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Predicting adverse outcomes after cardiac surgery and structural interventions: the
role of right ventricular function

REVIEW

Eszter Pal’, Veronika Parkanyi’, Timea Katalin Turschl, Alexandra Fabian, Andrea Ferencz, Marton Tokodi, M&té Tolvaj,
Andrea Nagy, Attila Kovacs, Béla Merkely, Balint Karoly Lakatos and Zsuzsanna Ladanyi

Department of Cardiology, Semmelweis University Heart and Vascular Center, Budapest, Hungary

ABSTRACT

Right ventricular (RV) function is a major determinant of clinical outcomes in patients undergoing
cardiac surgery and transcatheter interventions. Although left ventricular morphology and function
have been the traditional focus of preprocedural assessment, RV dysfunction is now recognized as an
important predictor of morbidity and mortality. Therefore, inclusion of RV-related parameters in pre-
procedural risk assessment is on the rise. This review summarizes current evidence on the role of RV
function in various cardiac diseases that require surgery or interventions. Conventional two-dimensional
echocardiographic parameters, such as tricuspid annular plane systolic excursion, RV fractional area
change, and peak systolic tissue Doppler velocity, provide limited information due to the complex RV
geometry. Advanced imaging techniques, including speckle-tracking, three-dimensional echocardiogra-
phy, and cardiac magnetic resonance imaging, enable more accurate quantification of RV volumes,
ejection fraction, strain, RV motion components and RV-pulmonary artery coupling, and have demon-
strated superior prognostic value. Therefore, a comprehensive assessment of RV function using
advanced imaging techniques should be incorporated into routine clinical practice to improve risk
stratification and preprocedural planning before cardiac surgery and transcatheter interventions.
However, it is necessary to standardize imaging protocols and define validated reference thresholds
to support the clinical implementation of these state-of-the-art parameters.

ARTICLE HISTORY
Received 31 October 2025
Accepted 6 March 2026

KEYWORDS

right ventricle; 3D
echocardiography; strain
analysis; cardiac surgery;
transcatheter interventions;
outcomes

PLAIN LANGUAGE SUMMARY

When people undergo heart surgery or minimally invasive procedures, doctors have traditionally
focused on how well the left side of the heart works. However, strong evidence shows that the right
heart is just as important for predicting recovery, complications and survival. If the right heart does not
work properly, patients are more likely to experience complications. Right heart dysfunction can also
reduce exercise capacity and quality of life, even when the left heart appears normal.

In everyday practice, right heart function is often assessed using simple ultrasound measurements.
While these are quick and widely available, they only examine small parts of the right ventricle. Because
the right ventricle has a complex shape, these basic measurements may miss important abnormalities.
Newer imaging techniques allow doctors to assess the right ventricle more accurately. Many studies
show that these advanced measurements predict complications and survival better than traditional
methods.

Across a wide range of conditions, right heart function has proven to be a key determinant of
complications and survival. Despite this, advanced right heart imaging is not yet used routinely every-
where, and standardized measurement guidelines are still evolving.

Overall, careful and modern assessment of right ventricular function can improve treatment plan-
ning. Therefore, it may lead to fewer complications and better survival after cardiac surgery.

1. Introducti
neroduction fragile, multimorbid patients with high surgical risk. The assess-

Cardiovascular morbidity and mortality are major challenges for
the healthcare systems worldwide. With the constant expansion
and refinement of pharmacological therapeutic options,
robust improvements were achieved in the field [1-3].
Nevertheless, cardiac surgery still plays a major role in the
treatment of a wide variety of cardiac disorders. However,
transcatheter interventions are becoming progressively more
common as they offer a generally safer alternative for elderly,

ment of cardiac morphology and function is important for
preprocedural risk stratification in these patients. Traditionally,
emphasis has been dominantly on left ventricular (LV) function,
while the right ventricle (RV) was believed to be only a conduit
between the venous system and the lungs [4,5]. Even in the era
of evidence-based medicine, experimental studies concluded
that RV function can be completely omitted without significant
compromise of the circulation. However, contradictory evidence
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Article highlights

o While left ventricular (LV) function has been the traditional focus of
preoperative assessment, right ventricular (RV) dysfunction is strongly
associated with the symptomatic status of patients in various cardi-
ovascular diseases.

o Conventional 2D echocardiographic RV functional parameters, such
as tricuspid annular plane systolic excursion (TAPSE), fractional area
change (FAC), and tissue Doppler imaging (TDI) S,” are limited due to
the complex geometry of the RV.

e Advanced imaging techniques, such as speckle-tracking, 3D echocar-
diography, and cardiac magnetic resonance imaging, enable more
accurate quantification of RV volumes, ejection fraction (EF), strain
and motion components.

e RV function is an important determinant of morbidity and mortality
in patients undergoing cardiac surgery and transcatheter
interventions.

e The comprehensive assessment of RV function using state-of-the-art
modalities has additional value in risk stratification and preprocedural
planning before cardiac surgery and transcatheter interventions.

