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W N e

Abstract: Dilated cardiomyopathies (DCMs) are a heterogenous group of primary myocardial dis-
eases, representing one of the leading causes of heart failure, and the main indication for heart
transplantation. While the degree of left ventricular dilation and dysfunction are two key deter-
minants of adverse outcomes in DCM patients, right ventricular (RV) remodeling and dysfunction
further negatively influence patient prognosis. Consequently, RV functional assessment and di-
agnosing RV involvement by using an integrative approach based on multimodality imaging is
of paramount importance in the evaluation of DCM patients and provides incremental prognos-
tic and therapeutic information. Transthoracic echocardiography remains the first-line imaging
modality used for the assessment of the RV, and newer techniques such as speckle-tracking and
three-dimensional echocardiography significantly improve its diagnostic and prognostic accuracy.
Nonetheless, cardiac magnetic resonance (CMR) is considered the gold standard imaging modality
for the evaluation of RV size and function, and all DCM patients should be evaluated by CMR at least
once. Accordingly, this review provides a comprehensive overview of the anatomy and function of
the RV, and the pathophysiology, diagnosis, and prognostic value of RV dysfunction in DCM patients,
based on traditional and novel imaging techniques.

Keywords: right ventricular dysfunction; dilated cardiomyopathy; echocardiography; multi-modality

imaging

1. Introduction

Dilated cardiomyopathies (DCMs) are primary myocardial disorders characterized by
left ventricular or biventricular dilation and systolic dysfunction in the absence of either
abnormal pressure or loading conditions or coronary artery disease [1,2]. DCM should
not be regarded as a single disease entity, but rather as the final common response of the
myocardium to a large spectrum of genetic and non-genetic insults. Since it is one of the
leading causes of heart failure (HF), and the most frequent indication for heart transplanta-
tion, in the past few decades, extensive progress has been made in the development and
recognition of newer diagnostic and therapeutic strategies for the management of patients
with DCM. The degrees of left ventricular (LV) dilation and systolic dysfunction have been
demonstrated as two key determinants of adverse outcomes in this population, and LV
reverse remodeling has become the cornerstone of the treatment of DCM patients [3]. How-
ever, adverse right ventricular (RV) remodeling and RV dysfunction both at diagnosis and
during follow-up yield important prognostic implications and have accordingly become
the focus of many authors in recent years [4,5]. Therefore, this review aims to provide an
overview of the RV involvement in DCM patients, as well as the prognostic significance of
RV dysfunction assessed by multi-modality cardiac imaging.
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2. Anatomy and Function of the Normal Right Ventricle

Several anatomic features distinguish the RV from the LV. Being the most anteriorly
situated cardiac chamber, the RV has a complex shape, which partially explains the more
difficult imaging evaluation of the RV compared to the LV. With a crescent shape when
viewed in cross-section, and triangular when looking from the side, the RV consists of
three components: (1) the inlet, containing the tricuspid valve, chordae tendinae, and the
papillary muscles; (2) the trabeculated apical myocardium; and (3) the infundibular or
conal region, which accommodates the outflow tract and supports the pulmonary valve
(Figure 1) [6,7]. Different from the LV, the inlet and outlet components are separated by the
crista supraventricularis, a muscular crest which continues as a parietal band at the level of
the free wall, and as the septomarginal band across the interventricular septum (IVS) [8].
This muscular bridge is involved in the contraction of the tricuspid annulus (TA) and in
pulling the free wall of the RV towards the IVS [8,9]. The RV acts mainly as a volumetric
pump. Since the pulmonary vascular resistance (PVR) is about one-sixth compared to
the systemic resistance, the RV mass is much smaller than the LV mass, and the normal
thickness of the RV free wall does not exceed 5 mm [10]. Furthermore, the RV has a different
myoarchitecture, lacking a well-defined mid-layer. It comprises a superficial layer, with
predominantly circumferentially oriented myocardial fibers, parallel to the atrioventricular
groove, extending from one ventricle to another, and a preponderant subendocardial layer,
which mostly has base-to-apex longitudinally oriented myocytes that are continuous with
septal fibers.
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Figure 1. Right ventricular geometry and function in a normal subject assessed by three-dimensional
echocardiography. (A) Right ventricular volumes and ejection fraction. (B) Multi-slice view of the
right ventricle from the three-dimensional echocardiography data set showing the crescent shape in
cross-section and triangular shape when viewed from the side. (C) Right ventricular geometry and
function in a normal subject by cardiac magnetic resonance. Abbreviations: CO, cardiac output; Dd,
diastolic diameter; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; FAC,
fractional area change; HR, heart rate; LA, left atrium; LD, longitudinal diameter; LV, left ventricle;
LVM, left ventricular mass; RA, right atrium; RV, right ventricle; RVM, right ventricular mass; SV,
stroke volume; TAPSE, tricuspid annulus plane systolic excursion.

The distinct hemodynamic environment (low vascular resistance, increased pulmonary
artery distensibility) explains the organized fashion in which the RV contracts. The contrac-
tion of the RV resembles a peristaltic motion, with the inlet and apical regions contracting
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first, and the conal one 20 to 50 ms later [11]. The flow patterns within the RV are smoother
compared to the vortex-like flow organization of the LV [10,12]. The contraction of the
longitudinal fibers is responsible for the drawing of the TA towards the apex and shortening
of the RV long axis. This longitudinal shortening accounts for a significant percentage of
RV contraction and remains important in pressure-overload states [13]. Contraction of the
circumferential fibers produces a bellows effect, with an inward motion of the RV free wall.
Finally, the contraction of the LV drags the RV free wall through the IVS at the points of
attachment, contributing to generating more than 20% of the RV stroke volume (SV) [14].
Thus, these non-longitudinal motion components play an important role in the normal
functioning of RV [15].

3. Right Ventricular Dysfunction

The RV performance is the result of the interaction between contractility, afterload,
and preload. Through the concept of ventricular interdependence, the size, shape, and
compliance of one ventricle affect the other. Consequently, RV function is directly influenced
by the systolic ventricular interdependence, through the IVS. The diastolic ventricular
interdependence is mostly related to the degree of pericardial constraint [16]. The two main
conditions that impact and dictate RV function are hemodynamic overload, both in terms
of pressure and/or volume overload, and intrinsic RV contractile dysfunction [10]. These
mechanisms frequently coexist. The prevalence of RV dysfunction in the setting of DCM has
been reported to be 34-65% [4,17,18]. The adverse RV remodeling may result from any of
the aforementioned conditions: pressure overload (pulmonary arterial hypertension, PAH),
volume overload (significant tricuspid regurgitation, TR), primary myocardial disease, or a
combination of them [10,19]. For example, in DCM patients affected by hereditary muscular
dystrophies [20], RV longstanding volume overload and dysfunction [21] can develop in
the context of a direct atrial myopathic process that contributes to the development of AF,
and consecutive atrial secondary TR [22,23].

On one end, the development of PAH secondary to left-sided cardiac disease has a
complex pathophysiology that involves the interplay between the LV, the left atrium (LA),
and the mitral valve (MV) apparatus [19]. The enlargement and increase in the sphericity
of the LV are responsible for the occurrence of functional mitral regurgitation (MR), which
combined with both impaired systolic and diastolic LV function usually leads to adverse
LA remodeling and loss of the LA reservoir, conduit, and pump functions, as well as
decrease in the barrier-like role of the LA between the pulmonary circulation and the
LV [24]. A stiff and non-compliant LA further contributes to the backward transmission
of the increased hydrostatic pressure to the pulmonary vascular bed. The persistently
elevated hydrostatic pressure then induces pulmonary vascular remodeling, and finally
leads to an increase in the PVR [25-27]. Nonetheless, isolated post-capillary pulmonary
hypertension is also possible [28]. However, irrespective of the etiology of PAH, in the
setting of chronic pressure overload, the RV initially passes through a homeometric phase,
with preserved volumes and function, and a compensatory increase in wall thickness
to reduce the wall tension. If left untreated, the heterometric phase of RV maladaptive
remodeling occurs, with progressive RV dilation and dysfunction [10,29,30]. Nevertheless,
the diastolic function of the RV can also be impaired.

On the other end, the myopathic involvement of the RV in DCM is multifactorial and
depends on the underlying etiology. Thirty to forty percent of patients with DCM have
biventricular involvement, with the same myopathic process affecting both ventricles. One
strong predictor of RV dysfunction is a reduced LVEF [31]. Furthermore, due to the systolic
ventricular interdependence, the impaired systolic function of the IVS in DCM patients can
lead to an important reduction in RV SV [16,31]. The diastolic ventricular interdependence
plays a secondary role in determining RV dysfunction in the setting of LV overload [32].
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4. Multi-Modality Imaging Evaluation of the Right Ventricle

RV function has been shown to significantly impact patient prognosis in several
cardiac conditions [4,31,33-36], thus highlighting the importance of its accurate functional
evaluation by the use of multi-modality imaging consisting of echocardiography, cardiac
magnetic resonance (CMR), and cardiac computed tomography (CCT) in a complementary
fashion [37,38].

4.1. Echocardiography

Although not considered the gold-standard technique for the evaluation of the RV due
to multiple considerations (position, complex geometry, difficult endocardial tracing, load-
dependency), transthoracic echocardiography (TTE) remains the first-line imaging modality
used for the assessment of the RV due to its wide availability and cost-efficiency. The func-
tional evaluation of the RV by TTE is usually based on two-dimensional echocardiography
(2DE). However, advanced echocardiographic techniques, such as speckle-tracking echocar-
diography (STE) and three-dimensional echocardiography (3DE), have become mandatory
for the accurate quantification of the RV function [38—41]. Table 1 provides an overview
of the advantages, disadvantages, and prognostic value of the main echocardiographic
parameters used for the assessment of RV systolic function.

