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Abstract
For decades, cardiologists have largely underestimated the role of the right heart in heart failure due to left heart disease. 
Nowadays, the importance of evaluating right ventricular (RV) structure and function in left heart failure is well documented 
and this concept has been emphasized in the most recent heart failure guidelines. However, several relevant questions remain 
unanswered such as the following: (a) which imaging technique (standard or 3D echocardiography or strain imaging or car-
diac magnetic resonance) and, more, which parameters should be used to grade the severity of RV dysfunction? (b) do less 
widespread and less applied diagnostic tools such as cardiopulmonary stress testing and bioelectrical impedance analysis play 
a role in this field? (c) are there specific biochemical aspects of RV failure? (d) why notion of pathophysiology of heart and 
lung interaction are so well appreciated at an academic level but are not applied in the clinical setting? The present review 
has been prepared by the Heart Failure (HF) working group of the Italian Society of Cardiology and its main objective is to 
improve our understanding on RV dysfunction in heart failure.
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Imaging the right ventricle

Imaging the right ventricle is crucial in heart failure patients for 
many reasons: to reach a precise diagnosis, to stratify prognosis, 
to tailor pharmacological and non-pharmacological treatment. 
However, whichever imaging technique is used, it remains a 
very challenging task, mainly due to the complex anatomy of 
this heart chamber. Anatomically, the right ventricle can be 
divided into two components: the sinus which extends from the 
tricuspid valve (inflow region) and includes the trabeculated 
apical portion of the ventricle and the conus (outflow region) 
which is usually free of muscular trabeculations and extends 
from the septomarginal band to the pulmonary valve. The sinus 

and the conus regions are separated by the parietal band and the 
infundibular septum which make up the crista supraventricu-
laris; the moderator band extends from the base of the anterior 
papillary muscle to the ventricular septum [1]. In addition, the 
complex anatomy is associated with a peculiar position imme-
diately beneath the sternum. As a consequence, the basic meas-
urements which are the cornerstones of the morpho-functional 
evaluation of the left ventricle for all clinicians and research-
ers, i.e., chamber volumes and ejection fraction, are difficult to 
obtain for the right ventricle.

Cardiologists are therefore left with difficult choices to 
study the right ventricle, both as regards the imaging tech-
nique and the parameter to be used (i.e., to favor a simpler 
examinations or the completeness of the gold standard tech-
nique, to seek precise volumetric measurements of the right 
ventricle or more simple morpho-functional surrogates). 
Table 1 outlines main advantages and limitations of various 
techniques in imaging the right ventricle.
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(a) Standard echocardiography
  Echocardiography is the mainstay of the assessment 

of right ventricular (RV) function [2]. Recommenda-
tions from the American Society of Echocardiogra-
phy and the European Association of Cardiovascular 
Imaging advocate quantitative assessment of global RV 
function by at least one of the following parameters: 
right ventricle fractional area change (RVFAC); tricus-
pid annular plane systolic excursion (TAPSE); Doppler 
tissue imaging-derived systolic S velocity of the tricus-
pid annulus; or RV myocardial performance index (RV 
MPI) [3] (Table 2).

  TAPSE is commonly used to assess the global RV 
systolic function. It is both highly specific and easy to 
measure. It measures the apical displacement of the 
lateral portion of the tricuspid valve annulus during 
systole from an M-Mode recording. According to the 
guidelines, a value of TAPSE < 16 mm indicates RV 
systolic dysfunction (Table 2). In patients affected 
by chronic HF, literature data clearly demonstrate 
that a poor TAPSE is associated with worse progno-

sis, regardless of etiology of HF and regardless of the 
severity of left ventricular dysfunction [4–7]. Impor-
tantly, improvement of TAPSE after therapy optimiza-
tion improves prognosis [8]. However, assessing the 
RV function without pulmonary artery pressure is inap-
propriate if not a real mistake being the right ventricle 
highly afterload dependent despite that the RV mor-
phology is prone to adapt to major volume and pressure 
adaptations. In fact, a further refinement in prognostic 
stratification can be obtained TAPSE with pulmonary 
artery pressure [9, 10]. S′ velocity of the tricuspid 
annulus (RV S′) is derived by tissue Doppler echocar-
diography (TDE) and it corresponds to maximum sys-
tolic tricuspid valve lateral annular velocity. In patients 
with HF and atrial fibrillation (AF), RV S′ can be an 
independent predictor of outcomes. In stable patients 
with LV systolic dysfunction, RV S′ may add prog-
nostic information over RVEF and TAPSE [11, 12]. 
The limit of TAPSE and RV S′ is that both measures 
are angle dependent and only reflect the longitudinal 
function of the basal portion of the RV, not considering 

Table 1  Main advantages and limitations of various techniques and parameters in imaging the right ventricle

Technique/Parameter Advantages Limitations

Standard Echocardiography
TAPSE

• Fast and easy to measure
• Reproducible
• Prognostically relevant

• Angle and load dependent
• Reflects only longitudinal function
• Neglects contribution of apical and outflow tracts

S′ velocity • Fast and easy to measure
• Reproducible
• Prognostically relevant

• Angle and load dependent
• Reflects only basal lateral longitudinal function
• Neglects contribution of apical and outflow tracts

RVFAC • Fast and easy to measure
• Reflects longitudinal and radial function
• Prognostically relevant
• Good correlation with CMR-derived RVEF

• Poor reproducibility
• Neglects contribution of the RVOT
• Load dependent

RV MPI • Provide information on global RV function
• Prognostically relevant
• Does not require geometrical assumptions

• Unreliable in case of elevated RAP or irregular 
rhythms

Strain Imaging Echocardiography • Less angle and load dependent
• Less confounded by RV geometry and passive 

motion
• Reproducible
• Prognostic value

• Requires good 2D image quality
• Neglects contribution of outflow tract
• Requires post-processing
• Limited availability
• Vendor dependency

3D Echocardiography • Does not require geometrical assumptions
• Validated against CMR
• Superior prognostic value to other RV echo 

parameters

• Load dependency
• Requires good 2D image quality
• Need for patient’s co-operation and regular R–R 

intervals in case of multi-beat acquisition
• Limited availability
• Requires post-processing

CMR • Gold standard imaging modality for assessment 
for RV volumes and EF

• Excellent image quality
• Free from acoustic window limitations
• Independent of geometric assumptions
• Prognostic value

• Costly and time consuming
• Limited availability
• Use limited to clinically stable patients
• Need for patient’s co-operation
• Impaired image quality/accuracy in patients with 

intracardiac leads
• Challenging positioning of basal slice during post-

processing
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the contribution of the apical and outflow tract compo-
nents. RVFAC is another index of global RV systolic 
function (normal value is > 35%), which accounts for 
both the longitudinal and radial components of the RV 
contraction but neglects outflow tract contraction. It 
showed a good correlation with the measurement of 
the right ventricular ejection fraction (RVEF) derived 
by magnetic resonance imaging [13]. Lower values of 
RVFAC were found to be associated with an increased 
risk of all-cause mortality, cardiovascular (CV) death, 
sudden death, HF, and stroke [14]. It is load depend-
ent and potentially difficult to acquire in the case of 

poor endocardial definition, which limits its value in 
current clinical practice. Assessment of RVEF based 
on two-dimensional echocardiography is not recom-
mended, as the limits found in the measurement of the 
RVFAC are enormously amplified in the calculation 
of RVEF. RV MPI or Tei index, calculated by dividing 
the total isovolumic time (isovolumic contraction plus 
isovolumic relaxation) by the ejection time, is a param-
eter of global RV function, which is associated with 
the risk of cardiac events in HF [15]. The proposed 
cutoff values for abnormal RV MPI are > 0.43 using 
pulsed-wave Doppler and > 0.54 using tissue Doppler 

Table 2  Normality thresholds of imaging parameters describing right ventricular dimensions and function

BSA body surface area, RV right ventricle, TDE tissue Doppler echocardiography, PW power Doppler

Methods Parameters Cutoff value for RV dysfunction

Standard echocardiography Right ventricle fractional area change (RVFAC)  < 35%
Tricuspid annular plane systolic excursion (TAPSE)  < 17 mm
Doppler tissue imaging-derived systolic S velocity of the 

tricuspid annulus
 < 9.5 cm/s

RV myocardial performance index (RV MPI)  > 0.43 using PW Doppler
 > 0.54 using TDE

RV End-Diastolic Volume indexed to BSA  > 87 mL/m2 (men)
 > 74 mL/m2 (women)

RV End-Systolic Volume indexed to BSA  > 44 mL/m2 (men)
 > 36 mL/m2 (women)

Strain imaging Echocardiography RV Free Wall Longitudinal Strain (RVFWLS)  < 20%
RV Global Longitudinal Strain (RVGLS)  < 20%

