5 and 2.0. RV–PA coupling in pulmonary hypertension has con-
siderable reserve; the Ees/Ea threshold at which uncoupling occurs is estimated to be ~0.7. As RV conductance catheterization
is invasive, complex, and not widely available, multiple non-invasive echocardiographic surrogates for Ees/Ea have been inves-
tigated. One of the first described and best validated surrogates is the ratio of tricuspid annular plane systolic excursion to
estimated pulmonary arterial systolic pressure (TAPSE/PASP), which has shown prognostic relevance in left-sided heart failure
and precapillary pulmonary hypertension. Other RV–PA coupling surrogates have been formed by replacing TAPSE with differ-
ent echocardiographic measures of RV contractility, such as peak systolic tissue velocity of the lateral tricuspid annulus (S′), RV
fractional area change, speckle tracking-based RV free wall longitudinal strain and global longitudinal strain, and
three-dimensional RV ejection fraction. PASP-independent surrogates have also been studied, including the ratios S′/RV
end-systolic area index, RV area change/RV end-systolic area, and stroke volume/end-systolic volume. Limitations of these
non-invasive surrogates include the influence of severe tricuspid regurgitation (which can cause distortion of longitudinal mea-
surements and underestimation of PASP) and the angle dependence of TAPSE and PASP. Detection of early RV remodelling
may require isolated analysis of single components of RV shortening along the radial and anteroposterior axes as well as
the longitudinal axis. Multiple non-invasive methods may need to be applied depending on the level of RV dysfunction. This
review explains the mechanisms of RV (mal)adaptation to its load, describes the invasive assessment of RV–PA coupling, and
provides an overview of studies of non-invasive surrogate parameters, highlighting recently published works in this field. Fur-
ther large-scale prospective studies including gold-standard validation are needed, as most studies to date had a retrospective,
single-centre design with a small number of participants, and validation against gold-standard Ees/Ea was rarely performed.
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Introduction

Right ventricular (RV) function, characterized as adaptation to
increased afterload, is decisive for the course and symptoms

of any kind of pulmonary hypertension (PH).1,2 However, with
constantly increasing afterload, the adaptive response transi-
tions to pathological maladaptive remodelling. In this article,
we explain the mechanisms of RV (mal)adaptation to its load
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and introduce RV–pulmonary arterial (PA) coupling as a mea-
sure of this. Because the gold-standard method for assessing
RV–PA coupling is invasive and technically complex, we then
give an overview of simpler, validated (mostly echocardio-
graphic) surrogate parameters.

Mechanisms of right ventricular (mal)
adaptation

The crucial haemodynamic change in PH is an increase in pul-
monary vascular resistance (PVR) caused by vasoconstriction,
proliferative remodelling, or occlusion of the PA vasculature.
The ability of the right ventricle to adapt to the increased RV
afterload—RV–PA coupling—is the primary prognostic factor
in PH.2

RV–PA coupling is described by the quotient of contractil-
ity and afterload. Optimal coupling occurs when maximal car-
diac output (CO) is transferred to the pulmonary circulation
at a minimal energy cost (Figure 1A). The early adaptation
to pressure overload is an increase in contractility

(homeometric adaptation).3 This adaptation is achieved by
concentric RV hypertrophy, which is characterized by in-
creased wall thickness (cardiomyocyte hypertrophy) with al-
most no change in chamber volume (Figure 1B). Thus, force
generation is increased and wall tension is reduced by an in-
creased mass-to-volume ratio. In this adaptive state, RV–PA
coupling, CO, ejection fraction (EF), and exercise capacity
are maintained.

The progression of PH eventually exhausts homeometric
adaptation: Contractility fails to match afterload, uncoupling
occurs, and the right ventricle transitions to a maladaptive
phenotype (Figure 1C). With sustained pressure overload,
the growth of cardiomyocytes becomes limited. To preserve
stroke volume (SV) and CO, the right ventricle dilates,
resulting in increased wall tension, cardiomyocyte stress,
and impairment of RV function. Myocyte stress and increased
wall tension result in myocardial stiffening attributed to inter-
stitial fibrosis and cardiomyocyte stiffening.4 Adaptive RV in-
terstitial fibrosis is a mechanism to prevent myocardial
overstretching; it promotes the transfer of increasing contrac-
tile forces and supports the ventricular shape. In the mal-
adaptive state, interstitial fibrosis leads to augmented

Figure 1 Illustration of three stages of RV remodelling in the course of progressing PH: (A) normal RV–pulmonary arterial coupling, (B) homeometric
adaptation, and (C) heterometric adaptation. For further details, please see the corresponding sections of the text. Ea, arterial elastance; Ees,
end-systolic elastance; IVC, inferior vena cava; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RV, right ventricular; SVC, superior
vena cava.
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stiffness and impaired excitation–contraction coupling and
cardiac contraction coordination.5 Cardiomyocyte stiffening
is primarily determined by the sarcomeric protein titin,
whose compliance is regulated by phosphorylation.4 Reduced
titin phosphorylation has been shown in RV tissue from pa-
tients with pulmonary arterial hypertension (PAH).4 In
end-stage RV failure, experimental data suggest a larger con-
tribution of interstitial fibrosis to total stiffness, whereas car-
diomyocyte stiffening may play a larger role in earlier stages.6