4.1.1. Tricuspid Annulus Plane Systolic Excursion by M-Mode Echocardiography

TA plane systolic excursion (TAPSE) measurement by M-mode echocardiography
evaluates the systolic motion of the TA towards the RV apex at the level of the lateral TA
(Figure 2) [42]. However, it has significant limitations (i.e., it assesses the longitudinal
systolic function of the RV at the level of one segment and cannot be utilized to evaluate
the global RV systolic performance; it is highly dependent on load and angle, leading to
over- or underestimation of RV function) [43]. Increased afterload is often associated with
a reduced TAPSE, without an actual decrease in RV longitudinal systolic function [44]. An
increased RV preload can lead to overestimation of the RV function when its quantification
is based on this sole parameter [45]. However, it remains an accessible parameter that has
adequate reproducibility.
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Figure 2. Right ventricular function assessed by M-mode (TAPSE), upper panel, and tissue Doppler
imaging (5" wave velocity), lower panel in (A) a normal subject, (B) a patient with dilated cardiomy-
opathy and normal right ventricular size and longitudinal dysfunction, and (C) a patient with dilated
cardiomyopathy and biventricular involvement, yet normal right ventricular longitudinal function.
Abbreviations as in Figure 1.



J. Cardiovasc. Dev. Dis. 2022, 9, 359 50f 16

Table 1. Advantages, disadvantages, and prognostic significance of the main echocardiographic

parameters of right ventricular systolic function.

Echocardiograph RV Function Advantages Disadvantages Prognostic Value in DCM
graphy 8 8 8
o easily obtained angle-dependent predicts survival and
longitudinal fast load-dependent the need for LVAD or
TAPSE M-mode free waltl basal reproducible does not cardiac
segmen wide availability evaluate global transplantation
RV function
longitudinal easily obtained angle-dependent
4 i tissue Doppler freegwall basal fast oad-dependent redicts survival
S’ wave velocity imaging - reproducible does not p
segme wide availability evaluate global
RV function
tissue Doppler lobal systoli easily obtained less useful in not specifically
Tei index lmaging gropa. Systolic fast irregular heart addressed in DCM
Ised.: and diastolic 8
pDu sel ~wave wide availability rhythms patients
oppler
load dependent
easily obtained poor
wide availability reproducibility predicts survival and
two-dimensional lobal evaluates both dependent on the need for LVAD or
RVEFAC & longitudinal and Image cardiac
radial shortening quality transplantation
neglects RV
outflow
contribution
less angle- and 1 ilabilit predicts survival and
lqad—dependent €58 avalabliity risk for heart failure
speckle-trackin longitudinal highly i iﬁgezdir:lﬁn decompensation
RVFWLS P 8 entire free wall reproducible E rq ]}; additive or superior
detects Foi P OC(;SS & to classical RV
subchmc.al RV S necessary parameters
dysfunction
does not imply
geometrical limited
assumptions availability
considers the highl
ibuti f 1eny predicts survival
three- lobal contribution o dependent on Fior to other RV
RVEF dimensional globa allRv image quality supe Ot o othe
components post-processing parameters
valufable after and training are
cardiac surgery necessary
validated against
CMR
TAPSE/sPAP is inapplicable in
validated against patients without
depending on Ezgif;sctlﬁ\l/; in RHC-derived tricuspid predicts survival and
RV-PA coupling the parameter relation to Y parameters regurgitation the risk for heart
used the advan'tages the llmltatlpns of failure hospitalization
afterload of respective the respective
parameters of RV parameter of RV
function apply function apply

Abbreviations: LVAD, left ventricular assist device; RVFWLS, right ventricular free wall longitudinal strain;
RV-PA, right ventricular pulmonary artery; other abbreviations as in Figure 1.

A TAPSE < 16 mm is considered suggestive of RV systolic dysfunction [42]. The prognos-
tic role of TAPSE in patients with non-ischemic DCM has been extensively studied. Venner
et al. found that patients with DCM and preserved RV function had significantly higher
survival rates compared to those with RV systolic dysfunction defined by a TAPSE < 15 mm,
irrespective of the degree of LV dysfunction. Major adverse cardiac event-free survival
rates at 1 and 2 years were 64% and 55%, respectively, compared with the patients which
had preserved RV function, whose survival rates were 87% and 79%, respectively. A re-
duced TAPSE appeared as an independent predictor for major cardiac events [17]. Ghio
et al. demonstrated that in DCM patients a TAPSE < 14 mm emerged as an independent
predictor of death or urgent cardiac transplantation [46]. Furthermore, Ishiwata et al. found
TAPSE to be independently associated with the primary composite outcome consisting
of left ventricular assist device (LVAD) implantation or all-cause death in patients with
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non-ischemic DCM [47]. The prognostic role of the RV has also been assessed in acute HF
patients with different EF ranges by Roger Hullin et al., who demonstrated that an increase
in TAPSE secondary to decongestive HF treatment was associated with a lower incidence
of the combined outcome, irrespective of the LVEF [48]. The prognostic significance of RV
systolic dysfunction defined as TAPSE < 17 mm was also confirmed by Dziewiecka et al.
in a large study on 545 DCM patients, however not irrespective of LVEF [49]. In contrast,
Kawata et al. did not find any association between TAPSE reduction and the outcome
consisting of LVAD implantation or cardiac death within one year when compared to other
RV functional parameters in DCM patients with advanced HF [50].

4.1.2. 5" Wave Velocity by Tissue Doppler Imaging

The systolic velocity of the lateral TA by tissue Doppler imaging (TDI) is another mea-
surement of RV longitudinal function (Figure 2) [43]. Furthermore, similar to TAPSE, despite it
being angle-dependent and not able to assess global RV systolic function, it is easily obtainable
and has been used for the stratification of patient prognosis. An S wave < 9.5 cm/sec defines
RV systolic dysfunction [49]. De Groote et al. showed that although RV ejection fraction
(RVEF) had the highest accuracy for predicting patient survival, the measurement of both
RVEF and S’ wave velocity provided increased prognostic value compared to the sole
use of RVEF [51]. In another study on patients with HF, Dokainish et al. demonstrated
the independent association of the S” wave velocity with the outcome [52]. However, a
small retrospective study on DCM patients with advanced HF did not find any correlation
between a reduced S’ wave velocity and the chosen outcome [50].

4.1.3. Right Ventricular Myocardial Performance Index by Tissue Doppler
Imaging/Pulsed Doppler

The RV myocardial performance index (RV MPI) or Tei index is a unitless parameter
which provides information about global systolic and diastolic RV function. It can be
measured either with TDI or pulsed Doppler (PW) by dividing the total isovolumic time
(isovolumic contraction time, ICT, plus isovolumic relaxation time, IRT) to the ejection
time (ET). The TDI method has the advantage of simultaneously recording time intervals
from the same cardiac cycle. Since this measurement is based only on time intervals, it
surpasses the limitations of RV shape and geometry. However, it is less useful in irregu-
lar heart rhythms. Proposed cut-offs for an abnormal RV MPI are >0.43 (PW) and >0.54
(TDI) [53]. Impaired RV global function is defined by a high RV MPI. In case of systolic
dysfunction, ICT is prolonged and ET is shortened, while a prolonged IRT is encountered in
both systolic and diastolic dysfunction. Some authors suggest there is a correlation between
TDI-derived RV MPI and RV ejection fraction and RV fractional area change [54]. The prog-
nostic role of RV MPI has been studied in different cohorts with HF with reduced ejection
fraction (HFrEF). In a study by Enrico Vizzardi et al. on patients with moderate HF, an
RV MPI > 0.38 along with a reduced TAPSE predicted the prognosis at 5-year follow-up [55].
Field et al. demonstrated that RV dysfunction, defined as an increased RV MPI value, was
associated with adverse outcomes in a population of advanced HF patients referred to
cardiac resynchronization therapy (CRT). Each 0.1-unit increase in RV MPI was associated
with a 16% increased risk of MACEs (defined as death of all-cause, cardiac transplantation,
or ventricular assist device placement) [56]. Although, to the best of our knowledge, no
studies have specifically addressed the prognostic value of Tei index in DCM, it is an easily
obtainable parameter which requires little experience in the evaluation of the RV.

4.1.4. Right Ventricular Fractional Area Change by Two-Dimensional Echocardiography

RV fractional area change (FAC) is obtained by measuring RV end-diastolic and end-
systolic areas after manually tracing the RV endocardial borders in the RV-focused apical
4 chamber (A4C) view (Figure 3) [53]. RV FAC evaluates both the longitudinal and the radial
shortening of the RV. Despite being relatively easy to acquire, suboptimal image quality
and the numerous RV trabeculations can sometimes lead to inaccurate measurements.
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Furthermore, RV FAC measurement neglects the contribution of the RV outflow to the RV
global contractile function [57]. An RV FAC < 35% defines RV systolic dysfunction [42].
In DCM patients, a reduced RV FAC, with a cut-off value of 26.7%, was associated with
increased risk of LVAD implantation or cardiac death within one year [50]. In another
large study on 512 patients with DCM by Merlo et al., RV dysfunction, defined as an RV
FAC < 35%, was independently associated with the primary outcome of death or heart
transplantation, and its independent predictive value was maintained over time, suggesting
an additive prognostic value during long-term follow-up [5]. Finally, the results of the study
by Ishiwata et al. were consistent with previous findings demonstrating that a reduced RV
FAC is an independent predictor of LVAD implantation and all-cause death [52].

RV end-diastolic area (RVEDA) RV end-systolic area (RVESA)

&v

—f\/—” \e“—"J

RV fractional area change (FAC) = (RVEDA-RVESA) / RVEDA x 100

Figure 3. Right ventricular fractional area change calculation by two-dimensional echocardiography.
Abbreviations: RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end-systolic
area; other abbreviations as in Figure 1.