3-dimensional Echocardiography 3D-RVEF  < 45%
RV 3D Global-Free-Wall Longitudinal Strain (3DGFW-

RVLS)
−17%

RV End-Diastolic Volume indexed to BSA Age 30–39 > 77 mL/m2 (women)
 > 85 mL/m2 (men)
Age 40–49 > 65 mL/m2 (women)
 > 78 mL/m2 (men)
Age 50–59 > 69 mL/m2 (women)
 > 76 mL/m2 (men)
Age 60–69 > 64 mL/m2 (women)
 > 86 mL/m2 (men)

RV End-Systolic Volume indexed to BSA Age 30–39 > 38 mL/m2 (women)
 > 38 mL/m2 (men)
Age 40–49 > 27 mL/m2 (women)
 > 37 mL/m2 (men)
Age 50–59 > 29 mL/m2 (women)
 > 36 mL/m2 (men)
Age 60–69 > 26 mL/m2 (women)
 > 36 mL/m2 (men)

Cardiac magnetic resonance imaging (CMR) RVEF  < 51%
End-Diastolic Volume/End-Diastolic Volume indexed to 

BSA
 > 201 mL/ < 112 mL/m2

End-Systolic Volume/End-Systolic Volume indexed to 
BSA

 > 84 mL/ > 52 mL/m2
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echocardiography (TDE) (Table 1). The advantage of 
RV MPI is that it may overcome the limitations of the 
complex RV geometry, as it is only derived from time 
intervals and it does not require assumptions on RV 
shape, but it may be unreliable in patients with elevated 
right atrial pressure and irregular rhythms.

(b) Strain imaging
  The analysis of myocardial deformation (i.e., “strain”) 

of RV ventricular walls using speckle-tracking echocar-
diography (STE) allows to obtain feasible and repro-
ducible measures of RV systolic function which over-
come most limitations of M-Mode or tissue Doppler 
techniques [16] (Fig. 1). Strain analysis is less depend-
ent on imaging plane angle and discriminates active 
myocardial deformation from passive movement of 
dyssynergic myocardium [17]. RV free wall longitudi-
nal strain (RVFWLS) can be calculated averaging the 
three segments (basal, medial, apical) of RV free wall, 
or including the interventricular septum (RVGLS) [18, 
19]. Both measures have shown good correlation with 
RVEF measured by cardiac magnetic resonance imag-
ing (CMR) but require an optimal acoustic window and 
complete RV free wall visualization [20].

  RV strains are impaired in HF patients, and in small 
single-center studies, they have been associated with 

outcome and exercise capacity, showing an incremen-
tal prognostic power to that derived from conventional 
echocardiographic parameters. In addition, RVFWS 
may be impaired even in the presence of a normal 
TAPSE, possibly documenting subtle abnormalities 
of RV contractility associated with increased risk of 
adverse cardiac events [21]. On the other side, assess-
ment of RV longitudinal strain also proved to be the 
strongest echocardiographic predictor of RV failure in 
most advanced HF patients after left ventricular assist 
device (LVAD) implantation [22].

  In summary, the strength of strain is the possibility to 
measure shortening rather than motion, thus better reflect-
ing function. The limitations of RVFWS include a great 
variability between different software analysis systems, 
and a relative dependence on the quality of 2D image.

(c) 3D echocardiography
  Because of its peculiar shape and geometry, RV volume 

assessment is challenging and is not recommended using 
2D measurements. CMR is currently the gold standard for 
quantitative assessment of RV volumes and RV EF. How-
ever, CMR is not widely available and is time consuming. 
Echocardiographic 4D (semi-)automated volume quanti-
fication tools for the RV are now available and provide 
more objective and accurate measurements than those 

Fig. 1  2D speckle-tracking right ventricular strain
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derived from 2D echo, overcoming the geometric assump-
tions used in 2D echo [23]. From apical RV-focused view, 
images are acquired with 3D probe by means of a full-
volume data set and a multi-beat acquisition (Fig. 2), and 
data set analyzed with a dedicated software after trac-
ing the RV endocardial border, allowing reconstruction 
of the RV geometry and calculation of RV volumes and 
EF. 3D-RV volumes and EF have been validated against 
CMR in normal subjects and in patients with dilated RV, 
showing good accuracy and reproducibility [23]. Receiver 
operating characteristic curves showed that the thresholds 
offering an adequate compromise between sensitivity 
and specificity for detecting hemodynamic signs of RV 
failure were 39% for 3D-RVEF (AUC 0.89) and −17% 
for 3DGFW-RVLS (AUC 0.88) [23] (Table 2). Impaired 
3D-RVEF is also an independent predictor of RV failure 
after LVAD implantation [24]. The main limitations of 
3D echocardiography are load dependency (as for TAPSE 
and RVFAC) and challenges in acquiring adequate images 
and in correctly tracing the endocardial borders of the RV 
chamber.

Cardiac magnetic resonance

Cardiac magnetic resonance imaging (CMR) allows to obtain 
dynamic images of the cardiac chambers with high spatial 
and temporal resolution, with excellent definition of the 
endocardial borders and without the need for geometrical 
assumptions (Fig. 3). These technical characteristics are per-
fectly suited for the assessment of structure and function of 

the right ventricle (Table 2), because of its complex anatomy 
and mechanics and its unfavorable location within the chest 
(i.e., behind the sternum) [25].

The direct assessment of RV systolic dimensions and 
function with cine imaging is a powerful marker of poor 
prognosis in patients with advanced heart failure, regard-
less of the degree of left ventricular dysfunction [26–29]. 
The evaluation of RV function can be easily combined with 
phase contrast imaging of the main pulmonary artery with 
the possibility of obtaining both morphological and func-
tional information on pulmonary circulation (including 
cyclic changes in vessel size, flow volume, and flow rates); 
the clinical usefulness of this information in heart failure is 
yet to be determined. Late gadolinium enhancement (LGE) 
sequences may allow the detection of areas of myocardial 
damage induced by chronic ventricular overload (typically 
observed at the level of the RV insertion points). Ongoing 
large population studies will ascertain the prognostic rel-
evance of RV scar detection which has been suggested in 
smaller single-center studies [30]. Literature data on clinical 
and prognostic usefulness of non-invasive assessment of RV-
arterial coupling in heart failure patients using CMR-derived 
parameters is limited but it is extremely promising, given the 
importance of the adequacy of RV functional adaptation to 
afterload in patients with pulmonary hypertension [31]. The 
identification of early changes in RV function by feature 
tracking CMR analysis on cine images has also the potential 
to be of interest to clinicians [32].

In general, it must be acknowledged that most of the data 
regarding the clinical usefulness of CMR in the evaluation of 
patients with RV dysfunction have been produced in selected 

Fig. 2  3D echocardiographic 
imaging of the right ventricle
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specialized centers. In clinical practice, high costs and lack 
of trained operators still contribute to prevent a more diffuse 
use of CMR. It must be recognized that the possibilities for 
the future development of CMR are so wide that it is dif-
ficult not to imagine an exponential growth in the use of this 
technique in patients with heart failure.

Right ventricular reserve

As for the left cardiac disease, the evaluation of RV may 
be performed not only at rest but also during stress. Indeed 
even in patients with impaired RV function at rest, who by 
definition have a poor prognosis, there may be the neces-
sity to unmask phenotypes with different levels of risk. 
To this aim, an interesting hypothesis is to assess the role 
of contractile reserve of the right ventricle albeit stress 
echocardiography (whether physical or pharmacological) 
has been focused almost exclusively on the left ventricle. 
More recently, the impact of RV contractile reserve on 
exercise intolerance has been investigated in 67 high-risk 
HF patients [33]. The change in RV s′ velocity during the 
test correlated with peak oxygen consumption (VO2) and 
was a robust predictor to determine exercise intolerance 
[33]. In another study, the simple increase in TAPSE above 
a threshold of 15.5 mm during exercise was associated 
with a greater ventilatory efficiency in a population of 97 

HF patients who could undergo maximal exercise stress 
echocardiographic and cardiopulmonary exercise testing 
[34]. Further studies are warranted to validate the hypoth-
esis that RV contractile reserve has a predictive value in 
patients with advanced HF.