has been rapidly accumulating, indicating that structural and
functional alterations of the RV play an important role in deter-
mining symptoms, hemodynamic status, and long-term prog-
nosis of these patients, as RV dysfunction is a major or even
leading factor in a wide spectrum of cardiovascular diseases [6—
8]. Beyond these hard endpoints, RV performance was also
shown to be a determinant of quality of life and functional
status in a wide variety of diseases [9-11]. Therefore, accurate
characterization of the RV is of great importance for patients
undergoing cardiac surgery or transcatheter interventions.
Echocardiography is the most commonly utilized imaging
modality for quantifying cardiac morphology and function.
Notably, the echocardiographic evaluation of RV function
poses significant challenges due to the complex anatomy of
the chamber, limiting the ability of two-dimensional (2D)
echocardiography to fully characterize it. Still, in routine clin-
ical practice, relatively simple echocardiographic functional
parameters, such as tricuspid annular plane systolic excursion
(TAPSE), right ventricular fractional area change (FAC), and
peak systolic tissue Doppler velocity (TDI S’), are most fre-
quently applied. However, being one- or two-dimensional
measurements, they focus only on certain parts of the RV
wall, and do not provide an adequate measure of global RV
function [12]. Advances in cardiovascular imaging, such as
speckle-tracking echocardiography analysis and three-
dimensional (3D) echocardiography, allow a more comprehen-
sive characterization of RV mechanics. RV global longitudinal
strain (GLS), 3D echocardiography-derived RV ejection fraction
(EF) and assessment of 3D RV mechanics provide added prog-
nostic value in various cardiovascular diseases [13-17]. The
development of deep-learning and artificial intelligence-
based tools can also make the calculation of RV EF easier
[18-20]. Additionally, RV myocardial work indices can also be
calculated, and their association with contractility has been
validated with invasive measurements. Thus, they can also
provide valuable added information [21]. Specifically, in dedi-
cated populations (e.g., congenital heart disease), cardiac
magnetic resonance (CMR) imaging is also frequently used,

further expanding the toolset for RV assessment. These mod-
alities provide deeper pathophysiological understanding,
prognostic information, and support individualized risk strati-
fication [22-24] (Figure 1).

In the current era of cardiovascular surgery and catheter
interventions, multidisciplinary Heart Teams consider the opti-
mal treatment modality for each patient, based on many
individual factors. As a major determinant of morbidity and
mortality, RV imaging markers should also be incorporated
into the decision-making process. Notably, the current guide-
lines lag in providing clear recommendations with disease-
specific RV data. Therefore, this review aims to summarize
the use of state-of-the-art imaging modalities for evaluating
RV function in patients undergoing cardiac surgery and inter-
ventional procedures and to examine the association between
RV dysfunction and adverse outcomes.

2. Right ventricular function in cardiac surgery and
transcatheter interventions

RV function has been increasingly investigated in recent years
across a broad spectrum of cardiovascular diseases, with accu-
mulating evidence supporting its expanding prognostic
importance [25]. The summaries of the studies discussed
below are presented in Table 1.

2.1. Valvular heart disease

2.1.1. Aortic valve diseases

Diseases of the aortic valve initially affect the LV; however, if
left untreated, the progressively worsening diastolic dysfunc-
tion and elevated LV filling pressures ultimately lead to
adverse pulmonary vascular remodeling along with conse-
quential RV hemodynamic overload and dysfunction.

2.1.1.1. Aortic stenosis. Currently affecting more than
9 million people in developed nations, severe aortic stenosis
(AS) is the most common valvular heart disease, and its pre-
valence is expected to increase as populations age [26]. RV
dysfunction in AS has gained increasing attention in recent
years. Although the primary lesion is located in the left heart,
chronic pressure overload and secondary pulmonary hyper-
tension can significantly affect the RV, resulting in a decreased
3D RV EF [27]. The classification of this extravalvular cardio-
pulmonary damage into distinct stages has proved to have
additional prognostic value in this clinically complex popula-
tion [28]. Compromised RV function has been associated with
higher mortality and adverse outcomes following both surgi-
cal and transcatheter aortic valve replacement. Bohbot and
colleagues found that TAPSE <17 mm was predictive of all-
cause mortality after surgical aortic valve replacement (SAVR)
even in asymptomatic patients with severe AS [29]. Nabeshima
et al. found that reduced 3D RV EF was associated with
adverse cardiac events even in asymptomatic patients with
AS. In a large cohort of 392 asymptomatic individuals, the
prognostic cutoff for RV EF was approximately 41% [30].
Complementing these findings, Nies and colleagues studied
114 patients with paradoxical low-flow, low-gradient AS
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Disadvantages

TAPSE

* Easy to measure
* Highly feasible
« Its decrease predicts hard endpoints well
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* Heavily preload dependent
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+ Better for postoperative assessments than TAPSE
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3D RV motion
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* Measures longitudinal, radial and anteroposterior motion components

* Requires better image quality
+ Can only be measured using 3D measurements
* Limited general availability

+ Semi-automated
« Additional prognostic value

Figure 1. The echocardiographic parameters of right ventricular (RV) function.