4.1.5. Right Ventricular Strain by Speckle-Tracking Echocardiography

The systolic performance of the RV can be evaluated with the use of myocardial
deformation imaging techniques. The current recommendation in clinical practice is to
evaluate the RV free wall longitudinal strain (FWLS) in the RV-focused A4C view by STE
(Figure 4) [53,58]. The RV global longitudinal strain (GLS) can, however, be measured by
including the IVS in the analysis, with adequate inter- and intra-observer variability [59,60].
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The RV FWLS has incremental prognostic value compared with the conventional indices of
RV systolic function in patients with various cardiac diseases [35,61-64], including DCM.
Vijiiac et al. demonstrated the prognostic significance of RV dysfunction in DCM patients,
as patients with more impaired RVFWLS, RVGLS, and RVEF had higher risk of event
occurrence, defined as cardiac death, nonfatal cardiac arrest, or acute worsening of HF
requiring hospitalization [65]. Conversely, Seo et al. showed that only RV FWLS (and not
RV GLS), with a cut-off value of —16.5%, was an independent predictor of the outcome in
patients with DCM [66]. Garcia-Martin et al. found that RV GLS is a superior determinant
of HF decompensation compared with RV FWLS in patients with left heart disease [67].
Ishiwata et al. showed that a reduced RV GLS, especially when combined with a reduced
RV FAC, is a valuable predictor of adverse events in patients with DCM [52]. However,
the exact superiority of either RV FWLS or RV GLS over the other in predicting patient
prognosis remains to be demonstrated.

. GS=-159%
FWS =-16.2 %
““TAPSE =0.5cm

RV Free Waljj
5. 720°18¢

Figure 4. Right ventricular functional assessment by speckle-tracking echocardiography in a pa-
tient with (A) normal right ventricular longitudinal function, and (B) right ventricular longitudinal
dysfunction. Abbreviations: FWS, free wall strain; GS, global strain; other abbreviations as in Figure 1.

4.1.6. Right Ventricular Ejection Fraction by Three-Dimensional Echocardiography

The aforementioned limitations of classical RV function parameters assessed by 2DE
(i.e., the geometric assumptions involved in their quantification, and the fact that they
do not take into account the contribution of all RV components to the RV contraction)
can be overcome by the use of 3DE [57]. Furthermore, RVEF by 3DE is the only RV
functional echocardiographic parameter accurate enough in assessing RV function after
cardiac surgery (Table 1) [53]. Still, RV assessment by 3DE is challenging in the presence
of suboptimal acoustic windows which make endocardial border detection burdensome,
irregular heart rhythms, or abnormal septal motion. It is recommended to use full volume
data sets and multi-beat acquisition. The precise reconstruction of RV geometry and
obtainment of reliable RV volumes and RVEF calculations rely on optimal spatial and
temporal resolution [68,69], and involve the use of a dedicated software for the 3DE RV
analysis (Figure 5).
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Volume

Figure 5. Right ventricular volumes and ejection fraction calculation by three-dimensional echocar-
diography in (A) a normal subject, (B) a patient with right ventricular dilation and preserved systolic
function, and (C) a patient with right ventricular dilation and dysfunction. Abbreviations as in
Figure 1.

A 3DE RVEF < 45% is consistent with RV dysfunction [53]. Despite the fact that 3DE
underestimates RV volumes and EF compared to CMR [70], 3DE RV volumes and EF have
been validated against CMR [71]. Leibundgut et al. found a small difference in RV volumes
calculations and no significant difference in RVEF measurement between 3DE and CMR [72].
Accordingly, the functional evaluation of the RV by 3DE is a valuable alternative to CMR. In
the study by Vijiiac et al. 3DE RVEF, with a cut-off value of 43.4%, predicted the outcome in
DCM patients and remained independently associated with patients’ mortality even after
correcting for other echocardiographic confounders [65]. D’Andrea et al. demonstrated the
correlation between 3DE RVEF and VO2 peak %, as well as its independent association with
the functional capacity of patients with DCM patients [73]. The prognostic value of 3DE
RVEF is furthermore confirmed in several studies on patients with various cardiovascular
diseases, including DCM [36,74,75].

All the aforementioned echocardiographic parameters, each with several advantages
and limitations, have proven useful in diagnosing RV dysfunction in DCM patients, es-
pecially when the evaluation follows a multiparametric approach. Furthermore, recent
studies suggest that the presence and pattern of RV dysfunction influence the response to
HFrEF therapies. Yanis Bouali et al. evaluated two HFrEF phenotypes undergoing treat-
ment with sacubitril /valsartan (5/V). Among the dissimilarities between the phenotypes,
TAPSE (16 + 4 mm vs. 19 £+ 4 mm), RVFWLS (—19 4+ 5% vs. —21 4+ 4%), and RVFAC
(31 £ 9% vs. 38 £ 9%) were found to be significantly lower at the initiation of therapy
compared to follow-up. The phenotype with more significant RV failure at baseline had
worse prognosis during the treatment period. However, the evolution of RV function
was characterized by a significant improvement in TAPSE, RVFAC, and RVFWLS in both
groups. Moreover, the improvement in TAPSE was correlated with both LVEF and LV GLS.
These findings support the belief that there is a connection between LV and RV reverse
remodeling in patients undergoing HF therapies which have been mainly attributed to
LV dysfunction [76]. A systematic review and meta-analysis on the effect of S/V on the
RV function in patients with HFrEF showed that RV systolic performance, evaluated by
TAPSE and S” wave velocity, improves after S/V treatment initiation [77]. Accordingly, not
only LV function parameters, but also easily obtainable indices of RV function, such as
TAPSE, S” wave velocity, and RVFWLS should be measured when evaluating the response
to treatment in HFrEF patients.

Finally, dimensional and functional RV parameters obtained by echocardiography
are helpful in differentiating physiological RV remodeling found in athlete’s heart from
the pathological RV remodeling encountered in conditions such as arrhythmogenic right
ventricular cardiomyopathy (ARVC). Although the RV dimensional remodeling has a



J. Cardiovasc. Dev. Dis. 2022, 9, 359

10 of 16

dissimilar pattern in the two conditions [78], with the dynamic exercise-induced remodeling
characteristic of athlete’s heart being represented by a moderate increase in RV main
body and a mild increase in RVOT size, and important RVOT dilation being found in
ARVC [79], RV function parameters are much more effective in distinguishing between
the two. RV FAC, S’ wave velocity, and RVFWLS are usually normal in athlete’s heart
compared to ARVC [80,81]. However, the studies on RV strain show contrasting results,
some authors describing supernormal values, and others lower values (generally confined
to the basal segment) in athlete’s heart compared to ARVC [82]. Furthermore, a lower
reference value has recently been proposed for RVFAC in athletes (<32%) compared to
the general population [71]. Nonetheless, the majority of these findings reinforce the
importance of a multiparametric RV evaluation when differentiating physiological from
pathological RV remodeling.

4.1.7. Right Ventriculo-Arterial Coupling Evaluation Using Invasive Versus
Non-Invasive Parameters

Pressure-volume loops (PVL) derived from right heart catheterization (RHC) are
considered the gold-standard methods for the evaluation of RV function in relation to
the afterload. The relationship between RV contractility and afterload is described as
right ventriculo-arterial coupling (RVAC), and is defined as the ratio between end-systolic
elastance (Ees) and arterial elastance (Ea). A normal Ees/Ea reflects an optimal balance
between RV mechanical work and oxygen consumption [83,84]. In left-sided heart failure
with secondary PH, once maladaptive RV remodeling and dysfunction occur, the RVAC
is also impaired. However, RVAC by invasively derived PVL by RHC are not routinely
performed. As such, echocardiographic surrogates of RVAC have been proposed, including
TAPSE/sPAP (systolic pulmonary artery pressure), RVFAC/sPAP, RVLS/sPAP, RV end-
systolic volume/stroke volume (ESV/SV), and RVEF/sPAP. TAPSE/sPAP has been found
to be a valuable non-invasive measure of RVAC in patients with PH [85]. Despite the fact
that the prognostic significance of the previously mentioned non-invasive RVAC surrogate
parameters has been extensively evaluated in patients with left-sided HF and secondary PH-
related RV dysfunction, the results are variable and sometimes conflicting. In a prospective
observational study, Bosch et al. found that TAPSE/sPAP and RVLS/sPAP are associated
with the composite outcome of death and HF hospitalization after a mean follow-up of
2 years [86]. Furthermore, a reduced TAPSE/sPAP predicted CRT non-responders, but
it did not predict survival at four years in a study on HF patients by Braganca et al. [87].
TAPSE/sPAP was associated with lower survival and the need for LVAD implantation or
cardiac transplant in different HFrEF cohorts [18,88-91]. In a study on DCM patients, five
non-invasive echocardiographic surrogates of RVAC were evaluated as potential rehos-
pitalization predictors (TAPSE/sPAP, RVLS/sPAP, RVFWLS/sPAP, 3D RVEF/sPAP, 3D
RV SV/ESV). Although all five surrogates were more impaired in DCM patients requiring
rehospitalization for HF exacerbation, only RVFWLS/sPAP and 3D RVEF/sPAP remained
independently associated with the composite outcome of hospitalization for decompen-
sated HF and death [92]. Accordingly, non-invasive RVAC has significant prognostic value
and should be used for patient risk stratification.