Both fibrosis and cardiomyocyte stiffening are associated
with impaired diastolic filling and drive diastolic dysfunction,
resulting in increased filling pressures and venous congestion.
Mismatch of oxygen supply and demand in the maladaptive
ventricle also contribute to the deterioration of RV function.
Oxygen consumption is determined by wall tension,7 which
increases in the dilating ventricle. Conversely, systolic coro-
nary flow is decreased proportional to RV mass and pressure
in patients with PH and RV maladaptation8; capillary density
is also decreased in these patients.9 Ultimately, clinically
apparent RV failure occurs, with decreased SV and EF due
to inadequate contractility and diastolic filling, leading to left
ventricular (LV) underfilling and haemodynamic instability.

Invasive assessment of right
ventricular–pulmonary arterial
coupling

To assess diastolic and systolic function and RV–PA coupling,
contractility and load must be measured independently
of one another, because contractility is directly related
to afterload and preload. The gold standard for

load-independent assessment of contractility and afterload
is the analysis of pressure–volume (PV) loops, which are cre-
ated by plotting ventricular pressure against ventricular
volume10 (Figure 2). Conductance catheters, which enable
high-resolution simultaneous recording of RV pressure and
volume, are the gold standard for recording PV loops. The
change in volume is measured via the change in conductivity
within an electric field built up between the catheter elec-
trodes. Afterload, RV–PA coupling, and RV systolic and dia-
stolic function are evaluated as described below.

RV systolic function (contractility) is assessed as
end-systolic elastance (Ees). Ees is measured by recording
multiple PV loops while reducing preload11 (Figure 3). Pre-
load reduction can be achieved by inflating a balloon in the
inferior vena cava or by a Valsalva manoeuvre. The slope of
the straight line through the end-systolic pressure (ESP) of
each individual loop defines Ees. To avoid the complex and
potentially harmful manoeuvres of preload reduction,
methods were developed to assess contractility from a single
beat. The single-beat method depends on a maximum RV
pressure calculation based on extrapolation of RV pressure
curves12 (Figure 3). Recent studies showed good agreement
between the single- and multi-beat methods.13,14

Afterload is assessed as arterial elastance (Ea), calculated
as the ratio of ESP and SV.

RV–PA coupling is quantified as the ratio between
end-systolic and arterial elastance (Ees/Ea).

RV diastolic function and stiffness is assessed as
end-diastolic elastance (Eed). Eed is the slope of the PV rela-
tionship at end-diastole under different preload conditions
(e.g. during balloon occlusion of the inferior vena cava). The
elastance curve is obtained by fitting an exponential curve
through the diastolic PV points. To avoid complex preload

Figure 2 Schematic representations of (A) a pressure–volume loop of the right ventricle and (B) the conductance catheter positioned in the right ven-
tricle. In the pressure–volume loop schematic, a indicates the closure of the tricuspid valve and end of diastole (shown in green), b indicates the open-
ing of the pulmonary valve and end of the isovolumetric contraction (1), c indicates the closure of the pulmonary valve and end of the ejection phase
(2) and systole (shown in orange), and d indicates the opening of the tricuspid valve, end of isovolumetric relaxation (3), and beginning of the filling
phase (4). EDP, end-diastolic pressure; EDV, end-diastolic volume; ESP, end-systolic pressure; ESV, end-systolic volume; SV, stroke volume.
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reduction manoeuvres, a single-beat method has also been
developed.4

The optimal Ees/Ea ratio, defined as the best ratio of right-
sided CO to energy input, is between 1.5 and 2.0.1,15 How-
ever, the exact Ees/Ea threshold at which decoupling occurs
is not precisely known. Axell et al. defined the Ees/Ea thresh-
old below which RV dysfunction occurs as 0.68 in an animal
model.16 Similar values have been found in clinical studies:
Richter et al. reported Ees/Ea < 0.7 as an independent pre-
dictor of clinical worsening14; Hsu et al. showed
that Ees/Ea < 0.65 predicts a shorter time to clinical
deterioration17; and Schmeisser et al. recently described an
association of Ees/Ea ≥ 0.68 with preserved RV function and
mid-term survival in patients with secondary PH due to heart
failure (HF).18 Consequently, it can be assumed that RV–PA
coupling in PH has considerable reserve. Ees/Ea must de-
crease from normal values of 1.5 to 2 to around 0.7 before
heterometric adaptation occurs, end-diastolic volume in-
creases, and RVEF decreases below the critical value of
35%, which has been validated as a predictor of poor out-
come in PH.19–21