Another simple and practical method to disclose the pres-
ence of functional reserve of the right ventricle in patients 
with heart failure and high pulmonary artery pressure is the 
evaluation of the changes in RVEF after an acute afterload 
reduction; the rationale is the strong dependence of RV 
systolic function to the afterload imposed on this cardiac 
chamber. This hypothesis has been tested in 76 patients with 
advanced heart failure and pulmonary hypertension (PH) 
under evaluation for potential heart transplant listing [35]. 
During right heart catheterization, the hemodynamic meas-
urements, including thermodilution-derived right ventricular 
ejection fraction, were repeated after an intravenous bolus 
of nitroglycerin (NTG). During a median follow-up period 
of 8.2 months, 47 patients had a cardiac event (death or 
urgent heart transplantation). At survival analysis, a multi-
variate model that included the New York Heart Association 
class and the hemodynamic variables obtained after NTG 
administration allowed a better assessment of the short-
term prognosis of the patients than a model including the 
baseline variables. In particular, the improvement of RVEF 
in response to the acute pulmonary vasodilation identified 
patients at lower risk [35].

Fig. 3  Cardiac magnetic 
resonance imaging of the right 
ventricle
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Similar conclusions were obtained in a retrospective anal-
ysis of 402 heart failure patients with pulmonary hyperten-
sion who underwent right heart catheterization and a pulmo-
nary vasodilator challenge. A lower increase in cardiac index 
(CI) and stroke volume index (SVi) and (with a borderline 
statistical significance) a lower increase of RVSWi were all 
associated with poorer prognosis [36].

Right heart catheterization

Characterization of pulmonary hemodynamics cannot rely 
only on non-invasive methods. In fact, Doppler echocardi-
ography allows for accurate measurements of the pulmonary 
circulation (little bias), but with moderate precision (large 
limits of agreement), explaining why the non-invasive meas-
ure is valid for population studies but cannot be used for the 
individual diagnosis of pulmonary hypertension [37].

According to the recommendations of European HF 
guidelines, right heart catheterization (RHC) is mandatory 
in patients listed for heart transplantation (HT), since high 
pulmonary vascular resistance remains a major contraindi-
cation to transplant listing (Table 3). In addition, according 
to the recommendations of European guidelines on pulmo-
nary hypertension, the invasive measurement of pulmonary 
artery wedge pressure is pivotal in discriminating between 
pulmonary arterial hypertension from PH due to left heart 
disease in those cases in which neither clinical, biomarkers, 
nor echocardiographic variables have been able to define 
the diagnosis [38]. Nevertheless, a single measure of pul-
monary artery wedge pressure might be misleading since 
this measure is highly volume dependent. For this reason, 
it might be appropriate to perform a fluid challenge test in 
those having a clinical profile consistent with heart failure 
with preserved ejection fraction (HFpEF, elderly, several 
comorbidities), albeit an invasively assessed wedge pres-
sure < 15 mmHg [39].

Besides diagnosis, RHC is likely to provide important prog-
nostic information in HF patients. Contrary to expectations, 

the direct assessment of RV function at RHC (measuring 
the RV stroke work or the RV stroke volume) has a limited 
role in the clinical scenario of HF patients. There is only one 
exception: a RV stroke work index < 300 mmHg × mL/m2 is 
an independent predictor of RV failure after implantation of 
LVAD, and thus, this parameter has to be calculated to plan a 
correct strategy in advanced HF [40].

Bioelectrical impedance analysis

Body fluid can be assessed by bioimpedance vector analysis 
(BIVA). This method measures the ability of biological tis-
sue to oppose electric current administered by four surface 
electrodes, two on the wrist and two on the ankle [41]. Bio-
electrical impedance consists of two components: resistance 
(Rz) and reactance (Xc). Rz is inversely related with the 
amount of total body water, while the Rz is proportional to 
body mass. It only requires few seconds to give the results 
of body tissue impedance that is inversely proportional to 
fluid overload.

BIVA can be applied in every clinical setting due to its 
favorable characteristics of noninvasiveness, accuracy, and 
portability. Total body water assessment by BIVA produces 
a measure of body congestion. This method has been used 
to assess congestion. It has been shown in severe heart fail-
ure patients that the higher the hydration state evaluated by 
BIVA, the longer the hospital length of stay [42]. In addi-
tion, a prospective observational study showed that BIVA 
can predict cardiovascular events at 90 days in acute decom-
pensated heart failure (ADHF) [43].

In addition to ADHF, BIVA has shown a good diagnostic 
performance in chronic heart failure (CHF) patients. BIVA 
was more accurate than brain natriuretic peptide (BNP) in 
detecting peripheral congestion in CHF in a retrospective 
study [44]. Of note, in a small preliminary study of ambu-
latory patients with HF, BIVA also distinguished between 
stable and unstable heart failure patients: patients with sta-
ble HF had significantly lower impedance measured fluid 

Table 3  Indications to right 
heart catheterization in HF 
patients

HF  heart failure,  HT  heart transplant,  MCS  mechanical circulatory support,  PH  pulmonary hyperten-
sion, HFpEF heart failure with preserved ejection fraction

Indication Class of 
recommendation

Level of 
evidence

Patients with severe HF listed to HT and/or MCS I C
Patients in which HF is thought to due constrictive pericarditis, 

restrictive cardiomyopathy, congenital heart disease, and high 
output states

IIa C

Patients with probable PH at echo to be confirmed before 
correction of valve/structural heart diseases and eventually its 
reversibility

IIa C

In selected patients with HFpEF to confirm diagnosis IIb C
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load ratio (R/H) and cardiac stress biomarkers, such as NT-
proBNP, than patients with unstable HF. A variable com-
posed of a bioimpedance component related to fluid over-
load (R/H) and a biomarker of cardiac stretch (NTproBNP) 
was developed and named HF-impedance index [(R/H)/log 
10(NTproBNP)]. This index was significantly lower in non-
stable HF patients as compared to stable patients [45].

In addition to these findings, there is evidence that fluid 
assessment with BIVA correlates with mortality. In a ret-
rospective study enrolling consecutive ADHF and CHF 
patients, Kaplan–Meier analysis indicated a significant 
increase in all-cause mortality rate when the values of the 
markers of congestion, including BIVA hydration index, 
were above the calculated cutoff, namely plasma volume 
status > 5.3 dL/g, BNP > 441 pg/mL, hydration index evalu-
ated by BIVA > 73.8%, and blood urea nitrogen/creatinine 
ratio (BUN/Cr) > 25. In the multivariate analysis, BIVA 
hydration index remained an independent predictor of all-
cause mortality [46].

In conclusion, BIVA appears to be a promising but so far 
poorly studied method for the assessment of congestion in 
RV failure patients.

Cardiopulmonary exercise testing

During exercise, in patients affected by impaired RV func-
tion in the context of left CHF, the functional limitation 
may be assessed by the use cardiopulmonary exercise test 
(CPET).

RV function in patients with CHF is an important deter-
minant of exercise capacity, in terms of VO2 peak and 
minute ventilation/carbon dioxide production (VE/VCO2) 
relationship slope, as expression of ventilatory efficiency 
during maximal efforts. VE/VCO2 slope provides an indi-
rect assessment of RV in the left-sided HF population [47] 
and the ventilatory inefficiency may be a marker of more 
advanced right-sided HF in patients with severe LV systolic 
dysfunction [48].

In patients with HF, higher pulmonary arterial systolic 
pressure (PASP) by echocardiography was associated with 
worse percent predicted peak VO2 and this association was 
more robust in patients with LVEF ≥ 45% vs < 45%. Lower 
RVFAC derived by echocardiography was associated with 
both worse percent predicted VO2 and higher VE/VCO2 
slope [49].

Pulmonary hypertension may be a consequence of left-
sided HF and impairs exercise performance. CPET could 
be considered a diagnostic tool for the detection of left-
sided PH in HF and for the assessment of its clinical impact 
on patients’ symptoms. A VE/VCO2 slope ≥ 36.0 was the 
best predictor of a PASP ≥ 40 mmHg. Peak end-tidal CO2 
(PETCO2) ≤ 34 mmHg and the presence of exercise oscilla-
tory ventilation (EOV) could help diagnose [50]. Other authors 
showed that VE/VCO2 slope (> 41), change in PETCO2 on 
exercise (< 1.2 mmHg), and EOV were independently associ-
ated with reactive PH [51].

In patients with PH due to left-sided HF, some CPET 
parameters are different in presence of combined post- and 
pre-capillary PH (PPC-PH) compared with patients with iso-
lated post-capillary PH (IPC-PH) or no PH. PETCO2 and 
arterial oxygen saturation (SaO2) were greater in no-PH 
and IPC-PH versus PPC-PH patients. Dead space ventila-
tion (VD/VT) and VE/VCO2 ratio were lower in no-PH and 
IPC-PH versus PPC-PH patients [52]. Lowest percentage 
of VE/VCO2 predicted value is the single best predictor of 
PPC-PH. Moreover, the parameters related to VE/VCO2 
have a moderate positive correlation with pulmonary vas-
cular resistance (PVR) [53].