4.2. Cardiac Magnetic Resonance

The assessment of RV systolic function in patients with DCM started more than
2 decades ago, with the evaluation of RVEF by invasive techniques with limited clinical
applicability, such as thermodilution or contrast ventriculography [93-95]. Nowadays,
CMR is considered the gold-standard imaging modality for the evaluation of RV volumes
and EF (Figure 6), and due to its non-invasive character and high accuracy, its applications
have been widely extended over time. Besides RV volumes and EF assessment, CMR can
also differentiate physiological from pathological RV remodeling thanks to its ability to
detect tissue abnormalities (fat infiltration, late gadolinium enhancement) [4,79]. CMR
evaluation in DCM patients has a class Ila indication for the exclusion of an ischemic etiol-
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ogy [96], and might indicate the etiology of cardiac dysfunction by the use of myocardial
tissue characterization techniques [94]. Furthermore, the evaluation of DCM patients by
CMR provides important prognostic information [4,95]. Accordingly, DCM patients have
been extensively studied by CMR, and yet CMR data regarding the prognostic value of
RV systolic dysfunction in DCM patients are still emerging. Gulati et al. prospectively
evaluated 250 DCM patients, demonstrating that patients with RV dysfunction, defined
by an RVEF < 45%, had a 4-fold increase in all-cause mortality or cardiac transplantation
compared to patients with preserved RV function [4]. Becker et al. evaluated 216 DCM
patients by CMR and demonstrated that RV dysfunction was strongly associated with the
risk of all-cause mortality and ventricular arrhythmias [96]. Pueschner et al. prospectively
evaluated 423 DCM patients, confirming the findings that RV systolic dysfunction is an
independent predictor of cardiac mortality, especially in patients with RVEF < 25% (nearly
5-fold higher compared to patients without RV dysfunction) [31]. Consequently, CMR
evaluation in DCM patients is clinically relevant, and all DCM patients should be evaluated
by CMR at least once [94]. Finally, CMR-derived RV volumes, mass, and EF have high
inter- and intra-observer reproducibility, both in patients with normal and dilated RV [4,95].
However, several factors still limit its wide use (i.e., time consuming, expensive, patients
with different types of cardiac devices which are CMR-incompatible).

Lv
ED/ES LVM (g}

w
EDESLVM(9) 1297128
EDV (m) "1

ESV (m) a7

SV (m)

EF (%)

CO (Vmin)

HR (bpm)

RV

EDES RVM (g)
EDV (m)

ESV (m)

SV (mi)

EF (%)

Flow
ROWn
Net vol (mi)

Volume [mi]

Figure 6. Right ventricular volumes and ejection fraction calculated by cardiac magnetic resonance in
(A) a normal subject and (B) a patient with dilated cardiomyopathy. Abbreviations as in Figure 1.

5. Conclusions

RV dysfunction is common and yields an unquestionable prognostic significance
in DCM patients. In several studies, RV dysfunction emerged as a predictor of adverse
events both at baseline and during long-term follow-up. Compared to the classical echocar-
diographic parameters such as TAPSE, 5" wave velocity, Tei index, and RVFAC, more
advanced imaging techniques, namely RV strain by STE, RVEF by 3DE and CMR, and
non-invasive echocardiographic surrogates of RVAC, provide improved risk stratification in
DCM patients. Multimodality cardiac imaging is of paramount importance for the accurate
evaluation of RV systolic function in DCM patients, providing diagnostic, prognostic, and
therapeutic implications.

Author Contributions: Conceptualization, M.L.I. and D.R.F,; methodology, M.L.I. and D.R.F.; formal
analysis, I.D., C.M. and C.F,; investigation, M.L.I. and A.S.M.; resources, M.L.I. and D.R.F,; data
curation, M.L.I. and D.R.E; writing—original draft preparation, M.L.I. and D.R.E; writing—review
and editing, M.L.I, D.RE, ASM.,, LD, SM.,, CFE, O and C.M,; visualization, I.D.; supervision, I.D.,
SM., C.E, O.I and C.M,; project administration, I.D., C.F. and C.M. All authors have read and agreed
to the published version of the manuscript.



J. Cardiovasc. Dev. Dis. 2022, 9, 359 12 of 16

Funding: This research was funded by the Doctoral School of the University of Medicine and
Pharmacy of Craiova, Romania. The article processing charges were funded by the Doctoral School
of the University of Medicine and Pharmacy of Craiova, Romania.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, E.; Charron, P.; Dubourg, O.; Kiihl, U.; Maisch, B.; William, J].M.;
et al. Classification of the Cardiomyopathies: A Position Statement from the European Society of Cardiology Working Group on
Myocardial and Pericardial Diseases. Eur. Heart ]. 2008, 29, 144-146. [CrossRef]

Elliott, P. Diagnosis and Management of Dilated Cardiomyopathy. Heart 2000, 84, 106. [CrossRef]

Japp, A.G.; Gulati, A.; Cook, S.A.; Cowie, M.R.; Prasad, S.K. The Diagnosis and Evaluation of Dilated Cardiomyopathy.
J. Am. Coll. Cardiol. 2016, 67, 2996-3010. [CrossRef]

Gulati, A ; Ismail, T.E; Jabbour, A.; Alpendurada, F.; Guha, K.; Ismail, N.A.; Raza, S.; Khwaja, J.; Brown, T.D.H.; Morarji, K.; et al.
The Prevalence and Prognostic Significance of Right Ventricular Systolic Dysfunction in Nonischemic Dilated Cardiomyopathy.
Circulation 2013, 128, 1623-1633. [CrossRef]

Merlo, M.; Gobbo, M.; Stolfo, D.; Losurdo, P.; Ramani, F; Barbati, G.; Pivetta, A.; Di Lenarda, A.; Anzini, M.; Gigli, M.; et al. The
Prognostic Impact of the Evolution of RV Function in Idiopathic DCM. JACC Cardiovasc. Imaging 2016, 9, 1034-1042. [CrossRef]
Haddad, F.; Hunt, S.A.; Rosenthal, D.N.; Murphy, D.J. Right Ventricular Function in Cardiovascular Disease, Part I: Anatomy,
Physiology, Aging, and Functional Assessment of the Right Ventricle. Circulation 2008, 117, 1436-1448. [CrossRef] [PubMed]
Ho, S.Y.; Nihoyannopoulos, P. Anatomy, Echocardiography, and Normal Right Ventricular Dimensions. Heart 2006, 92 (Suppl. S1),
i2-i13. [CrossRef] [PubMed]

Konstam, M. A ; Kiernan, M.S.; Bernstein, D.; Bozkurt, B.; Jacob, M.; Kapur, N.K.; Kociol, R.D.; Lewis, E.F.; Mehra, M.R.; Pagani,
FED.; et al. Evaluation and Management of Right-Sided Heart Failure: A Scientific Statement From the American Heart Association.
Circulation 2018, 137, e578-e622. [CrossRef] [PubMed]

Buckberg, G.; Hoffman, ].LE. Right Ventricular Architecture Responsible for Mechanical Performance: Unifying Role of Ventricular
Septum. |. Thorac. Cardiovasc. Surg. 2014, 148, 3166-3171.e4. [CrossRef] [PubMed]

Sanz, J.; Sanchez-Quintana, D.; Bossone, E.; Bogaard, H.J.; Naeije, R. Anatomy, Function, and Dysfunction of the Right Ventricle:
JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 1463-1482. [CrossRef]

Geva, T.; Powell, A.].; Crawford, E.C.; Chung, T.; Colan, S.D. Evaluation of Regional Differences in Right Ventricular Systolic
Function by Acoustic Quantification Echocardiography and Cine Magnetic Resonance Imaging. Circulation 1998, 98, 339-345.
[CrossRef] [PubMed]

Sengupta, P.P; Narula, J. RV Form and Function: A Piston Pump, Vortex Impeller, or Hydraulic Ram? JACC Cardiovasc. Imaging
2013, 6, 636—639. [CrossRef] [PubMed]

Brown, S.B.; Raina, A.; Katz, D.; Szerlip, M.; Wiegers, S.E.; Forfia, PR. Longitudinal Shortening Accounts for the Majority of Right
Ventricular Contraction and Improves After Pulmonary Vasodilator Therapy in Normal Subjects and Patients With Pulmonary
Arterial Hypertension. Chest 2011, 140, 27-33. [CrossRef] [PubMed]

Lahm, T.; Douglas, L.S.; Archer, S.L.; Bogaard, H.J.; Chesler, N.C.; Haddad, F.; Hemnes, A.R.; Kawut, S.M.; Kline, J.A.; Kolb, TM.;
et al. Assessment of Right Ventricular Function in the Research Setting: Knowledge Gaps and Pathways Forward an Official
American Thoracic Society Research Statement. Am. J. Respir. Crit. Care Med. 2018, 198, e15—e43. [CrossRef]

Lakatos, B.K.; Nabeshima, Y.; Tokodi, M.; Nagata, Y.; T6sér, Z.; Otani, K.; Kitano, T.; Fabian, A.; Ujvari, A.; Boros, A.M.; et al.
Importance of Nonlongitudinal Motion Components in Right Ventricular Function: Three-Dimensional Echocardiographic Study
in Healthy Volunteers. J. Am. Soc. Echocardiogr. 2020, 33, 995-1005.e1. [CrossRef]

Santamore, W.P,; Dell'Italia, L.J. Ventricular Interdependence: Significant Left Ventricular Contributions to Right Ventricular
Systolic Function. Prog. Cardiovasc. Dis. 1998, 40, 289-308. [CrossRef]

Venner, C.; Selton-Suty, C.; Huttin, O.; Erpelding, M.L.; Aliot, E.; Juilliere, Y. Right Ventricular Dysfunction in Patients with
Idiopathic Dilated Cardiomyopathy: Prognostic Value and Predictive Factors. Arch. Cardiovasc. Dis. 2016, 109, 231-241. [CrossRef]
la Vecchia, L.; Zanolla, L.; Varotto, L.; Bonanno, C.; Spadaro, G.L.; Ometto, R.; Fontanelli, A. Reduced Right Ventricular Ejection
Fraction as a Marker for Idiopathic Dilated Cardiomyopathy Compared with Ischemic Left Ventricular Dysfunction. Am. Heart J.
2001, 142, 181-189. [CrossRef]