Although several studies in patients with severe PH have
shown that coupling can be preserved at rest, with a
two-fold to three-fold increase in Ees and an Ees/Ea ratio be-
tween 0.7 and 1.5, the functional RV reserve during exercise
is not yet fully understood. Stress testing of Ees/Ea could help
to uncover latent or early stages of maladaptation in patients
with PH, which are not apparent at rest. Hsu et al. observed
that RV contractile reserve is depressed in patients with PAH as-
sociated with systemic sclerosis, resulting in uncoupling and
acute RV dilation during exercise.22 A more recent study used
fluid challenge as an alternative to physical exercise testing.23

Fluid challenge led to RV–PA uncoupling (inappropriate Ees

and Ees/Ea values) in the majority of patients with PH, whereas
controls remained coupled. The extent of RV–PA uncoupling
after fluid challenge was strongly correlated with pulmonary
haemodynamics at rest. The RVEF cut-off for prediction of
uncoupling after fluid challenge was 48%, which is remarkably
higher than the previously reported 35% at rest.

Increased Eed is significantly associated with outcome in
PH and is closely associated with Ees.24,25 However, cut-off
values indicating maladapted diastolic stiffness are scarce.
Trip and colleagues observed an association between
Eed > 0.53 mmHg/mL and worse prognosis.24 In another co-
hort, the Eed cut-off for inappropriate diastolic stiffness was
0.124 mmHg/mL.26 Therefore, it remains unclear which Eed
values indicate RV maladaptation.

Non-invasive surrogates of right
ventricular–pulmonary arterial
coupling

Although RV conductance catheterization is the gold standard
for assessment of RV–PA coupling, it is rarely applied, as it is
invasive, demanding, time-consuming, expensive, and not
broadly available, and requires experience in administration
and interpretation of the complex data.27–29 Therefore, mul-
tiple non-invasive echocardiographic surrogates for Ees/Ea
have been investigated. One of the first described and best
validated non-invasive Doppler echocardiography-derived
RV–PA coupling surrogates is the ratio of tricuspid annular
plane systolic excursion and estimated pulmonary arterial
systolic pressure (TAPSE/PASP) (Figure 4). Its ‘length–force
relationship’ in the RV contractile cycle and its prognostic

Figure 3 Determination of Ees using (A) the multi-beat method and (B) the single-beat method. In the multi-beat method, the preload is reduced from
right to left and the red arrow represents Ees. In the single-beat method, Pmax is a theoretical value that represents the maximum pressure that could
be reached in the right ventricle if the pulmonary valves were closed (i.e. maximum afterload). Pmax is calculated by fitting a sine function, a + b*sin
(c*x + d), to the phase of isovolumetric contraction and relaxation of the pressure curve. Ees, end-systolic elastance; ESP, end-systolic pressure; Pmax,
theoretical isovolumetric maximum pressure; SV, stroke volume.
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relevance were first described in the context of left-sided
HF.30 TAPSE/PASP was then assessed in precapillary PH as a
prognostic non-invasive RV–PA coupling surrogate and vali-
dated against gold-standard Ees/Ea measurements, with a
cut-off of 0.31 mm/mmHg to distinguish maintained coupling
from RV failure.29,31 Other RV–PA coupling surrogates were
formed by replacing TAPSE with different echocardiographic
measures of RV contractility, such as peak systolic tissue ve-
locity of the lateral tricuspid annulus (S′), RV fractional area
change (RVFAC), speckle tracking-based RV free wall longitu-
dinal strain (RVFWLS) and global longitudinal strain (RVGLS),
and even three-dimensional (3D) RVEF (Figure 4). The follow-
ing sections will discuss recent publications regarding non-
invasive assessment of RV–PA coupling. The reader is referred
to other reviews on this topic for further information.10,32

Pulmonary hypertension

A study by Yogeswaran et al. provided support for the prog-
nostic utility of the TAPSE/PASP ratio.33 The authors enrolled
patients with PAH who were at intermediate risk according to

the guidelines of the European Society of Cardiology/Euro-
pean Respiratory Society (ESC/ERS) available at the time of
the study34 and evaluated an advanced risk stratification
scheme, which involved subdividing the patients into
high-intermediate and low-intermediate risk groups based
on 6 min walk distance and TAPSE/PASP. Intriguingly, the
low risk and low-intermediate risk groups showed similar
survival.33 Recently, the 6th World Symposium on PH sug-
gested lowering the haemodynamic definition of PH from a
mean PA pressure (mPAP) cut-off value of ≥25 to
>20 mmHg,35 but adjustment of the echocardiographic
screening criteria for PH [which are based on the old haemo-
dynamic definition34 and involve quantification of the tricus-
pid regurgitant gradient (TRG)] was not proposed. Gall and
co-workers have addressed this issue in a recent study, show-
ing that the ratio of TAPSE to TRG was superior to TRG alone
in screening for the newly proposed haemodynamic defini-
tion of PH in a large registry cohort (n = 1264) and an external
validation cohort (n = 703).36 Ghio et al. examined RV–PA
coupling, assessed as TAPSE/PASP, during a dobutamine
stress test in patients with precapillary PH.37 They discovered
a decrease of TAPSE/PASP during dobutamine exposure,