Special attention should be dedicated to the intercepts on 
the Y-axis of the ventilation to VCO2 relationship, i.e., to the 
value of ventilation at VCO2 = 0. This value is highly influ-
enced by dead space and its development during exercise so 
that a value exceeding or below the normal range (4.9 ± 1.4 
L/min) implies high dead space at rest and development of 
dead space during exercise [54]. Poor right ventricular-arterial 
coupling (RV-PA) is also associated with more severe HF, 
reduced exercise capacity (peak oxygen uptake, peak oxy-
gen consumption), and less efficient ventilation (steeper VE/
VCO2 slope) [55]. Thus, the use of CPET may help clinicians 
in clarifying the causes and the degree of dyspnea on efforts 
in patients with RV failure associated with left-sided HF and 
to better assess the presence, the degree, and the type of PH 
in such context.

Coupling of ventilation to blood flow

The lung and pulmonary vasculature are vital layers of right 
ventricular function by contributing to right ventricular after-
load. Indeed, ventilation/perfusion mismatch represents a com-
mon finding in several cardiorespiratory diseases including, 
chronic obstructive lung disease, interstitial lung disease, heart 
failure, and pulmonary hypertension. The term mismatch indi-
cates an erroneous coupling of ventilation and perfusion and 
it can be characterized by ventilated lung areas not or poorly 
perfused and/or by lung areas perfused but not ventilated. 
In Fig. 4, a schema of the two types of ventilation/perfusion 

Fig. 4  Ventilation/perfusion mismatch. Panel A. Ventilation/perfusion mis-
match: ventilated lung areas not or poorly perfused. Panel B. Ventilation/
perfusion mismatch: lung areas perfused but not ventilated. For abbrevia-
tions see text

◂
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mismatch and the consequences on ventilatory parameters dur-
ing exercise is reported. The efficiency of ventilation is present 
when the relationship between ventilation and VCO2 is opti-
mized. Inefficiency of ventilation is present either when for a 
given VCO2 increase the increase in ventilation is greater than 
normal or when ventilation does not increase sufficiently and 
arterial CO2 pressure (PaCO2) rises. The former is associated 
with low PETCO2 and, therefore, a positive arterial to end-
tidal PCO2 gradient (P(a-et)CO2) and elevated ventilation vs. 
VCO2 slope (sVE/VCO2) with an Y-intercept (extrapolation 
of ventilation to VCO2 = 0) close to 0 or negative. The latter is 
associated to increase of PaCO2 and systemic hypoxia, while 
sVE/VCO2 is normal or low but the Y-intercept is elevated. 
Differently from the slope, the VE/VCO2 ratio (rVE/VCO2) 
is elevated in both cases. The normal value of the sVE/VCO2, 
i.e., how significant is the increase of ventilation for a given 
increase in VCO2, is affected, in normal subjects, by age and 
gender. Indeed, ventilation in women is approximately 1 L/m 
more than in males at a similar age. Accordingly, it has been 
reported that the sVE/VCO2 should be reported as a percent-
age of a normal value [56]. Therefore, an elevated sVE/VCO2 
with a low or negative Y-intercept means an increase in dead 
space ventilation during exercise why the presence of an ele-
vated Y-intercept demonstrates the existence of increased dead 
space even at rest. The evaluation of the Y-intercept is therefore 
meaningful when assessing the role of a respiratory co-mor-
bidity in heart failure [57]. Also, the kinetic of the rVE/VCO2 
provides relevant information during exercise. Indeed, its value 
at rest is influenced by resting dead space ventilation while its 
increase during exercise is suggestive of increase in dead space 
during exercise as in case of pulmonary hypertension.

A relevant point is why ventilation increases [54]. Three 
are the major players at sea level: VCO2, the amount of dead 
space ventilation, and the value of PaCO2 at which even ven-
tilation is settled. The first depends on the amount of exer-
cise, and it is responsible of the normal ventilation increase 
during exercise. Differently, an abnormal dead space ven-
tilation or PaCO2 set point is responsible of an abnormal 
ventilation behavior during exercise. From a gas exchange 
point of view, a high dead space ventilation implies a normal 
PaCO2 value while an abnormal set point of PaCO2 implies 
either hypoventilation (high PaCO2) or hyperventilation (low 
PaCO2).

In brief, ventilation-perfusion mismatch during exercise 
can be easily evaluated during exercise and provides relevant 
information in several cardiorespiratory diseases.

Biochemical aspects

The mechanisms by which left ventricular and/or right 
ventricular cardiomyocytes may release these biologic sub-
stances collectively referred to as biomarkers of stress, or of 

myocyte injury are similar in the left and in the right ventri-
cle. Most, if not all, biomarkers are not RV specific but may 
be applied in patients with right ventricular failure [58, 59].

For example, in acute pulmonary embolism (PE), the RV 
faces a rapid rise in afterload which increases wall stress, 
resulting in higher oxygen demand and a reduced perfusion 
time with ensuing myocardial ischemia. As a result, circulat-
ing troponin (Tn) values often show a rise and fall pattern in 
PE, as in myocardial infarction. Both standard Tn and high-
sensitivity Tn hold a prognostic role in acute PE [60, 61]. In 
pulmonary arterial hypertension, RV myocyte releases the 
prohormone pro B-type natriuretic peptide (proBNP), which 
is then split into the biologically active hormone BNP and 
the inactive fragment N-terminal proBNP (NT-proBNP), 
both being independent predictors of mortality [38].

Few studies have investigated the relationship between 
circulating inflammatory biomarkers and measures of RV 
geometry and performance in conditions associated with RV 
failure. In one study on patients with RV failure secondary to 
ischemic heart disease or idiopathic dilated cardiomyopathy, 
tumor necrosis factor-α levels positively correlated with the 
severity of peripheral oedema and showed an inverse cor-
relation with RV ejection fraction calculated though radio-
nuclide angiography [62]. Other studies on patients with 
pulmonary arterial hypertension have reported a negative 
association between certain chemokines (CXCL-10, CXCL-
12, CXCL-16, or interleuchin-6) and parameters of RV func-
tion assessed through echocardiography or cardiac magnetic 
resonance [63, 64].

In recent years, there have been attempts to identify novel 
molecules which may more closely reflect RV remodelling 
and dysfunction. To this purpose, the most promising bio-
markers seem to be the following: long non-coding RNA 
H19, secreted protein acidic and rich in cysteine-like pro-
tein 1 (SPARC-like protein 1), and cartilage intermediate 
layer protein 1 (CILP1) [65]. Notably, CILP1, an extracel-
lular matrix (ECM) protein acting as an antagonist of the 
profibrotic transforming growth factor β signalling, was 
found to be increased in PH patients with “maladaptive” 
RV remodelling not only compared with PH patients with 
“adaptive” RV remodelling, but also compared to patients 
with dilated cardiomyopathy or LV hypertrophy due to pres-
sure overload [66]. Moreover, several microRNA associated 
with RV remodelling have been recently identified, hold-
ing the potential to become RV-specific biomarkers or even 
therapeutic targets [67].

Author contribution Stefano Ghio, Dr Palazzuoli, and Dr Correale had 
the idea, developed the conceptualization of the article, and prepared 
the final version of the manuscript; all authors performed the litera-
ture search and evaluation, prepared a first draft of a specific part of 
the manuscript, revised the entire manuscript critically for important 
intellectual content, and finally approved the manuscript submitted.



1019Heart Failure Reviews (2023) 28:1009–1022 

1 3

Availability of data and materials Not applicable.

Declarations 

Ethics approval Not applicable.

Competing interests The authors declare no competing interests.

References

 1. Haddad F, Hunt SA, Rosenthal DN, Murphy DJ (2008) Right 
ventricular function in cardiovascular disease, part I: anatomy, 
physiology, aging, and functional assessment of the right ventri-
cle. Circulation 117(11):1436–1448

 2. McDonagh TA, Metra M, Ma Adamo, Gardner RS, Baumbach A, 
Böhm M, Burri H, Butler J, Čelutkienė J, ESC Scientific Docu-
ment Group et al (2021) 2021 ESC Guidelines for the diagnosis 
and treatment of acute and chronic heart failure: Developed by the 
Task Force for the diagnosis and treatment of acute and chronic 
heart failure of the European Society of Cardiology (ESC) With 
the special contribution of the Heart Failure Association (HFA) of 
the ESC. Eur Heart J 42(36):3599–3726. https:// doi. org/ 10. 1093/ 
eurhe artj/ ehab3 68

 3. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova 
T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski 
L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations for 
cardiac chamber quantification by echocardiography in adults: 
an update from the American Society of Echocardiography and 
the European Association of Cardiovascular Imaging. J Am Soc 
Echocardiogr 28(1–39):e14. https:// doi. org/ 10. 1016/j. echo. 2014. 
10. 003