Cavigli, L.; Focardi, M.; Cameli, M.; Mandoli, G.E.; Mondillo, S.; D’Ascenzi, F. The Right Ventricle in “Left-Sided” Cardiomy-
opathies: The Dark Side of the Moon. Trends Cardiovasc. Med. 2021, 31, 476-484. [CrossRef]


http://doi.org/10.1093/eurheartj/ehm342
http://doi.org/10.1136/heart.84.1.106
http://doi.org/10.1016/j.jacc.2016.03.590
http://doi.org/10.1161/CIRCULATIONAHA.113.002518
http://doi.org/10.1016/j.jcmg.2016.01.027
http://doi.org/10.1161/CIRCULATIONAHA.107.653576
http://www.ncbi.nlm.nih.gov/pubmed/18347220
http://doi.org/10.1136/hrt.2005.077875
http://www.ncbi.nlm.nih.gov/pubmed/16543598
http://doi.org/10.1161/CIR.0000000000000560
http://www.ncbi.nlm.nih.gov/pubmed/29650544
http://doi.org/10.1016/j.jtcvs.2014.05.044
http://www.ncbi.nlm.nih.gov/pubmed/24973008
http://doi.org/10.1016/j.jacc.2018.12.076
http://doi.org/10.1161/01.CIR.98.4.339
http://www.ncbi.nlm.nih.gov/pubmed/9711939
http://doi.org/10.1016/j.jcmg.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23680376
http://doi.org/10.1378/chest.10-1136
http://www.ncbi.nlm.nih.gov/pubmed/21106653
http://doi.org/10.1164/rccm.201806-1160ST
http://doi.org/10.1016/j.echo.2020.04.002
http://doi.org/10.1016/S0033-0620(98)80049-2
http://doi.org/10.1016/j.acvd.2015.10.006
http://doi.org/10.1067/mhj.2001.116071
http://doi.org/10.1016/j.tcm.2020.10.003

J. Cardiovasc. Dev. Dis. 2022, 9, 359 13 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Goette, A.; Kalman, ].M.; Aguinaga, L.; Akar, J.; Cabrera, J.A.; Chen, S.A.; Chugh, S.S.; Corradi, D.; D’Avila, A.; Dobrev, D.;
et al. EHRA /HRS/APHRS/SOLAECE Expert Consensus on Atrial Cardiomyopathies: Definition, Characterization, and Clinical
Implication. Heart Rhythm 2017, 14, e3-e40. [CrossRef]

Utsunomiya, H.; Harada, Y.; Susawa, H.; Ueda, Y.; Izumi, K,; Itakura, K.; Hidaka, T.; Shiota, T.; Nakano, Y.; Kihara, Y. Tricuspid
Valve Geometry and Right Heart Remodelling: Insights into the Mechanism of Atrial Functional Tricuspid Regurgitation.
Eur. Heart |. Cardiovasc. Imaging 2020, 21, 1068-1078. [CrossRef] [PubMed]

Florescu, D.R.; Muraru, D.; Florescu, C.; Volpato, V.; Caravita, S.; Perger, E.; Balseanu, T.A.; Parati, G.; Badano, L.P. Right
Heart Chambers Geometry and Function in Patients with the Atrial and the Ventricular Phenotypes of Functional Tricuspid
Regurgitation. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, 930-940. [CrossRef] [PubMed]

Florescu, D.R.; Muraru, D.; Volpato, V.; Gavazzoni, M.; Caravita, S.; Tomaselli, M.; Ciampi, P.; Florescu, C.; Balseanu, T.A.; Parati,
G.; et al. Atrial Functional Tricuspid Regurgitation as a Distinct Pathophysiological and Clinical Entity: No Idiopathic Tricuspid
Regurgitation Anymore. J. Clin. Med. 2022, 11, 382. [CrossRef] [PubMed]

Borlaug, B.A. The Pathophysiology of Heart Failure with Preserved Ejection Fraction. Nat. Rev. Cardiol. 2014, 11, 507-515.
[CrossRef]

Al-Omary, M.S.; Sugito, S.; Boyle, A.J.; Sverdlov, A.L.; Collins, N.J. Pulmonary Hypertension Due to Left Heart Disease: Diagnosis,
Pathophysiology, and Therapy. Hypertension 2020, 75, 1397-1408. [CrossRef]

Vachiéry, J.-L.; Adir, Y.; Barbera, J.A.; Champion, H.; Coghlan, ].G.; Cottin, V.; de Marco, T,; Galie, N.; Ghio, S.; Gibbs, ].S.R; et al.
Pulmonary Hypertension Due to Left Heart Diseases. J. Am. Coll. Cardiol. 2013, 62, D100-D108. [CrossRef] [PubMed]
Rosenkranz, S.; Gibbs, ].S.R.; Wachter, R.; de Marco, T.; Vonk-Noordegraaf, A.; Vachiéry, J.-L. Left Ventricular Heart Failure and
Pulmonary Hypertension. Eur. Heart J. 2016, 37, 942-954. [CrossRef] [PubMed]

Guazzi, M.; Borlaug, B.A. Pulmonary Hypertension Due to Left Heart Disease. Circulation 2012, 126, 975-990. [CrossRef]
Antigny, F; Mercier, O.; Humbert, M.; Sabourin, J. Excitation-Contraction Coupling and Relaxation Alteration in Right Ventricular
Remodelling Caused by Pulmonary Arterial Hypertension. Arch. Cardiovasc. Dis. 2020, 113, 70-84. [CrossRef]
Vonk-Noordegraaf, A.; Haddad, E; Chin, K.M.; Forfia, P.R.; Kawut, S.M.; Lumens, J.; Naeije, R.; Newman, J.; Oudiz, R]J;
Provencher, S.; et al. Right Heart Adaptation to Pulmonary Arterial Hypertension. J. Am. Coll. Cardiol. 2013, 62, D22-D33.
[CrossRef]

Pueschner, A.; Chattranukulchai, P.; Heitner, J.E; Shah, D.J.; Hayes, B.; Rehwald, W.; Parker, M.A_; Kim, HW.,; Judd, RM,;
Kim, RJ.; et al. The Prevalence, Correlates, and Impact on Cardiac Mortality of Right Ventricular Dysfunction in Nonischemic
Cardiomyopathy. JACC Cardiovasc. Imaging 2017, 10, 1225-1236. [CrossRef] [PubMed]

Taylor, R.; Covell, J.; Sonnenblick, E.; Ross, J. Dependence of Ventricular Distensibility on Filling of the Opposite Ventricle.
Am. ]. Physiol. Leg. Content 1967, 213, 711-718. [CrossRef] [PubMed]

Schmeifler, A.; Rauwolf, T.; Groscheck, T.; Fischbach, K.; Kropf, S.; Luani, B.; Tanev, I.; Hansen, M.; Meifiler, S.; Schifer, K.; et al.
Predictors and Prognosis of Right Ventricular Function in Pulmonary Hypertension Due to Heart Failure with Reduced Ejection
Fraction. ESC Heart Fail. 2021, 8, 2968-2981. [CrossRef] [PubMed]

Modin, D.; Megelvang, R.; Andersen, D.M.; Biering-Serensen, T. Right Ventricular Function Evaluated by Tricuspid Annular
Plane Systolic Excursion Predicts Cardiovascular Death in the General Population. J. Am. Heart Assoc. 2019, 8, €012197. [CrossRef]
Prihadi, E.A.; van der Bijl, P; Dietz, M.; Abou, R.; Vollema, E.M.; Marsan, N.A.; Delgado, V.; Bax, J.J. Prognostic Impli-
cations of Right Ventricular Free Wall Longitudinal Strain in Patients With Significant Functional Tricuspid Regurgitation.
Circ. Cardiovasc. Imaging 2019, 12, e008666. [CrossRef]

Surkova, E.; Muraru, D.; Genovese, D.; Aruta, P; Palermo, C.; Badano, L.P. Relative Prognostic Importance of Left and Right
Ventricular Ejection Fraction in Patients With Cardiac Diseases. |. Am. Soc. Echocardiogr. 2019, 32, 1407-1415.e3. [CrossRef]
Surkova, E.; Muraru, D.; Iliceto, S.; Badano, L.P. The Use of Multimodality Cardiovascular Imaging to Assess Right Ventricular
Size and Function. Int. ]. Cardiol. 2016, 214, 54—69. [CrossRef]

Surkova, E.; Cosyns, B.; Gerber, B.; Gimelli, A.; la Gerche, A.; Ajmone Marsan, N. The Dysfunctional Right Ventricle: The
Importance of Multi-Modality Imaging. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, 885-897. [CrossRef]

Vijiiac, A.; Onciul, S.; Guzu, C.; Scarlatescu, A.; Petre, I.; Zamfir, D.; Onut, R.; Deaconu, S.; Dorobantu, M. Forgotten No More—The
Role of Right Ventricular Dysfunction in Heart Failure with Reduced Ejection Fraction: An Echocardiographic Perspective.
Diagnostics 2021, 11, 548. [CrossRef]

Park, J.-H.; Negishi, K.; Kwon, D.H.; Popovic, Z.B.; Grimm, R.A.; Marwick, T.H. Validation of Global Longitudinal Strain and
Strain Rate as Reliable Markers of Right Ventricular Dysfunction: Comparison with Cardiac Magnetic Resonance and Outcome.
J. Cardiovasc. Ultrasound 2014, 22, 113. [CrossRef]

Muraru, D.; Spadotto, V.; Cecchetto, A.; Romeo, G.; Aruta, P.; Ermacora, D.; Jenei, C.; Cucchini, U.; Iliceto, S.; Badano, L.P.
New Speckle-Tracking Algorithm for Right Ventricular Volume Analysis from Three-Dimensional Echocardiographic Data Sets:
Validation with Cardiac Magnetic Resonance and Comparison with the Previous Analysis Tool. Eur. Heart |. Cardiovasc. Imaging
2016, 17, 1279-1289. [CrossRef] [PubMed]