Figure 4 Echocardiographic estimation of right ventricular (RV)–pulmonary arterial coupling. (A) Schematic of M-mode-derived tricuspid annular plane
systolic excursion. (B) Schematic of peak systolic velocity of lateral tricuspid annulus (S′). (C) RV fractional area change is the planimetric percentage
change of RV end-diastolic (blue) to end-systolic (red) area. (D, E) Schematics of speckle tracking-based strain measurement: percentage of (D) whole
RV and (E) RV free wall shortening. (F) Three-dimensional RV volumetry. (G, H) Echocardiographic estimation of pulmonary arterial systolic pressure,
based on (G) translation of peak tricuspid regurgitant velocity into trans-tricuspid pressure gradient by modified Bernoulli equation and (H) addition of
central venous pressure estimated from inferior vena cava diameter and respiratory alteration of inferior vena cava diameter.
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indicating worsening of RV–PA coupling and exhausted con-
tractile reserve. This is in agreement with the results of an ex-
ercise study by Spruijt and colleagues who used invasive PV
loops to evaluate RV–PA coupling.38

Left-sided cardiac pathologies

Ever since TAPSE/PASP was introduced as a prognostic factor
in HF, non-invasive surrogate measures of RV–PA coupling
have been extensively evaluated in many left-sided cardiac
pathologies. RVFWLS/PASP and RVGLS/PASP predicted car-
diac resynchronization therapy (CRT) response and adverse
events after CRT in HF with reduced EF (HFrEF) (sensitivity
80% and specificity 77% for both).39 In 315 stable outpatients
with chronic HF (LVEF < 45%), RVFWLS/PASP and RVGLS/
PASP appeared superior to TAPSE/PASP in predicting
mortality.40 In patients with HFrEF treated with sacubitril/val-
sartan, improvement in RV–PA coupling, indicated by TAPSE/
PASP, was accompanied by improvement of right- and left-
sided cardiac parameters over 12 and 24 month follow-up
periods.41 Intriguingly, in multivariable analysis, the authors
found right-sided cardiac improvement to be independent
of LV reverse remodelling, but associated with left atrial vol-
ume index.

In a meta-analysis of four cohort studies of patients admit-
ted with acute HF, decreased TAPSE/PASP was found to be
associated with enhanced B-lines in lung ultrasound, indicat-
ing increased severity of pulmonary congestion.42 Interest-
ingly, reduced TAPSE/PASP at admission predicted a re-
stricted reduction of B-lines from admission to discharge,
and increased B-line occurrence at discharge (but not on ad-
mission) was associated with worse prognosis. In another
prospective study, 61 stable outpatients with HF with pre-
served EF (HFpEF) underwent lung ultrasound, echocardiog-
raphy, and right heart catheterization (RHC) at rest and dur-
ing exercise.43 Those who showed augmentation of B-lines
under exercise also had reduced RV–PA coupling at rest, as
indicated by TAPSE/mPAP, S′/mPAP, and RVFAC/mPAP,
whereas those without an exercise-induced increase of B-
lines had maintained RV–PA coupling at rest. Interestingly,
no difference was found between the two subgroups regard-
ing LV systolic and diastolic function, but left atrial function
was impaired in the subgroup with exercise-induced worsen-
ing of pulmonary congestion. The authors discussed two
components leading to exercise-induced pulmonary conges-
tion: (i) Left-sided HF leads to increased PA wedge pressure
and consequently increased fluid filtration of the pulmonary
microvessels; (ii) right-sided HF (defined by RV–PA uncou-
pling) results in increased central venous pressure, which
blunts pulmonary drainage of lymph.43

Keranov et al. examined TAPSE/PASP in comparison with
cardiac magnetic resonance imaging (cMRI) in ischaemic
and non-ischaemic cardiomyopathy and found that TAPSE/

PASP < 0.38 mm/mmHg predicted poor prognosis and mal-
adaptation (indicated by increased dimensions and reduced
EF and strain values) in both the right and left ventricles.44

Low TAPSE/PASP was associated with increased T1 relaxation
time at the RV insertion point, indicating fibrotic alterations.