 4. Ghio S, Recusani F, Klersy C, Sebastiani R, Laudisa ML, Campana 
C, Gavazzi A, Tavazzi L (2000) Prognostic usefulness of the tricus-
pid annular plane systolic excursion in patients with congestive heart 
failure secondary to idiopathic or ischemic dilated cardiomyopathy. 
Am J Cardiol 85:837–842. https:// doi. org/ 10. 1016/ s0002- 9149(99) 
00877-2

 5. Kjaergaard J, Akkan D, Iversen KK, Køber L, Torp-Pedersen C, 
Hassager C (2007) Right ventricular dysfunction as an independ-
ent predictor of short- and long-term mortality in patients with 
heart failure. Eur J Heart Fail 9:610–616. https:// doi. org/ 10. 1186/ 
1476- 7120-7- 51

 6. Dini FL, Demmer RT, Simioniuc A, Morrone D, Donati F, Guarini 
G, Orsini E, Caravelli P, Marzilli M, Colombo PC (2012) Right 
ventricular dysfunction is associated with chronic kidney disease 
and predicts survival in patients with chronic systolic heart fail-
ure. Eur J Heart Fail 14:287–294. https:// doi. org/ 10. 1093/ eurjhf/ 
hfr176

 7. Ghio S, Guazzi M, Scardovi AB, Klersy C, Clemenza F, Carluccio 
E, Temporelli PL, Rossi A, Faggiano P, Traversi E, Vriz O, Dini 
FL, all investigators (2017) Different correlates but similar prog-
nostic implications for right ventricular dysfunction in heart failure 
patients with reduced or preserved ejection fraction. Eur J Heart Fail 
19(7):873–879. https:// doi. org/ 10. 1002/ ejhf. 664

 8. Dini FL, Carluccio E, Simioniuc A, Biagioli P, Reboldi G, 
Galeotti GG, Raineri C, Gargani L, Scelsi L, Mandoli GE, 
Cannito A, Rossi A, Temporelli PL, Ghio S (2016) Network 
Labs Ultrasound (NEBULA) in Heart Failure Study Group. 
Right ventricular recovery during follow-up is associated with 
improved survival in patients with chronic heart failure with 
reduced ejection fraction. Eur J Heart Fail 18(12):1462–1471. 
https:// doi. org/ 10. 1002/ ejhf. 639

 9. Ghio S, Temporelli PL, Klersy C, Simioniuc A, Girardi B, 
Scelsi L, Rossi A, Cicoira M, Tarro Genta F, Dini FL (2013) 
Prognostic relevance of a non-invasive evaluation of right ven-
tricular function and pulmonary artery pressure in patients with 
chronic heart failure. Eur J Heart Fail 15:408–414. https:// doi. 
org/ 10. 1093/ eurjhf/ hfs208

 10. Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti L, 
Ghio S, Temporelli PL, Arena R (2013) Tricuspid annular plane 
systolic excursion and pulmonary arterial systolic pressure relation-
ship in heart failure: an index of right ventricular contractile func-
tion and prognosis. Am J Physiol Heart Circ Physiol 305(9):H1373–
H1381. https:// doi. org/ 10. 1152/ ajphe art. 00157. 2013

 11. Kim H, Jung C, Yoon HJ, Park HS, Cho YK, Nam CW, Hur SH, 
Kim YN, Kim KB (2012) Prognostic value of tricuspid annular 
tissue Doppler velocity in heart failure with atrial fibrillation. J 
Am Soc Echocardiogr 25(4):436–443. https:// doi. org/ 10. 1016/j. 
echo. 2011. 12. 019

 12. de Groote P, Fertin M, Goéminne C, Petyt G, Peyrot S, Foucher-
Hossein C, Mouquet F, Bauters C, Lamblin N (2012) Right 
ventricular systolic function for risk stratification in patients 
with stable left ventricular systolic dysfunction: comparison of 
radionuclide angiography to echoDoppler parameters. Eur Heart 
J 33:2672–2679. https:// doi. org/ 10. 1093/ eurhe artj/ ehs080

 13. Anavekar NS, Skali H, Bourgoun M, Ghali JK, Kober L, Maggioni 
AP, McMurray JJ, Velazquez E, Califf R, Pfeffer MA, Solomon SD 
(2008) Usefulness of right ventricular fractional area change to pre-
dict death, heart failure, and stroke following myocardial infarction 
(from the VALIANT ECHO Study). Am J Cardiol 101(5):607–612. 
https:// doi. org/ 10. 1016/j. amjca rd. 2007. 09. 115

 14. Haddad F, Couture P, Tousignant C, Denault AY (2009) The right 
ventricle in cardiac surgery, a perioperative perspective: I. Anat-
omy, physiology, and assessment. Anesth Analg 108:407–421. 
https:// doi. org/ 10. 1213/ ane. 0b013 e3181 8f8623

 15. Correale M, Totaro A, Ieva R, Brunetti ND, Di Biase M (2011) 
Time intervals and myocardial performance index by tissue Doppler 
imaging. Intern Emerg Med 6(5):393–402. https:// doi. org/ 10. 1007/ 
s11739- 010- 0469-3

 16. Gorcsan J III et al (2011) Echocardiographic assessment of myo-
cardial strain. J Am Coll Cardiol 58(14). https:// doi. org/ 10. 1016/j. 
jacc. 2011. 06. 038

 17. Rudski LG, Fine N (2018) Right ventricular function in Heart 
Failure. The long and short of free wall motion versus deformation 
imaging. Circ Cardiovasc Imaging 11. https:// doi. org/ 10. 1161/ 
CIRCI MAGING. 117. 007396

 18. Carluccio E, Biagioli P, Lauciello R, Zuchi C, Mengoni A, 
Bardelli G, Alunni G, Gronda EG, Ambrosio G (2019) Superior 
Prognostic Value of Right Ventricular Free Wall Compared to 
Global Longitudinal Strain in Patients With Heart Failure. J Am 
Soc Echocardiogr 32(7):836–844.e1. https:// doi. org/ 10. 1016/j. 
echo. 2019. 02. 011

 19. Carluccio E et al (2018) Prognostic value of right ventricular dys-
function in heart failure with reduced EF. Superiority of longitudinal 
strain over tricuspid annular plane systolic excursion. Circ Cardiovasc 
Imaging 11. https:// doi. org/ 10. 1161/ CIRCI MAGING. 117. 006894

 20. Houard L, Benaets M-B, Ravenstein CDMD, Rousseau MF, Ahn 
SA, Amzulescu M-S, Roy C, Slimani A, Vancraeynest D, Pasquet 
A et al (2019) Additional Prognostic Value of 2D Right Ventricu-
lar Speckle-Tracking Strain for Prediction of Survival in Heart 
Failure and Reduced Ejection Fraction. A Comparative Study 
with Cardiac Magnetic Resonance. JACC Cardiovasc Imaging 
12:2373–2385. https:// doi. org/ 10. 1016/j. jcmg. 2018. 11. 028

 21. Bosch L et al (2017) Right ventricular dysfunction in left-sided 
heart failure with preserved versus reduced ejection fraction. 
Eur J Heart Fail 19:1664–1671. https:// doi. org/ 10. 1002/ ejhf. 873

 22. Chriqui LE, Monney P, Kirsch M, Tozzi P (2021) Prediction 
of right ventricular failure after left ventricular assist device 

https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/s0002-9149(99)00877-2
https://doi.org/10.1016/s0002-9149(99)00877-2
https://doi.org/10.1186/1476-7120-7-51
https://doi.org/10.1186/1476-7120-7-51
https://doi.org/10.1093/eurjhf/hfr176
https://doi.org/10.1093/eurjhf/hfr176
https://doi.org/10.1002/ejhf.664
https://doi.org/10.1002/ejhf.639
https://doi.org/10.1093/eurjhf/hfs208
https://doi.org/10.1093/eurjhf/hfs208
https://doi.org/10.1152/ajpheart.00157.2013
https://doi.org/10.1016/j.echo.2011.12.019
https://doi.org/10.1016/j.echo.2011.12.019
https://doi.org/10.1093/eurheartj/ehs080
https://doi.org/10.1016/j.amjcard.2007.09.115
https://doi.org/10.1213/ane.0b013e31818f8623
https://doi.org/10.1007/s11739-010-0469-3
https://doi.org/10.1007/s11739-010-0469-3
https://doi.org/10.1016/j.jacc.2011.06.038
https://doi.org/10.1016/j.jacc.2011.06.038
https://doi.org/10.1161/CIRCIMAGING.117.007396
https://doi.org/10.1161/CIRCIMAGING.117.007396
https://doi.org/10.1016/j.echo.2019.02.011
https://doi.org/10.1016/j.echo.2019.02.011
https://doi.org/10.1161/CIRCIMAGING.117.006894
https://doi.org/10.1016/j.jcmg.2018.11.028
https://doi.org/10.1002/ejhf.873