Lang, R.M.; Badano, L.P; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, FEA.; Foster, E.; Goldstein, S.A.; Kuznetsova,
T.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from the American Society
of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart ]. Cardiovasc. Imaging 2015, 16, 233-271.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.hrthm.2016.05.028
http://doi.org/10.1093/ehjci/jeaa194
http://www.ncbi.nlm.nih.gov/pubmed/32756989
http://doi.org/10.1093/ehjci/jeab211
http://www.ncbi.nlm.nih.gov/pubmed/34747460
http://doi.org/10.3390/jcm11020382
http://www.ncbi.nlm.nih.gov/pubmed/35054074
http://doi.org/10.1038/nrcardio.2014.83
http://doi.org/10.1161/HYPERTENSIONAHA.119.14330
http://doi.org/10.1016/j.jacc.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/24355634
http://doi.org/10.1093/eurheartj/ehv512
http://www.ncbi.nlm.nih.gov/pubmed/26508169
http://doi.org/10.1161/CIRCULATIONAHA.111.085761
http://doi.org/10.1016/j.acvd.2019.10.009
http://doi.org/10.1016/j.jacc.2013.10.027
http://doi.org/10.1016/j.jcmg.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/29025576
http://doi.org/10.1152/ajplegacy.1967.213.3.711
http://www.ncbi.nlm.nih.gov/pubmed/6036789
http://doi.org/10.1002/ehf2.13386
http://www.ncbi.nlm.nih.gov/pubmed/33934536
http://doi.org/10.1161/JAHA.119.012197
http://doi.org/10.1161/CIRCIMAGING.118.008666
http://doi.org/10.1016/j.echo.2019.06.009
http://doi.org/10.1016/j.ijcard.2016.03.074
http://doi.org/10.1093/ehjci/jeac037
http://doi.org/10.3390/diagnostics11030548
http://doi.org/10.4250/jcu.2014.22.3.113
http://doi.org/10.1093/ehjci/jev309
http://www.ncbi.nlm.nih.gov/pubmed/26647080
http://doi.org/10.1093/ehjci/jev014
http://www.ncbi.nlm.nih.gov/pubmed/25712077

J. Cardiovasc. Dev. Dis. 2022, 9, 359 14 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rudski, L.G.; Lai, W.W.; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; Schiller,
N.B. Guidelines for the Echocardiographic Assessment of the Right Heart in Adults: A Report from the American Society of
Echocardiography. J. Am. Soc. Echocardiogr. 2010, 23, 685-713. [CrossRef] [PubMed]

Dandel, M.; Hetzer, R. Echocardiographic Assessment of the Right Ventricle: Impact of the Distinctly Load Dependency of Its
Size, Geometry and Performance. Int. |. Cardiol. 2016, 221, 1132-1142. [CrossRef] [PubMed]

Zhao, H.; Kang, Y.; Pickle, J.; Wang, J.; Han, Y. Tricuspid Annular Plane Systolic Excursion Is Dependent on Right Ventricular
Volume in Addition to Function. Echocardiography 2019, 36, 1459-1466. [CrossRef]

Ghio, S.; Recusani, F; Klersy, C.; Sebastiani, R.; Laudisa, M.L.; Campana, C.; Gavazzi, A.; Tavazzi, L. Prognostic Usefulness of
the Tricuspid Annular Plane Systolic Excursion in Patients with Congestive Heart Failure Secondary to Idiopathic or Ischemic
Dilated Cardiomyopathy. Am. J. Cardiol. 2000, 85, 837-842. [CrossRef]

Ishiwata, ].; Daimon, M.; Nakanishi, K.; Sugimoto, T.; Kawata, T.; Shinozaki, T.; Nakao, T.; Hirokawa, M.; Sawada, N.; Yoshida, Y.;
et al. Combined Evaluation of Right Ventricular Function Using Echocardiography in Non-Ischaemic Dilated Cardiomyopathy.
ESC Heart Fail. 2021, 8, 3947-3956. [CrossRef]

Hullin, R.; Tzimas, G.; Barras, N.; Abdurashidova, T.; Soborun, N.; Aur, S.; Regamey, J.; Hugelshofer, S.; Lu, H.; Crisinel, V.; et al.
Decongestion Improving Right Heart Function Ameliorates Prognosis after an Acute Heart Failure Episode. ESC Heart Fail.
2022. Epub ahead of print. [CrossRef]

Dziewiecka, E.; Karabinowska, A.; Wisniowska-Smialek, S.; Winiarczyk, M.; Gliniak, M.; Robak, J.; Kaciczak, M.; Rubis, P.
Prognostic Significance of Right Ventricle Size and Function in Dilated Cardiomyopathy. Eur. Heart |. Cardiovasc. Imaging
2022, 23 (Suppl. S1), jeab289.270. [CrossRef]

Kawata, T.; Daimon, M.; Kimura, K.; Nakao, T.; Lee, S.L.; Hirokawa, M.; Kato, T.S.; Watanabe, M.; Yatomi, Y.; Komuro, L.
Echocardiographic Assessment of Right Ventricular Function in Routine Practice: Which Parameters Are Useful to Predict
One-Year Outcome in Advanced Heart Failure Patients with Dilated Cardiomyopathy? J. Cardiol. 2017, 70, 316-322. [CrossRef]

de Groote, P; Fertin, M.; Goéminne, C.; Petyt, G.; Peyrot, S.; Foucher-Hossein, C.; Mouquet, E; Bauters, C.; Lamblin, N. Right
Ventricular Systolic Function for Risk Stratification in Patients with Stable Left Ventricular Systolic Dysfunction: Comparison of
Radionuclide Angiography to EchoDoppler Parameters. Eur. Heart ]. 2012, 33, 2672-2679. [CrossRef]

Dokainish, H.; Sengupta, R.; Patel, R.; Lakkis, N. Usefulness of Right Ventricular Tissue Doppler Imaging to Predict Outcome in
Left Ventricular Heart Failure Independent of Left Ventricular Diastolic Function. Am. J. Cardiol. 2007, 99, 961-965. [CrossRef]
[PubMed]

Badano, L.P.; Muraru, D.; Parati, G.; Haugaa, K.; Voigt, ].U. How to Do Right Ventricular Strain. Eur. Heart |. Cardiovasc. Imaging
2020, 21, 825-827. [CrossRef] [PubMed]

Zimbarra Cabrita, I.; Ruisanchez, C.; Dawson, D.; Grapsa, J.; North, B.; Howard, L.S.; Pinto, FJ.; Nihoyannopoulos, P; Gibbs, ].S.R.
Right Ventricular Function in Patients with Pulmonary Hypertension; The Value of Myocardial Performance Index Measured by
Tissue Doppler Imaging. Eur. ]. Echocardiogr. 2010, 11, 719-724. [CrossRef] [PubMed]

Vizzardi, E.; D’Aloia, A.; Bordonali, T.; Bugatti, S.; Piovanelli, B.; Bonadei, I.; Quinzani, F.; Rovetta, R.; Vaccari, A.; Curnis, A,;
et al. Long-Term Prognostic Value of the Right Ventricular Myocardial Performance Index Compared to Other Indexes of Right
Ventricular Function in Patients with Moderate Chronic Heart Failure. Echocardiography 2012, 29, 773-778. [CrossRef]

Field, M.E.; Solomon, S.D.; Lewis, E.F.; Kramer, D.B.; Baughman, K.L.; Stevenson, L.W.; Tedrow, U.B. Right Ventricular Dysfunction
and Adverse Outcome in Patients with Advanced Heart Failure. J. Card. Fail. 2006, 12, 616—620. [CrossRef]

Smolarek, D.; Gruchata, M.; Sobiczewski, W. Echocardiographic Evaluation of Right Ventricular Systolic Function: The Traditional
and Innovative Approach. Cardiol. J. 2017, 24, 563-572. [CrossRef]

Badano, L.P; Kolias, T.J.; Muraru, D.; Abraham, T.P.; Aurigemma, G.; Edvardsen, T.; D'Hooge, J.; Donal, E.; Fraser, A.G.; Marwick,
T.; et al. Standardization of Left Atrial, Right Ventricular, and Right Atrial Deformation Imaging Using Two-Dimensional Speckle
Tracking Echocardiography: A Consensus Document of the EACVI/ASE/Industry Task Force to Standardize Deformation
Imaging. Eur. Heart |. Cardiovasc. Imaging 2018, 19, 591-600. [CrossRef]

Muraru, D.; Onciul, S.; Peluso, D.; Soriani, N.; Cucchini, U.; Aruta, P; Romeo, G.; Cavalli, G.; Iliceto, S.; Badano, L.P. Sex-
and Method-Specific Reference Values for Right Ventricular Strain by 2-Dimensional Speckle-Tracking Echocardiography.
Circ. Cardiovasc. Imaging 2016, 9, €003866. [CrossRef]

Mirea, O.; Berceanu, M.; Donoiu, I.; Militaru, C.; Saftoiu, A.; Istratoaie, O. Variability of Right Ventricular Global and Segmental
Longitudinal Strain Measurements. Echocardiography 2019, 36, 102-109. [CrossRef]

Muraru, D.; Haugaa, K.; Donal, E.; Stankovic, I.; Voigt, J.-U.; Petersen, S.E.; Popescu, B.A.; Marwick, T. Right Ventricular
Longitudinal Strain in the Clinical Routine: A State-of-the-Art Review. Eur. Heart |. Cardiovasc. Imaging 2022, 23, 898-912.
[CrossRef]

Gavazzoni, M.; Badano, L.P; Vizzardi, E.; Raddino, R.; Genovese, D.; Taramasso, M.; Sciatti, E.; Palermo, C.; Metra, M.; Muraru,
D. Prognostic Value of Right Ventricular Free Wall Longitudinal Strain in a Large Cohort of Outpatients with Left-Side Heart
Disease. Eur. Heart ]. Cardiovasc. Imaging 2020, 21, 1013-1021. [CrossRef]