Decreased TAPSE/PASP was also found in patients with un-
treated mild-to-moderate systemic hypertension compared
with healthy controls, especially among male participants.45

In 2019, Sultan et al. retrospectively analysed patients with
severe aortic stenosis undergoing transcatheter aortic valve
replacement (TAVI) and found that TAPSE/PASP was associ-
ated with post-interventional all-cause mortality.46 A pro-
spective single-centre cohort study of patients with severe
aortic stenosis revealed improvement of RV–PA coupling (de-
fined as S′/PASP) after TAVI, but patients with remaining RV
dysfunction had persistent residual symptoms.47

In a retrospective study of 228 patients who underwent
MitraClip application for severe mitral regurgitation, TAPSE/
PASP below the median value (≤0.35 mm/mmHg) was associ-
ated with post-interventional combined endpoint events,
namely, HF-associated readmission and all-cause mortality.48

RVFWLS/PASP ≤ 0.5%/mmHg predicted adverse outcomes
over a 2 year follow-up period in patients with HF and severe
secondary mitral regurgitation, regardless of treatment
(MitraClip or exclusive medical treatment).49 Fortuni et al.
retrospectively assessed TAPSE/PASP in 1149 patients with
moderate-to-severe secondary tricuspid regurgitation (TR).50

TAPSE/PASP< 0.31 mm/mmHg was associated with enlarged
right and left ventricles, higher grade of TR, more pro-
nounced HF-related symptoms, and decreased 1 and 5 year
survival.

In the setting of heart transplantation, optimized donor–
recipient size matching (based on predicted heart mass calcu-
lation) was associated with the largest post-transplant im-
provement in RV–PA coupling, as indicated by RVFAC/PASP.51

Schmeisser and co-workers found no benefit in indexing
TAPSE by PASP compared with using TAPSE alone to assess
RV–PA coupling in HFrEF, as TAPSE alone showed better cor-
relation with Ees/Ea.52 The same applied for RVFAC alone
compared with RVFAC/PASP. The authors suggested that
TAPSE alone is a measure of RV–PA coupling rather than RV
contractility. Comparing their findings with those of Tello et
al. (who identified TAPSE/PASP as an independent predictor
of Ees/Ea in precapillary PH),29 the authors assumed
involvement of different pathophysiologic mechanisms in
precapillary PH compared with PH due to left heart disease.

Paediatrics and congenital heart disease

Echocardiography-derived RV–PA coupling surrogates also
gathered interest in the paediatric field, particularly owing
to their non-invasive nature. Forton and colleagues observed
an age-related decrease of TAPSE/PASP and S′/PASP from
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adolescence to early adulthood in healthy volunteers.53 In pa-
tients with atrial septal defect (ASD), initial TAPSE/PASP was
shown to predict remaining symptoms after ASD closure,
along with PVR index.54 Additionally, TAPSE/PASP significantly
improved after ASD closure in symptom-free patients, but
not in patients with residual symptoms. Egbe et al. found
TAPSE/PASP and RVFAC/PASP to correlate with exercise ca-
pacity (peak oxygen uptake) and occurrence of relevant ar-
rhythmias in tetralogy of Fallot and pulmonary stenosis with
pulmonary regurgitation, consequently reflecting disease
severity.55

Intensive care medicine

RV–PA coupling has been studied in intensive care medicine
recently, with promising findings. Kim and colleagues found
that S′/PASP, TAPSE/PASP, and RVFWLS/PASP outperformed
conventional left-sided cardiac parameters for the prediction
of successful weaning from veno-arterial extracorporeal
membrane oxygenation (ECMO), with S′/PASP showing the
best predictive ability.56 Unfortunately, very few patients
underwent invasive haemodynamic analysis by RHC, and PV
loop-derived Ees/Ea was not obtained. A retrospective study
by Bleakley et al. showed that RVFAC was more impaired
than strictly longitudinal parameters such as TAPSE, S′, or
RVFWLS in 90 patients with COVID-19 acute respiratory dis-
tress syndrome undergoing mechanical ventilation (38 with
veno-venous ECMO), indicating impairment of RV radial func-
tion rather than longitudinal function.57 RV–PA coupling, as
indicated by RVFAC/PASP, correlated with PVR and alanine
aminotransferase levels, indicating hepatic congestion in
RV–PA uncoupling.

Right ventricular–pulmonary arterial coupling in
other disease entities

Non-invasive RV–PA coupling assessment was also performed
in other disease entities beyond those focused on the cardio-
pulmonary unit. In a case–control study, patients with rheu-
matoid arthritis showed significantly lower TAPSE/PASP than
matched controls,58 but no participant had TAPSE/PASP be-
low a threshold of 0.36 mm/mmHg. The prognostic value of
TAPSE/PASP was not assessed. Intriguingly, van Wezenbeek
and co-workers recently found altered expression of sex hor-
mones in PAH to be potentially associated with disease sever-
ity and outcome.59 The authors described a potential role for
increased androgen levels in promoting RV functional impair-
ment. Further research is potentially worthwhile in this field.
The prognostic relevance of TAPSE/PASP regarding all-cause
mortality was demonstrated recently in a multicentre study
including 444 patients with TR who underwent transcatheter
tricuspid valve replacement or repair.60

Pulmonary arterial systolic pressure-independent
right ventricular–pulmonary arterial coupling
surrogates