1020 Heart Failure Reviews (2023) 28:1009–1022

1 3

implantation in patients with heart failure: a meta-analysis com-
paring echocardiographic parameters. Interact Cardiovasc Thorac 
Surg 33(5):784–792. https:// doi. org/ 10. 1093/ icvts/ ivab1 77 (PMID: 
34368839)

 23. Nagata Y, Wu VC, Kado Y et al (2017) Prognostic value of right 
ventricular ejection fraction assessed by transthoracic 3D echo-
cardiography. Circ Cardiovasc Imaging 10(2):e005384. https:// 
doi. org/ 10. 1161/ CIRCI MAGING. 116. 005384

 24. Magunia H, Dietrich C, Langer HF, Schibilsky D, Schlensak C, 
Rosenberger P, Nowak-Machen M (2018) 3D Echocardiography 
Derived Right Ventricular Function is Associated with Right 
Ventricular Failure and Mid-Term Survival After Left Ventricu-
lar Assist Device Implantation. Int J Cardiol 1(272):348–355. 
https:// doi. org/ 10. 1016/j. ijcard. 2018. 06. 026

 25. Dellegrottaglie S, Ostenfeld E, Sanz J, Scatteia A, Perrone-
Filardi P, Bossone E (2018) Imaging the Right Heart-Pulmonary 
Circulation Unit: The Role of MRI and Computed Tomography. 
Heart Fail Clin 14(3):377–391. https:// doi. org/ 10. 1016/j. hfc. 
2018. 03. 004

 26. Gulati A, Ismail TF, Jabbour A, Alpendurada F, Guha K, Ismail 
NA et al (2013) The prevalence and prognostic significance of 
right ventricular systolic dysfunction in nonischemic dilated 
cardiomyopathy. Circulation 128:1623–1633. https:// doi. org/ 10. 
1161/ CIRCU LATIO NAHA. 113. 002518

 27. Aschauer S, Kammerlander AA, Zotter-Tufaro C, Ristl R, Pfaffenberger 
S, Bachmann A, Duca F, Marzluf BA, Bonderman D, Mascherbauer 
J (2016) The right heart in heart failure with preserved ejection frac-
tion: insights from cardiac magnetic resonance imaging and invasive 
haemodynamics. Eur J Heart Fail 18(1):71–80. https:// doi. org/ 10. 1002/ 
ejhf. 418

 28. Pueschner A, Chattranukulchai P, Heitner JF, Shah DJ, Hayes 
B, Rehwald W, Parker MA, Kim HW, Judd RM, Kim RJ, Klem I 
(2017) The Prevalence, Correlates, and Impact on Cardiac Mor-
tality of Right Ventricular Dysfunction in Nonischemic Cardio-
myopathy. JACC Cardiovasc Imaging 10(10 Pt B):1225–1236. 
https:// doi. org/ 10. 1016/j. jcmg. 2017. 06. 013

 29. Di Marco A, Anguera I, Schmitt M, Klem I, Neilan TG, White 
JA et al (2017) Late gadolinium enhancement and the risk for 
ventricular arrhythmias or sudden death in dilated cardiomyo-
pathy: systematic review and meta-analysis. JACC Heart Fail 
5:28–38. https:// doi. org/ 10. 1016/j. jchf. 2016. 09. 017

 30. Guaricci AI, Masci PG, Lorenzoni V, Schwitter J, Pontone G 
(2018) CarDiac MagnEtic Resonance for Primary Prevention 
Implantable CardioVerter DebrillAtor ThErapy international 
registry: Design and rationale of the DERIVATE study. Int J 
Cardiol 15(261):223–227. https:// doi. org/ 10. 1016/j. ijcard. 2018. 
03. 043

 31. Vanderpool RR, Pinsky MR, Naeije R, Deible C, Kosaraju V, 
Bunner C, Mathier MA, Lacomis J, Champion HC, Simon MA 
(2015) RV-pulmonary arterial coupling predicts outcome in patients 
referred for pulmonary hypertension. Heart 101(1):37–43. https:// 
doi. org/ 10. 1136/ heart jnl- 2014- 306142

 32. Muscogiuri G, Fusini L, Ricci F, Sicuso R, Guglielmo M, Baggiano 
A, Gasperetti A, Casella M, Mushtaq S, Conte E, Annoni A, Formenti 
A, Mancini ME, Babbaro M, Mollace R, Collevecchio A, Scafuri S, 
Kukavica D, Andreini D, Basso C, Rizzo S, De Gaspari M, Priori S, 
Dello Russo A, Tondo C, Pepi M, Sommariva E, Rabbat M, Guaricci 
AI, Pontone G (2021) Additional diagnostic value of cardiac magnetic 
resonance feature tracking in patients with biopsy-proven arrhythmo-
genic cardiomyopathy. Int J Cardiol 339:203–210. https:// doi. org/ 10. 
1016/j. ijcard. 2021. 06. 052

 33. Kinoshita M, Inoue K, Higashi H, Akazawa Y, Sasaki Y, Fujii A, 
Uetani T, Inaba S, Aono J, Nagai T, Nishimura K, Ikeda S, Yamaguchi 
O (2020) Impact of right ventricular contractile reserve during low-
load exercise on exercise intolerance in heart failure. ESC Heart Fail 
7(6):3810–3820. https:// doi. org/ 10. 1002/ ehf2. 12968

 34. Guazzi M, Villani S, Generati G, Ferraro OE, Pellegrino M, 
Alfonzetti E, Labate V, Gaeta M, Sugimoto T, Bandera F (2016) 
Right Ventricular Contractile Reserve and Pulmonary Circulation 
Uncoupling During Exercise Challenge in Heart Failure: Patho-
physiology and Clinical Phenotypes. JACC Heart Fail 4(8):625–
635. https:// doi. org/ 10. 1016/j. jchf. 2016. 03. 007

 35. Gavazzi A, Ghio S, Scelsi L, Campana C, Klersy C, Serio A, 
Raineri C, Tavazzi L (2003) Response of the right ventricle to 
acute pulmonary vasodilation predicts the outcome in patients 
with advanced heart failure and pulmonary hypertension. Am 
Heart J 145(2):310–316. https:// doi. org/ 10. 1067/ mhj. 2003. 146

 36. Ghio S, Crimi G, Houston B, Montalto C, Garascia A, Boffini 
M, Temporelli PL, La Rovere MT, Pacileo G, Panneerselvam K, 
Santolamazza C, D’angelo L, Moschella M, Scelsi L, Marro M, 
Masarone D, Ameri P, Rinaldi M, Guazzi M, D’alto M, Tedford 
RJ (2021) Nonresponse to Acute Vasodilator Challenge and Prog-
nosis in Heart Failure With Pulmonary Hypertension. J Card Fail 
27(8):869–876. https:// doi. org/ 10. 1016/j. cardf ail. 2021. 01. 021

 37. D’Alto M, Romeo E, Argiento P, D’Andrea A, Vanderpool R, 
Correra A, Bossone E, Sarubbi B, Calabrò R, Russo MG, Naeije 
R (2013) Accuracy and precision of echocardiography versus right 
heart catheterization for the assessment of pulmonary hyperten-
sion. Int J Cardiol 168(4):4058–4062. https:// doi. org/ 10. 1016/j. 
ijcard. 2013. 07. 005

 38. Galiè N, Humbert M, Vachiery JL et al (2015) ESC/ERS Guide-
lines for the diagnosis and treatment of pulmonary hypertension. 
The Joint Task Force for the Diagnosis and Treatment of Pul-
monary Hypertension of the European Society of Cardiology 
(ESC) and the European Respiratory Society (ERS). Eur Respir J 
46:903–975. https:// doi. org/ 10. 1183/ 13993 003. 01032- 2015

 39. D’Alto M, Romeo E, Argiento P, Motoji Y, Correra A, Di Marco 
GM, Iacono AM, Barracano R, D’Andrea A, Rea G, Sarubbi B, 
Russo MG, Naeije R (2017) Clinical Relevance of Fluid Chal-
lenge in Patients Evaluated for Pulmonary Hypertension. Chest 
151(1):119–126. https:// doi. org/ 10. 1016/j. chest. 2016. 08. 1439

 40. Kormos RL, Teuteberg JJ, Pagani FD et al (2010) Right ventricu-
lar failure in patients with the HeartMate II continuous- flow left 
ventricular assist device: incidence, risk factors, and effect on 
outcomes. J Thorac Cardiovasc Surg 139:1316–1324. https:// doi. 
org/ 10. 1016/j. jtcvs. 2009. 11. 020