Carluccio, E.; Biagioli, P.; Alunni, G.; Murrone, A.; Zuchi, C.; Coiro, S.; Riccini, C.; Mengoni, A.; D’ Antonio, A.; Ambrosio, G.
Prognostic Value of Right Ventricular Dysfunction in Heart Failure with Reduced Ejection Fraction: Superiority of Longitudinal
Strain over Tricuspid Annular Plane Systolic Excursion. Circ. Cardiovasc. Imaging 2018, 11, e006894. [CrossRef] [PubMed]


http://doi.org/10.1016/j.echo.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20620859
http://doi.org/10.1016/j.ijcard.2016.07.014
http://www.ncbi.nlm.nih.gov/pubmed/27474972
http://doi.org/10.1111/echo.14439
http://doi.org/10.1016/S0002-9149(99)00877-2
http://doi.org/10.1002/ehf2.13519
http://doi.org/10.1002/ehf2.14077
http://doi.org/10.1093/ehjci/jeab289.270
http://doi.org/10.1016/j.jjcc.2017.02.007
http://doi.org/10.1093/eurheartj/ehs080
http://doi.org/10.1016/j.amjcard.2006.11.042
http://www.ncbi.nlm.nih.gov/pubmed/17398192
http://doi.org/10.1093/ehjci/jeaa126
http://www.ncbi.nlm.nih.gov/pubmed/32504092
http://doi.org/10.1093/ejechocard/jeq051
http://www.ncbi.nlm.nih.gov/pubmed/20410189
http://doi.org/10.1111/j.1540-8175.2012.01703.x
http://doi.org/10.1016/j.cardfail.2006.06.472
http://doi.org/10.5603/CJ.a2017.0051
http://doi.org/10.1093/ehjci/jey042
http://doi.org/10.1161/CIRCIMAGING.115.003866
http://doi.org/10.1111/echo.14218
http://doi.org/10.1093/ehjci/jeac022
http://doi.org/10.1093/ehjci/jez246
http://doi.org/10.1161/CIRCIMAGING.117.006894
http://www.ncbi.nlm.nih.gov/pubmed/29321212

J. Cardiovasc. Dev. Dis. 2022, 9, 359 15 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

Houard, L.; Benaets, M.B.; de Meester de Ravenstein, C.; Rousseau, M.E; Ahn, S.A.; Amzulescu, M.S.; Roy, C.; Slimani,
A.; Vancraeynest, D.; Pasquet, A.; et al. Additional Prognostic Value of 2D Right Ventricular Speckle-Tracking Strain for
Prediction of Survival in Heart Failure and Reduced Ejection Fraction: A Comparative Study With Cardiac Magnetic Resonance.
JACC Cardiovasc. Imaging 2019, 12, 2373-2385. [CrossRef] [PubMed]

Vijiiac, A.; Onciul, S.; Guzu, C.; Verinceanu, V.; Bataila, V.; Deaconu, S.; Scarlatescu, A.; Zamfir, D.; Petre, I.; Onut, R; et al. The
Prognostic Value of Right Ventricular Longitudinal Strain and 3D Ejection Fraction in Patients with Dilated Cardiomyopathy.
Int. ]. Cardiovasc. Imaging 2021, 37, 3233-3244. [CrossRef] [PubMed]

Seo, J.; Jung, LH.; Park, . H.; Kim, G.S.; Lee, H.Y,; Byun, Y.S.; Kim, B.O.; Rhee, K.J. The Prognostic Value of 2D Strain in Assessment
of the Right Ventricle in Patients with Dilated Cardiomyopathy. Eur. Heart ]. Cardiovasc. Imaging 2019, 20, 1043-1050. [CrossRef]
[PubMed]

Garcia-Martin, A.; Moya-Mur, J.-L.; Carbonell-San Roman, S.A.; Garcia-Lledo, A.; Navas-Tejedor, P.; Muriel, A.; Rodriguez-Muiioz,
D.; Casas-Rojo, E.; Jiménez-Nacher, ].-].; Fernandez-Golfin, C.; et al. Four Chamber Right Ventricular Longitudinal Strain versus
Right Free Wall Longitudinal Strain. Prognostic Value in Patients with Left Heart Disease. Cardiol. ]. 2016, 23, 189-194. [CrossRef]
[PubMed]

Lang, RM.; Badano, L.P; Tsang, W.; Adams, D.H.; Agricola, E.; Buck, T.; Faletra, FEF,; Franke, A.; Hung, J.; Pefez De
Isla, L.; et al. EAE/ASE Recommendations for Image Acquisition and Display Using Three-Dimensional Echocardiography.
Eur. Heart ]. Cardiovasc. Imaging 2012, 13, 1-46. [CrossRef]

Badano, L.P; Addetia, K.; Pontone, G.; Torlasco, C.; Lang, R.M.; Parati, G.; Muraru, D. Advanced Imaging of Right Ventricular
Anatomy and Function. Heart 2020, 106, 1469-1476. [CrossRef]

Shimada, YJ.; Shiota, M.; Siegel, R].; Shiota, T. Accuracy of Right Ventricular Volumes and Function Determined by Three-
Dimensional Echocardiography in Comparison with Magnetic Resonance Imaging: A Meta-Analysis Study. J. Am. Soc. Echocardiogt.
2010, 23, 943-953. [CrossRef]

Sugeng, L.; Mor-Avi, V.; Weinert, L.; Niel, J.; Ebner, C.; Steringer-Mascherbauer, R.; Bartolles, R.; Baumann, R.; Schummers, G;
Lang, R.M.; et al. Multimodality Comparison of Quantitative Volumetric Analysis of the Right Ventricle. JACC Cardiovasc. Imaging
2010, 3, 10-18. [CrossRef]

Leibundgut, G.; Rohner, A.; Grize, L.; Bernheim, A.; Kessel-Schaefer, A.; Bremerich, J.; Zellweger, M.; Buser, P.; Handke,
M. Dynamic Assessment of Right Ventricular Volumes and Function by Real-Time Three-Dimensional Echocardiography: A
Comparison Study with Magnetic Resonance Imaging in 100 Adult Patients. ]. Am. Soc. Echocardiogr. 2010, 23, 116-126. [CrossRef]
[PubMed]

D’Andrea, A.; Gravino, R.; Riegler, L.; Salerno, G.; Scarafile, R.; Romano, M.; Cuomo, S.; del Viscovo, L.; Ferrara, I.; de Rimini, M.L.;
et al. Right Ventricular Ejection Fraction and Left Ventricular Dyssynchrony by 3D Echo Correlate With Functional Impairment in
Patients With Dilated Cardiomyopathy. J. Card. Fail. 2011, 17, 309-317. [CrossRef] [PubMed]

Nagata, Y.; Wu, V.C.-C.; Kado, Y.; Otani, K,; Lin, E-C.; Otsuji, Y.; Negishi, K.; Takeuchi, M. Prognostic Value of Right Ventricular
Ejection Fraction Assessed by Transthoracic 3D Echocardiography. Circ. Cardiovasc. Imaging 2017, 10, e005384. [CrossRef]
[PubMed]

Sabe, M.A.; Sabe, S.A.; Kusunose, K.; Flamm, S.D.; Griffin, B.P.; Kwon, D.H. Predictors and Prognostic Significance of Right
Ventricular Ejection Fraction in Patients with Ischemic Cardiomyopathy. Circulation 2016, 134, 656—-665. [CrossRef] [PubMed]
Bouali, Y,; Galli, E.; Paven, E.; Laurin, C.; Arnaud, H.; Oger, E.; Donal, E. Impact of Sacubitril/ Valsartan on Systolic Heart Failure:
Right Heart Location and Clustering Analysis. Adv. Clin. Exp. Med. 2022, 31, 109-119. [CrossRef] [PubMed]

Zhang, J.; Du, L.; Qin, X,; Guo, X. Effect of Sacubitril /Valsartan on the Right Ventricular Function and Pulmonary Hypertension
in Patients With Heart Failure With Reduced Ejection Fraction: A Systematic Review and Meta-Analysis of Observational Studies.
J. Am. Heart Assoc. 2022, 11, €024449. [CrossRef] [PubMed]

Antonini-Canterin, F; di Nora, C. Arrhythmogenic Right Ventricular Cardiomyopathy or Athlete’s Heart? Challenges in
Assessment of Right Heart Morphology and Function. Monaldi Arch. Chest Dis. 2019, 89, 3—4. [CrossRef]

D’Ascenzi, E; Solari, M.; Corrado, D.; Zorzi, A.; Mondillo, S. Diagnostic Differentiation between Arrhythmogenic Cardiomyopathy
and Athlete’s Heart by Using Imaging. JACC Cardiovasc. Imaging 2018, 11, 1327-1339. [CrossRef]

D’Ascenzi, F; Pisicchio, C.; Caselli, S.; di Paolo, EM.; Spataro, A.; Pelliccia, A. RV Remodeling in Olympic Athletes.
JACC Cardiovasc. Imaging 2017, 10, 385-393. [CrossRef]

Pagourelias, E.D.; Kouidi, E.; Efthimiadis, G.K.; Deligiannis, A.; Geleris, P.; Vassilikos, V. Right Atrial and Ventricular Adaptations
to Training in Male Caucasian Athletes: An Echocardiographic Study. J. Am. Soc. Echocardiogr. 2013, 26, 1344-1352. [CrossRef]
Stefani, L.; Pedrizzetti, G.; de Luca, A.; Mercuri, R.; Innocenti, G.; Galanti, G. Real-Time Evaluation of Longitudinal Peak Systolic
Strain (Speckle Tracking Measurement) in Left and Right Ventricles of Athletes. Cardiovasc. Ultrasound 2009, 7, 17. [CrossRef]
[PubMed]