TR is not always detectable in echocardiography, especially in
patients without signs of PH; this may lead to exclusion from
studies and selection bias, as PASP cannot be estimated. Al-
ternative surrogate measures of RV–PA coupling excluding
PASP have therefore been developed. Boulate and
co-workers validated the ratio of S′ to RV end-systolic area in-
dex (S′/RVESAi) against Ees/Ea in a piglet model of chronic
thromboembolic PH.61 S′/RVESAi correlated well with Ees/
Ea regarding both absolute values after volume challenge
(R2 = 0.69, P < 0.001) and changes after haemodynamic sta-
bilization with dobutamine (R2 = 0.64, P < 0.001). S′/RVESAi
also predicted adverse outcome in two cohorts of
patients with PAH (stable vs. acutely decompensated).
However, S′/RVESAi has not yet been validated against
gold-standard Ees/Ea in humans. RV–PA coupling was
impaired in a cohort of patients with repaired tetralogy of
Fallot compared with controls, as indicated by S′/RVESAi
and RV area change (RVAC)/RVESA.62 Previously,
RVAC/RVESA was shown to correlate with gold-standard
Ees/Ea in precapillary PH29 (see also Table 1).

Non-invasive 3D assessment of right ventricular–
pulmonary arterial coupling

Two-dimensional echocardiography is commonly applied in
the assessment of RV function in PH, but owing to the com-
plex asymmetrical crescent-like RV anatomy with prominent
trabeculae, it is logically not able to capture the entire right
ventricle.64,65 Unlike common echocardiography, 3D echocar-
diography captures the entire right ventricle, including the RV
outflow tract region.64,65 Although it tends to underestimate
volumes compared with gold-standard cMRI, 3D echocardiog-
raphy is able to accurately illustrate dimensional and func-
tional relationships.66,67 This provides a rationale for the
use of 3D imaging parameters in surrogate measures of RV–
PA coupling.

Previously, the cMRI-derived ratio of SV and end-systolic
volume (SV/ESV) was shown to independently predict
survival as a non-invasive measure of RV–PA coupling in 50
patients evaluated for suspected PH.25 Presuming that
Ees = ESP/ESV and Ea = ESP/SV, the combination of both
equations results in Ees/Ea = SV/ESV.68 Richter et al. demon-
strated a good and highly significant correlation between SV/
ESV and gold-standard Ees/Ea.14 Aubert et al. found a good
correlation between 3D echocardiography-derived SV/ESV
and RV–PA coupling measured by a combination of cMRI
and RHC in 90 patients with suspected PH and 30 healthy
controls.69 Similarly, paediatric patients with PH showed
lower 3D SV/ESV than controls in a retrospective study68;
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SV/ESV decreased with increasing disease severity and pre-
dicted adverse outcome. However, SV/ESV neglects RV vol-
ume at zero pressure (V0) and sets it at 0 mL, which might
be misleading because V0 was shown to correlate with
ESV.27,70

In a multicentre cohort of elderly individuals, 3D RVEF/
PASP was found to be impaired with progressing stage of
HF.71 Intriguingly, worse 3D RVEF/PASP was associated with
an increased risk of death and incident HF in participants
without apparent HF. In 60 prospectively enrolled stable out-
patients with non-ischaemic dilated cardiomyopathy, Vijiiac
et al. showed that RVFWLS/PASP and 3D RVEF/PASP (but
not SV/ESV) independently predicted HF-associated
hospitalization.72 However, Ishiwata et al. concluded that
indexing RV functional parameters to PASP did not improve
prognostic ability in their dilated cardiomyopathy cohort.73

Instead, they found a combination of RVFAC and RVFWLS to
improve prediction of outcome, as RVFAC covers longitudinal
and radial RV shortening and RVFWLS is independent of an-
gulation. Li and co-workers retrospectively examined 3D
RVEF/PASP in precapillary PH.63 They described a predictive
value regarding adverse events, but gold-standard validation
against Ees/Ea is still lacking. Richter and co-workers devel-
oped a non-invasive approach to deduce RV PV loops27: RV
3D echocardiography was applied to obtain a volume–time
(Vt) curve, whereas a pressure–time (Pt) curve was provided
by a reference curve, which was fitted according to Doppler
echocardiography-derived PASP, RV outflow tract profile,
and electrocardiography. Vt and Pt curves were synchronized
to form PV loops. Non-invasive PV loop-derived Ees and Ees/
Ea showed good correlations with gold-standard parameters,
potentially providing a promising alternative to RV conduc-
tance catheterization.

Isolated analysis of single components of RV shortening
along the longitudinal, radial, and anteroposterior axes can
be achieved using 3D echocardiography.65,74–76 In left-sided
heart disease with mild-to-moderate LVEF impairment,
Surkova and co-workers found that 3D RVEF was main-
tained, but isolated components of RV shortening were al-
tered in a distinct pattern, indicating adaptive remodelling.76

Early remodelling may therefore be overlooked using 3D
RVEF only, as it may initially remain maintained despite on-
going RV remodelling and does not distinguish between lon-
gitudinal, radial, and anteroposterior deformation, as dem-
onstrated by Surkova and co-workers.76 Interestingly,
anteroposterior shortening, which is not captured by con-
ventional two-dimensional echocardiographic RV functional
parameters,75 had a higher area under the receiver operat-
ing characteristic curve than other RV functional parameters
and was shown to independently predict adverse outcome
in patients with left-sided heart disease.76 Similarly, patients
with corrected transposition of the great arteries showed
differing contraction patterns compared with healthy
controls.75