 41. Khalil SF, Mohktar MS, Ibrahim F (2014) The theory and funda-
mentals of bioimpedance analysis in clinical status monitoring and 
diagnosis of diseases. Sensors (Switzerland) 14(6):10895–10928. 
https:// doi. org/ 10. 3390/ s1406 10895

 42. Massari F, Scicchitano P, Ciccone MM, Caldarola P, Aspromonte 
N, Iacoviello M et al (2019) Bioimpedance vector analysis pre-
dicts hospital length of stay in acute heart failure. Nutrition 61:56–
60. https:// doi. org/ 10. 1016/j. nut. 2018. 10. 028

 43. Di Somma S, Lalle I, Magrini L, Russo V, Navarin S, Castello 
L et al (2014) Additive diagnostic and prognostic value of Bio-
electrical Impedance Vector Analysis (BIVA) to brain natriu-
retic peptide ‘grey-zone’ in patients with acute heart failure in 
the emergency department. Eur Hear J Acute Cardiovasc Care 
3(2):167–175. https:// doi. org/ 10. 1177/ 20488 72614 521756

 44. Massari F, Iacoviello M, Scicchitano P, Mastropasqua F, Guida P, 
Riccioni G et al (2016) Accuracy of bioimpedance vector analysis 
and brain natriuretic peptide in detection of peripheral edema in 
acute and chronic heart failure. Heart Lung J Acute Crit Care 
45(4):319–326. https:// doi. org/ 10. 1016/j. hrtlng. 2016. 03. 008

 45. Gastelurrutia P, Nescolarde L, Rosell-Ferrer J, Domingo M, Ribas 
N, Bayes-Genis A (2011) Bioelectrical impedance vector analysis 
(BIVA) in stable and non-stable heart failure patients: A pilot 
study. Int J Cardiol 146(2):262–264. https:// doi. org/ 10. 1016/j. 
ijcard. 2010. 10. 072

 46. Massari F, Scicchitano P, Iacoviello M, Passantino A, Guida P, 
Sanasi M et al (2020) Multiparametric approach to congestion for 

https://doi.org/10.1093/icvts/ivab177
https://doi.org/10.1161/CIRCIMAGING.116.005384
https://doi.org/10.1161/CIRCIMAGING.116.005384
https://doi.org/10.1016/j.ijcard.2018.06.026
https://doi.org/10.1016/j.hfc.2018.03.004
https://doi.org/10.1016/j.hfc.2018.03.004
https://doi.org/10.1161/CIRCULATIONAHA.113.002518
https://doi.org/10.1161/CIRCULATIONAHA.113.002518
https://doi.org/10.1002/ejhf.418
https://doi.org/10.1002/ejhf.418
https://doi.org/10.1016/j.jcmg.2017.06.013
https://doi.org/10.1016/j.jchf.2016.09.017
https://doi.org/10.1016/j.ijcard.2018.03.043
https://doi.org/10.1016/j.ijcard.2018.03.043
https://doi.org/10.1136/heartjnl-2014-306142
https://doi.org/10.1136/heartjnl-2014-306142
https://doi.org/10.1016/j.ijcard.2021.06.052
https://doi.org/10.1016/j.ijcard.2021.06.052
https://doi.org/10.1002/ehf2.12968
https://doi.org/10.1016/j.jchf.2016.03.007
https://doi.org/10.1067/mhj.2003.146
https://doi.org/10.1016/j.cardfail.2021.01.021
https://doi.org/10.1016/j.ijcard.2013.07.005
https://doi.org/10.1016/j.ijcard.2013.07.005
https://doi.org/10.1183/13993003.01032-2015
https://doi.org/10.1016/j.chest.2016.08.1439
https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.3390/s140610895
https://doi.org/10.1016/j.nut.2018.10.028
https://doi.org/10.1177/2048872614521756
https://doi.org/10.1016/j.hrtlng.2016.03.008
https://doi.org/10.1016/j.ijcard.2010.10.072
https://doi.org/10.1016/j.ijcard.2010.10.072


1021Heart Failure Reviews (2023) 28:1009–1022 

1 3

predicting long-term survival in heart failure. J Cardiol 75(1):47–
52. https:// doi. org/ 10. 1016/j. jjcc. 2019. 05. 017

 47. Arena R, Ozemek C (2019) Intracardiac multimorbidity: assess-
ing right ventricular function in left-sided heart failure through 
cardiopulmonary exercise testing. Expert Rev Cardiovasc Ther 
17(5):331–333. https:// doi. org/ 10. 1080/ 14779 072. 2019. 15858 08

 48. Methvin AB, Owens AT, Emmi AG, Allen M, Wiegers SE, Dries 
DL, Margulies KB, Forfia PR (2011) Ventilatory inefficiency 
reflects right ventricular dysfunction in systolic heart failure. 
Chest 139(3):617–625. https:// doi. org/ 10. 1378/ chest. 10- 0318

 49. Teramoto K, Sengelov M, West E, Santos M, Nadruz W, Skali 
H, Shah AM (2020) Association of pulmonary hypertension and 
right ventricular function with exercise capacity in heart failure. 
ESC Heart Fail 7(4):1635–1644. https:// doi. org/ 10. 1002/ ehf2. 
12717

 50. Guazzi M, Cahalin LP, Arena R (2013) Cardiopulmonary exercise 
testing as a diagnostic tool for the detection of left-sided pulmo-
nary hypertension in heart failure. J Card Fail 19(7):461–467. 
https:// doi. org/ 10. 1016/j. cardf ail. 2013. 05. 005

 51. Lim HS, Theodosiou M (2014) Exercise ventilatory parameters 
for the diagnosis of reactive pulmonary hypertension in patients 
with heart failure. J Card Fail 20(9):650–657. https:// doi. org/ 10. 
1016/j. cardf ail. 2014. 06. 355

 52. Taylor BJ, Smetana MR, Frantz RP, Johnson BD (2015) Sub-
maximal Exercise Pulmonary Gas Exchange in Left Heart Disease 
Patients With Different Forms of Pulmonary Hypertension. J Card 
Fail 21(8):647–55. https:// doi. org/ 10. 1016/j. cardf ail. 2015. 04. 003

 53. Zhong X, Tang J, Jiang R, Yuan P, Zhao Q, Gong S, Liu J, Wang 
L (2021) The predictive value of minute ventilation versus carbon 
dioxide production in pulmonary hypertension associated with left 
heart disease. Ann Transl Med 9(4):351. https:// doi. org/ 10. 21037/ 
atm- 21- 366

 54. Gargiulo P, Apostolo A, Perrone-Filardi P, Sciomer S, Palange P, 
Agostoni P (2014) A non invasive estimate of dead space ventila-
tion from exercise measurements. PLoS One 9(1):e87395. https:// 
doi. org/ 10. 1371/ journ al. pone. 00873 95

 55. Hussain I, Mohammed SF, Forfia PR, Lewis GD, Borlaug BA, 
Gallup DS, Redfield MM (2016) Impaired Right Ventricular-
Pulmonary Arterial Coupling and Effect of Sildenafil in Heart 
Failure With Preserved Ejection Fraction: An Ancillary Analysis 
From the Phosphodiesterase-5 Inhibition to Improve Clinical Sta-
tus And Exercise Capacity in Diastolic Heart Failure (RELAX) 
Trial. Circ Heart Fail 9(4):e002729. https:// doi. org/ 10. 1161/ 
CIRCH EARTF AILURE. 115. 002729

 56. Salvioni E, Corra U, Piepoli M et al (2020) Gender and age nor-
malization and ventilation efficiency during exercise in heart fail-
ure with reduced ejection fraction. ESC Heart Fail 7:371–380. 
https:// doi. org/ 10. 1002/ ehf2. 12582

 57. Apostolo A, Laveneziana P, Palange P et al (2015) Impact of 
chronic obstructive pulmonary disease on exercise ventilatory 
efficiency in heart failure. Int J Cardiol 189:134–140. https:// doi. 
org/ 10. 1016/j. ijcard. 2015. 03. 422

 58. Pradhan NM, Mullin C, Poor HD (2020) Biomarkers and Right 
Ventricular Dysfunction. Crit Care Clin 36:141–153. https:// doi. 
org/ 10. 1016/j. ccc. 2019. 08. 011

 59. Castiglione V, Aimo A, Vergaro G, Saccaro L, Passino C, Emdin 
M (2022) Biomarkers for the diagnosis and management of heart 
failure. Heart Fail Rev 27(2):625–643. https:// doi. org/ 10. 1007/ 
s10741- 021- 10105

 60. Lankeit M, Jiménez D, Kostrubiec M, Dellas C, Hasenfuss G, 
Pruszczyk P, Konstantinides S (2011) Predictive Value of the 
High-Sensitivity Troponin T Assay and the Simplified Pulmonary 
Embolism Severity Index in Hemodynamically Stable Patients 
With Acute Pulmonary Embolism. Circulation 124:2716–2724. 
https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 111. 051177