Monge Garcia, M.L; Santos, A. Understanding Ventriculo-Arterial Coupling. Ann. Transl. Med. 2020, 8, 795. [CrossRef] [PubMed]
Ikonomidis, I.; Aboyans, V.; Blacher, J.; Brodmann, M.; Brutsaert, D.L.; Chirinos, J.A.; de Carlo, M.; Delgado, V.; Lancellotti,
P; Lekakis, J.; et al. The Role of Ventricular-Arterial Coupling in Cardiac Disease and Heart Failure: Assessment, Clinical
Implications and Therapeutic Interventions. A Consensus Document of the European Society of Cardiology Working Group
on Aorta & Peripheral Vascular Diseases, European Association of Cardiovascular Imaging, and Heart Failure Association.
Eur. J. Heart Fail. 2019, 21, 402-424. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jcmg.2018.11.028
http://www.ncbi.nlm.nih.gov/pubmed/30772232
http://doi.org/10.1007/s10554-021-02322-z
http://www.ncbi.nlm.nih.gov/pubmed/34165699
http://doi.org/10.1093/ehjci/jez015
http://www.ncbi.nlm.nih.gov/pubmed/30796431
http://doi.org/10.5603/CJ.a2015.0079
http://www.ncbi.nlm.nih.gov/pubmed/26711464
http://doi.org/10.1093/ehjci/jer316
http://doi.org/10.1136/heartjnl-2019-315178
http://doi.org/10.1016/j.echo.2010.06.029
http://doi.org/10.1016/j.jcmg.2009.09.017
http://doi.org/10.1016/j.echo.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/20152692
http://doi.org/10.1016/j.cardfail.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21440869
http://doi.org/10.1161/CIRCIMAGING.116.005384
http://www.ncbi.nlm.nih.gov/pubmed/28174197
http://doi.org/10.1161/CIRCULATIONAHA.116.022339
http://www.ncbi.nlm.nih.gov/pubmed/27507405
http://doi.org/10.17219/acem/143433
http://www.ncbi.nlm.nih.gov/pubmed/34918885
http://doi.org/10.1161/JAHA.121.024449
http://www.ncbi.nlm.nih.gov/pubmed/35470677
http://doi.org/10.4081/monaldi.2019.1047
http://doi.org/10.1016/j.jcmg.2018.04.031
http://doi.org/10.1016/j.jcmg.2016.03.017
http://doi.org/10.1016/j.echo.2013.07.019
http://doi.org/10.1186/1476-7120-7-17
http://www.ncbi.nlm.nih.gov/pubmed/19356233
http://doi.org/10.21037/atm.2020.04.10
http://www.ncbi.nlm.nih.gov/pubmed/32647720
http://doi.org/10.1002/ejhf.1436
http://www.ncbi.nlm.nih.gov/pubmed/30859669

J. Cardiovasc. Dev. Dis. 2022, 9, 359 16 of 16

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Tello, K.; Wan, J.; Dalmer, A.; Vanderpool, R.; Ghofrani, H.A.; Naeije, R.; Roller, F.; Mohajerani, E.; Seeger, W.; Herberg, U.; et al.
Validation of the Tricuspid Annular Plane Systolic Excursion/Systolic Pulmonary Artery Pressure Ratio for the Assessment of
Right Ventricular-Arterial Coupling in Severe Pulmonary Hypertension. Circ. Cardiovasc. Imaging 2019, 12, e009047. [CrossRef]
Bosch, L.; Lam, C.S.P; Gong, L.; Chan, S.P; Sim, D.; Yeo, D.; Jaufeerally, F; Leong, K.T.G.; Ong, H.Y.; Ng, T.P; et al. Right
Ventricular Dysfunction in Left-Sided Heart Failure with Preserved versus Reduced Ejection Fraction. Eur. ]. Heart Fail.
2017, 19, 1664-1671. [CrossRef] [PubMed]

Braganga, B.; Trépa, M.; Santos, R.; Silveira, I.; Fontes-Oliveira, M.; Sousa, M.].; Reis, H.; Torres, S.; Santos, M. Echocardiographic
Assessment of Right Ventriculo-Arterial Coupling: Clinical Correlates and Prognostic Impact in Heart Failure Patients Undergoing
Cardiac Resynchronization Therapy. J. Cardiovasc. Imaging 2020, 28, 109. [CrossRef]

Vijiiac, A.; Bataild, V.; Onciul, S.; Verinceanu, V.; Guzu, C.; Deaconu, S.; Petre, I.; Scarlatescu, A.; Zamfir, D.; Dorobantu, M.
Non-Invasive Right Ventriculo-Arterial Coupling as a Rehospitalization Predictor in Dilated Cardiomyopathy: A Comparison of
Five Different Methods. Kardiol. Pol. 2022, 80, 182-190. [CrossRef]

Juilliere, Y.; Barbier, G.; Feldmann, L.; Grentzinger, A.; Danchin, N.; Cherrier, F. Additional Predictive Value of Both Left and
Right Ventricular Ejection Fractions on Long-Term Survival in Idiopathic Dilated Cardiomyopathy. Eur. Heart ]. 1997, 18, 276-280.
[CrossRef]

la Vecchia, L.; Paccanaro, M.; Bonanno, C.; Varotto, L.; Ometto, R.; Vincenzi, M. Left Ventricular versus Biventricular Dysfunction
in Idiopathic Dilated Cardiomyopathy. Am. J. Cardiol. 1999, 83, 120-122. [CrossRef]

Kiibler, J.; Burgstahler, C.; Brendel, ].M.; Gassenmaier, S.; Hagen, F.; Klingel, K.; Olthof, S.C.; Blume, K.; Wolfarth, B.; Mueller,
K.A.L,; et al. Cardiac MRI Findings to Differentiate Athlete’s Heart from Hypertrophic (HCM), Arrhythmogenic Right Ventricular
(ARVC) and Dilated (DCM) Cardiomyopathy. Int. ]. Cardiovasc. Imaging 2021, 37, 2501-2515. [CrossRef]

McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Bchm, M.; Burri, H.; Butler, J.; Celutkiene, J.; Chioncel, O.;
et al. 2021 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. Eur. Heart |. 2021, 42, 3599-3726.
[CrossRef] [PubMed]

Donal, E.; Delgado, V.; Bucciarelli-Ducci, C.; Galli, E.; Haugaa, K.H.; Charron, P.; Voigt, ].U.; Cardim, N.; Masci, P.G.; Galderisi, M.;
et al. Multimodality Imaging in the Diagnosis, Risk Stratification, and Management of Patients with Dilated Cardiomyopathies:
An Expert Consensus Document from the European Association of Cardiovascular Imaging. Eur. Heart |. Cardiovasc. Imaging
2019, 20, 1075-1093. [CrossRef] [PubMed]

Mooij, C.E,; de Wit, C.J.; Graham, D.A.; Powell, A.].; Geva, T. Reproducibility of MRI Measurements of Right Ventricular Size and
Function in Patients with Normal and Dilated Ventricles. ]. Magn. Reson. Imaging 2008, 28, 67-73. [CrossRef] [PubMed]
Grothues, F.; Moon, ].C.; Bellenger, N.G.; Smith, G.S.; Klein, H.U.; Pennell, D.]. Interstudy Reproducibility of Right Ventricular
Volumes, Function, and Mass with Cardiovascular Magnetic Resonance. Am. Heart ]. 2004, 147, 218-223. [CrossRef] [PubMed]
Becker, M.A ].; van der Lingen, A.L.C.J.; Wubben, M.; van de Ven, PM.; van Rossum, A.C.; Cornel, ].H.; Allaart, C.P.; Germans, T.
Characteristics and Prognostic Value of Right Ventricular (Dys)Function in Patients with Non-Ischaemic Dilated Cardiomyopathy
Assessed with Cardiac Magnetic Resonance Imaging. ESC Heart Fail. 2021, 8, 1055-1063. [CrossRef] [PubMed]


http://doi.org/10.1161/CIRCIMAGING.119.009047
http://doi.org/10.1002/ejhf.873
http://www.ncbi.nlm.nih.gov/pubmed/28597497
http://doi.org/10.4250/jcvi.2019.0094
http://doi.org/10.33963/KP.a2021.0190
http://doi.org/10.1093/oxfordjournals.eurheartj.a015231
http://doi.org/10.1016/S0002-9149(98)00795-4
http://doi.org/10.1007/s10554-021-02280-6
http://doi.org/10.1093/eurheartj/ehab368
http://www.ncbi.nlm.nih.gov/pubmed/34447992
http://doi.org/10.1093/ehjci/jez178
http://www.ncbi.nlm.nih.gov/pubmed/31504368
http://doi.org/10.1002/jmri.21407
http://www.ncbi.nlm.nih.gov/pubmed/18581357
http://doi.org/10.1016/j.ahj.2003.10.005
http://www.ncbi.nlm.nih.gov/pubmed/14760316
http://doi.org/10.1002/ehf2.13072
http://www.ncbi.nlm.nih.gov/pubmed/33560582

	Introduction 
	Anatomy and Function of the Normal Right Ventricle 
	Right Ventricular Dysfunction 
	Multi-Modality Imaging Evaluation of the Right Ventricle 
	Echocardiography 
	Tricuspid Annulus Plane Systolic Excursion by M-Mode Echocardiography 
	S’ Wave Velocity by Tissue Doppler Imaging 
	Right Ventricular Myocardial Performance Index by Tissue DopplerImaging/Pulsed Doppler 
	Right Ventricular Fractional Area Change by Two-Dimensional Echocardiography 
	Right Ventricular Strain by Speckle-Tracking Echocardiography 
	Right Ventricular Ejection Fraction by Three-Dimensional Echocardiography 
	Right Ventriculo-Arterial Coupling Evaluation Using Invasive VersusNon-Invasive Parameters 

	Cardiac Magnetic Resonance 

	Conclusions 
	References