Left ventricular–right ventricular
asynchrony, timing of right ventricular
contraction, and right ventricular
myocardial work

Apart from non-invasive RV–PA coupling surrogates, which
describe the extent of RV shortening, the timing of RV
shortening plays an important role in the assessment of
RV maladaptation. Marcus and colleagues described the un-
derlying mechanism of RV–LV asynchrony in PAH.77 In PAH,
delayed peak systolic shortening in the right ventricle com-
pared with the left ventricle is caused by post-systolic RV
shortening, promoting septal bowing in LV early diastole
and consequently impairment of LV diastolic filling and SV.
Intriguingly, the onset of RV and LV contraction did not dif-
fer, which is why the authors attributed leftward ventricular
septal bowing to increased RV wall tension instead of asyn-
chronous electrical conduction. Correspondingly, Lumens
and co-workers assessed early diastolic LV lengthening [LV
early diastolic strain index (LVEDSI); the portion of diastolic
LV free wall lengthening during the time period between
LV and RV peak systolic shortening in relation to total LV

Table 1 Comparison of features of different echocardiographic modalities

TAPSE S′ RVFAC RV strain 3D RV volumetry

Angulation Angle dependent87–89 Angle
dependent87,89

Independent of angulation Independent of
angulation73,88–90

Independent of angulation

Application Simple and
reproducible89

Simple and
reproducible

Complex; correct tracking
of RV endocardial border
required

Complex; correct
endocardial tracking
required88,89

Complex; precise imaging
with adequate frame rate
required

RV regions
covered

Basal free wall and
lateral tricuspid valve
insertion40

Basal free wall87 Entire RV section in apical
4-chamber view

Global and regional
analysis of 6
segments40

All RV regions; accounts for
complex RV anatomy

Shortening
axis

Longitudinal64,75 Longitudinal64,75 Longitudinal and
radial64,73,75

Longitudinal64 Longitudinal, radial, and
anteroposterior

3D, three-dimensional; RV, right ventricular; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic
excursion.
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shortening] in chronic PH.78 LVEDSI was more pronounced
in patients with PH than in controls and correlated with
RV function, as indicated by cMRI and RHC. Badagliacca
et al. assessed post-systolic RV strain curves in patients with
idiopathic PAH and found three patterns79: a rapid return to
baseline after peak systolic strain (also seen in healthy con-
trols); a plateau in early diastole at the level of peak systolic
strain before an end-diastolic return to baseline; and a de-
celerated return to baseline during diastole. These findings
were associated with haemodynamic indices and may pro-
vide further and more accurate information to the examiner
than conventional parameters. Prolonged post-systolic RV
contraction and interventricular asynchrony regarding time
of peak shortening result in insufficient isovolumetric RV
contraction against a closed pulmonary valve, whereas the
left ventricle is already in early diastole, resulting in left-
ward septal bowing and consequently LV diastolic
impairment.78,80

Initially introduced for the left ventricle,81 myocardial
work (MW) was successfully transferred to the right
ventricle by Butcher et al., who also revealed superiority of
the method compared with common echocardiographic
parameters in estimating invasively assessed RV stroke work
index and PVR.82,83 Non-invasive quantification of RVMW
from pressure–strain loops [constructed from RV strain, pul-
monary pressures (determined invasively or non-invasively),
and valvular events] incorporates contractility, afterload, RV
dyssynchrony, and post-systolic shortening in the RV
functional assessment.83,84 It provides indices such as RV con-
structive work, wasted work, work index, and work efficiency
and is consequently able to quantify the portion of MW that
actually contributes to RV output and the share that does
not, such as post-systolic shortening. RVMW index was the
only parameter found to detect graft failure-related transi-
tion from RV adaptation to failure in heart transplant
recipients.84 The integration of RV contractility and afterload
mean that RVMW may also be regarded as a measure of RV–
PA coupling.83

Summary

Outcome and symptomatology are closely related to RV–PA
coupling in various diseases,2,85,86 but gold-standard Ees/Ea
is not broadly available and mainly restricted to expert
centres27–29; there is therefore substantial demand for alter-
native, preferably non-invasive methods, as demonstrated by
the numerous recent publications in this field. Still, the find-
ings must be interpreted with caution.