 61. Bajaj A, Rathor P, Sehgal V, Kabak B, Shetty A, Al Masalmeh O, 
Hosur S (2015) Prognostic Value of Biomarkers in Acute Non-massive 
Pulmonary Embolism: A Systematic Review and Meta-analysis. Lung 
193:639–651. https:// doi. org/ 10. 1007/ s00408- 015- 9752-4

 62. Odeh M, Sabo E, Oliven A (2006) Circulating levels of tumor 
necrosis factor-alpha correlate positively with severity of periph-
eral oedema in patients with right heart failure. Eur J Heart Fail 
8:141–146. https:// doi. org/ 10. 1016/j. ejhea rt. 2005. 05. 010

 63. Yang T, Li Z-N, Chen G, Gu Q, Ni X-H, Zhao Z-H, Ye J, Meng 
X-M, Liu Z-H, Xiong C-M, He J-G (2014) Increased levels of 
plasma CXC-Chemokine Ligand 10, 12 and 16 are associated 
with right ventricular function in patients with idiopathic pulmo-
nary arterial hypertension. Heart Lung J Cardiopulm Acute Care 
43:322–327. https:// doi. org/ 10. 1016/j. hrtlng. 2014. 04. 016

 64. Prins KW, Archer SL, Pritzker M, Rose L, Weir EK, Sharma A, 
Thenappan T (2018) Interleukin-6 is independently associated 
with right ventricular function in pulmonary arterial hyperten-
sion. J Heart Lung Transplant Off Publ Int Soc Heart Transplant 
37:376–384. https:// doi. org/ 10. 1016/j. healun. 2017. 08. 011

 65. Llucià-Valldeperas A, van Wezenbeek J, Goumans MJ, de Man 
FS (2021) The battle of new biomarkers for right heart failure 
in pulmonary hypertension: is the queen of hearts NT-proBNP 
defeated at last? Eur Respir J 57(4):2004277. https:// doi. org/ 10. 
1183/ 13993 003. 04277- 2020

 66. Keranov S, Dörr O, Jafari L, Troidl C, Liebetrau C, Kriechbaum 
S, Keller T, Voss S, Bauer T, Lorenz J, Richter MJ, Tello K, Gall 
H, Ghofrani HA, Mayer E, Wiedenroth CB, Guth S, Lörchner 
H, Pöling J, Chelladurai P, Pullamsetti SS, Braun T, Seeger W, 
Hamm CW, Nef H (2021) CILP1 as a biomarker for right ven-
tricular maladaptation in pulmonary hypertension. Eur Respir J 
57:1901192. https:// doi. org/ 10. 1183/ 13993 003. 01192- 2019

 67. Batkai S, Bär C, Thum T (2017) MicroRNAs in right ventricular 
remodelling. Cardiovasc Res 113:1433–1440. https:// doi. org/ 10. 
1093/ cvr/ cvx153

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.jjcc.2019.05.017
https://doi.org/10.1080/14779072.2019.1585808
https://doi.org/10.1378/chest.10-0318
https://doi.org/10.1002/ehf2.12717
https://doi.org/10.1002/ehf2.12717
https://doi.org/10.1016/j.cardfail.2013.05.005
https://doi.org/10.1016/j.cardfail.2014.06.355
https://doi.org/10.1016/j.cardfail.2014.06.355
https://doi.org/10.1016/j.cardfail.2015.04.003
https://doi.org/10.21037/atm-21-366
https://doi.org/10.21037/atm-21-366
https://doi.org/10.1371/journal.pone.0087395
https://doi.org/10.1371/journal.pone.0087395
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002729
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002729
https://doi.org/10.1002/ehf2.12582
https://doi.org/10.1016/j.ijcard.2015.03.422
https://doi.org/10.1016/j.ijcard.2015.03.422
https://doi.org/10.1016/j.ccc.2019.08.011
https://doi.org/10.1016/j.ccc.2019.08.011
https://doi.org/10.1007/s10741-021-10105
https://doi.org/10.1007/s10741-021-10105
https://doi.org/10.1161/CIRCULATIONAHA.111.051177
https://doi.org/10.1007/s00408-015-9752-4
https://doi.org/10.1016/j.ejheart.2005.05.010
https://doi.org/10.1016/j.hrtlng.2014.04.016
https://doi.org/10.1016/j.healun.2017.08.011
https://doi.org/10.1183/13993003.04277-2020
https://doi.org/10.1183/13993003.04277-2020
https://doi.org/10.1183/13993003.01192-2019
https://doi.org/10.1093/cvr/cvx153
https://doi.org/10.1093/cvr/cvx153


1022 Heart Failure Reviews (2023) 28:1009–1022

1 3

Authors and Affiliations

Stefano Ghio1  · Mauro Acquaro1,2  · Piergiuseppe Agostoni3,4  · Giuseppe Ambrosio5  · Erberto Carluccio5  · 
Vincenzo Castiglione6,7  · Davide Colombo1,2 · Michele D’Alto8  · Santo Delle Grottaglie9,10  · Frank Lloyd Dini11 · 
Michele Emdin6,7 · Martino Fortunato12 · Andrea Igoren Guaricci13  · Francesca Jacoangeli5  · Alberto M. Marra14 · 
Stefania Paolillo15,16  · Sivia Papa17  · Luca Vicini Scajola1,2 · Michele Correale18  · Alberto Palazzuoli19 

1 Divisione Di Cardiologia, IRCCS Fondazione Policlinico 
San Matteo, Viale Golgi 19, 27100 Pavia, Italy

2 Cardiology, Department of Molecular Medicine, University 
of Pavia, Pavia, Italy

3 Centro Cardiologico Monzino, IRCCS, Milan, Italy
4 Department of Clinical Science and Community Health, 

University of Milan, Milan, Italy
5 Cardiology and Cardiovascular Pathophysiology, S.Maria 

Della Misericordia Hospital, University of Perugia, Perugia, 
Italy

6 Interdisciplinary Center for Health Sciences, Scuola 
Superiore Sant’Anna, Pisa, Italy

7 Fondazione Toscana G. Monasterio, Pisa, Italy
8 Department of Cardiology, University L. Vanvitelli - Monaldi 

Hospital, Naples, Italy
9 Division of Cardiology, Ospedale Medico-Chirurgico 

Accreditato Villa dei Fiori, Acerra (Naples), Italy
10 Zena and Michael A. Wiener Cardiovascular 

Institute/Marie-Josee and Henry R. Kravis Center 
for Cardiovascular Health, Mount Sinai School of Medicine, 
New York, NY, USA

11 Sant’Agostino Medical Center, Milan, Italy
12 Department of Medical and Surgical Sciences, University 

of Foggia, Foggia, Italy
13 Department of Emergency and Organ Transplantation, 

Institute of Cardiovascular Disease, University Hospital 
Policlinico of Bari, 70124 Bari, Italy

14 Department of Translational Medical Sciences, “Federico II” 
University Hospital and School of Medicine, Naples, Italy

15 Department of Advanced Biomedical Sciences, Federico II 
University of Naples, Naples, Italy

16 Mediterranea Cardiocentro, Naples, Italy
17 Department of Clinical, Anesthesiological 

and Cardiovascular Sciences, I School of Medicine, Sapienza 
University of Rome, Policlinico Umberto I, Rome, Italy

18 Cardiology Unit, University Hospital Policlinico Riuniti, 
Foggia, Italy

19 Cardiovascular Diseases Unit, Cardio-Thoracic and Vascular 
Department, Le Scotte Hospital University of Siena, Siena, 
Italy

http://orcid.org/0000-0002-1858-1152
http://orcid.org/0000-0002-5042-7999
http://orcid.org/0000-0002-8345-6382
http://orcid.org/0000-0002-9677-980X
http://orcid.org/0000-0002-9296-4397
http://orcid.org/0000-0002-9285-2328
http://orcid.org/0000-0001-5729-1038
http://orcid.org/0000-0001-7153-4040
http://orcid.org/0000-0001-7133-4401
http://orcid.org/0000-0003-3244-2164
http://orcid.org/0000-0003-4683-0993
http://orcid.org/0000-0001-8653-4035
http://orcid.org/0000-0002-7863-253X
http://orcid.org/0000-0002-6235-984X

	Right heart failure in left heart disease: imaging, functional, and biochemical aspects of right ventricular dysfunction
	Abstract
	Imaging the right ventricle
	Cardiac magnetic resonance
	Right ventricular reserve
	Right heart catheterization
	Bioelectrical impedance analysis
	Cardiopulmonary exercise testing
	Coupling of ventilation to blood flow
	Biochemical aspects
	References