RV–PA coupling surrogates such as TAPSE/PASP have
gained high interest in the recent past, certainly owing to their
non-invasive nature and easy acquisition. However, their reli-
ability in clinical use remains debatable, and the examiner
should be aware of the limitations of the parameters applied
(see Table 2). For instance, strictly longitudinal parameters
are load dependent, and measurements may be distorted in
the case of pronounced TR owing to retrograde unloading into
the right atrium.63,84 Severe TR may lead to underestimation
of PASP.34 In highly advanced PH stages, PASP decreases with
RV failure,91 potentially promoting misinterpretation as mild
PH. Both TAPSE and PASP are angle dependent and may be
prone to erroneous quantification.87–89 Although
Doppler-derived PASP was shown to be a good PH screening
parameter (a PASP threshold of >36 mmHg had 87% sensitiv-
ity and 79% specificity92), it lacks precision when compared
with PASP invasively determined by RHC.93,94 Both overesti-
mation of TAPSE and underestimation of PASP favour aug-
mentation and pseudo-normalization of TAPSE/PASP. Finally,
one should also be aware of the dependence of echocardio-
graphic parameters on the scale of RV dysfunction. Conse-
quently, RV function should not be assessed based on a single
parameter but onmultiple methods, which may be reasonably
applied depending on the level of RV dysfunction, as recently
recommended by Sade and Katz.95 Especially in advanced
stages of RV impairment, which are accompanied by RV cham-
ber and tricuspid annular dilatation, TAPSE might be
overestimated in the presence of severe TR.96 Additionally,
TR is associated with overestimation of PASP.97 The best

Table 2 Examples of right ventricular–pulmonary arterial coupling surrogate parameters and cut-off values for prediction of events

Prediction of event Parameter Cut-off value

Uncoupling measured by gold-standard Ees/Ea in patients with PAH29 TAPSE/PASP <0.31 mm/mmHg
Mortality during follow-up after significant secondary tricuspid regurgitation diagnosis50 TAPSE/PASP <0.31 mm/mmHg
Mortality in patients with heart failure30 TAPSE/PASP <0.36 mm/mmHg
Transplant-free survival in patients with PH25 SV/ESV >0.515
Adverse outcomes in patients with precapillary PH63 RVEF/PASP <0.44%/mmHg
Response to CRT39a RVGLS/PASP

RVFWLS/PASP
>0.35%/mmHg
>0.41%/mmHg

12 month mortality in outpatients with stable heart failure40a RVGLS/PASP
RVFWLS/PASP

<0.36%/mmHg
<0.65%/mmHg

Poor prognosis and RV/LV maladaptation44 TAPSE/PASP <0.38 mm/mmHg

CRT, cardiac resynchronization therapy; Ea, arterial elastance; Ees, end-systolic elastance; ESV, end-systolic volume; LV, left ventricular;
PAH, pulmonary arterial hypertension; PASP, pulmonary arterial systolic pressure; PH, pulmonary hypertension; RV, right ventricular; RVEF,
right ventricular ejection fraction; RVFWLS, right ventricular free wall longitudinal strain; RVGLS, right ventricular global longitudinal
strain; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion.
aAuthors excluded minus sign for strain.
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understanding of RV function is certainly gained by quantify-
ing RV–PA coupling, as it reflects the adequacy of contractility
adaptation to afterload. 3D echocardiography-derived SV/ESV
might be of particular importance at this juncture, especially
in advanced RV dysfunction, because no estimation of pres-
sures is involved.

Still, TAPSE/PASP is one of the few coupling surrogates
with validation against gold-standard PV loop-derived Ees/
Ea,14,29 and its impact as a prognostic marker has been dem-
onstrated in studies with larger cohorts.31,36,60 Just recently,
the 2022 ESC/ERS guidelines for the diagnosis and treatment
of PH were published, now including TAPSE/PASP as an echo-
cardiographic parameter for risk assessment.98

The right ventricle is a complex crescent-like 3D structure
and demonstrates shortening along three spatial axes,65,74

which are not captured by exclusively longitudinal functional
parameters. The importance of non-longitudinal RV shorten-
ing has been repeatedly demonstrated.75,84,99 The entire
right ventricle is included in 3D echocardiography, but only
isolated analysis of shortening components may detect early
remodelling.76 All in all, a combination of several parameters
may yield better RV assessment than a single measure.73

Most of the studies had a retrospective, single-centre de-
sign with small numbers of participants. Also, validation
against gold-standard Ees/Ea was rarely performed. To the
best of our knowledge, only TAPSE/PASP and RVFAC/PASP
were successfully validated against Ees/Ea.29,52 Consequently,
there remains a need for further large-scale prospective stud-
ies, including gold-standard validation.

Non-invasive assessment of diastolic RV function may gain
importance in the future, as it is closely related to outcome in
PH.24 Wessels et al. recently demonstrated that RV diastolic
impairment alters right atrial (RA) function in PAH.100 Thus,
non-invasive measurement of RA parameters for PH risk
stratification34 somewhat embodies assessment of RV dia-
stolic function, as suggested by the authors.100 However, RA
impairment and RA pressure increase may not always be
the consequence of RV dysfunction per se and must be eval-

uated in the context of the underlying disease, as recently
shown by van Wezenbeek et al., comparing PAH and PH in
HFpEF at matched levels of pressure overload.101 Conse-
quently, simple non-invasive surrogates of RV diastolic func-
tion are sought and may attract attention in the near future.
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