The echocardiographic evaluation of RV function presents significant challenges due to the complex anatomy of the chamber; thus, numerous parameters are used for its assessment, such
as: tricuspid annular plane systolic excursion (TAPSE), fractional area change (FAQ), tissue Doppler velocity S’ (TDI '), RV outflow tract velocity time integral (RVOT VTI), RV strain [including
global longitudinal strain (GLS) and free-wall longitudinal strain (FWLS)], three-dimensional RV ejection fraction (3D RV EF) and RV motion decomposition. Each of these parameters has

different advantages and disadvantages in practice.

undergoing transcatheter aortic valve replacement (TAVR) and
demonstrated that impaired RV-pulmonary artery (PA) cou-
pling strongly predicted adverse outcomes. Specifically,
a TAPSE/systolic pulmonary artery pressure (sPAP) ratio
<0.36 mm/mmHg identified patients at higher risk of mortality
and heart failure hospitalization after valvular intervention,
and RV-PA coupling remained an independent prognostic
factor after multivariable adjustment [31]. In line with these
observations, Kitano and coworkers found that in patients
with severe AS undergoing TAVR, RV dysfunction assessed by
3D echocardiographic strain is a powerful predictor of out-
come. Among 341 patients, about 30% had impaired RV strain
prior to intervention, and this subgroup faced higher risks of
mortality and heart failure hospitalization after the procedure.
The prognostic impact of RV strain was independent of LV
function and outperformed conventional RV parameters,
underscoring the importance of advanced RV measurements
in risk stratification [32].

Altogether, advanced assessment of RV function has
emerged as a useful tool for prognostic evaluation in AS. As
echocardiography is the gold standard diagnostic method of
AS, a detailed examination is performed before valve replace-
ment. In this population, even routine measurements (e.g.,
TAPSE) show meaningful prognostic value, but evidence also
supports the role of RV strain measures.

2.1.1.2. Aortic regurgitation. In aortic regurgitation (AR),
chronic LV volume overload also often extends its impact to
the RV. Current evidence supports the prognostic importance
of RV dysfunction in this population. Mao and colleagues, in
a large cohort of 648 patients undergoing TAVR for AR,
demonstrated that preexisting RV dysfunction (characterized
as FAC < 35%, TAPSE < 1.7 cm and TDI S’ < 9.5 cm/s; if >50% of
the available RV function parameters were below the lower
threshold, RV dysfunction was established) independently

predicted two-year all-cause mortality. These results empha-
size the importance of systematic RV evaluation in AR, as
dysfunction can serve as an early marker of adverse outcomes
even after a successful valvular intervention [33].

To conclude, data on the role of RV in preprocedural risk
assessment in AR are scarcer compared to stenosis. Also, as
dedicated transcatheter solutions for AR were only recently
introduced, RV-related data are currently lacking in this regard.
However, literature emphasizes the importance of multipara-
metric assessment of RV function in AR, as the combination of
multiple conventional parameters (e.g.,, TAPSE, FAC, TDI S')
showed good association with hard endpoints.

2.1.2. Mitral valve disease

Mitral valve disease is among the most common valvular
disorders, with the different degrees of mitral regurgitation
(MR) alone affecting nearly 24 million individuals worldwide
[26]. Given its high prevalence and clinical burden, mitral valve
disease accounts for a significant number of surgical proce-
dures and transcatheter interventions performed each year
[34]. Notably, LV backward failure commonly affects RV hemo-
dynamics in these patients. Moreover, the etiology of mitral
valve disease is often also presented on the contralateral
atrioventricular valve, leading to RV overload directly due to
the tricuspid valve dysfunction.

2.1.2.1. Mitral regurgitation. In patients with secondary
MR, RV strain parameters have been identified as sensitive
predictors of outcome. In a cohort of 142 patients undergoing
transcatheter edge-to-edge repair (TEER), Lupi and colleagues
found that impaired right ventricular free wall longitudinal
strain (RV FWLS) (=—18%) and RV GLS (=—15%) were strongly
associated with the composite endpoint of all-cause mortality
and heart failure hospitalization at 1 year. Compared with
conventional RV parameters such as TAPSE and FAC, strain
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analysis revealed a stronger association with clinical outcomes
[35]. The study of Lachmann et al. enrolled 1154 patients with
severe MR undergoing TEER and calculated RV EF using
a deep-learning-based method. Survival analysis showed that
patients with RV EF <45% had significantly worse 1-year survi-
val rates than patients with preserved RV EF [36]. Fortmeier
et al. found in a population of 851 patients who underwent
TEER due to severe MR that, while yielding important benefits
for LV hemodynamics, the procedure did not result in RV
functional recovery at a 3-month follow-up echocardiography
exam, neither by measuring traditional parameters, such as
TAPSE, nor by employing artificial intelligence predicted RV EF
[37].

Beyond TEER populations, advanced imaging has also pro-
vided important insights into perioperative RV adaptation in
open-heart mitral valve surgery. In a prospective study of 42
patients undergoing mitral valve replacement, Tokodi and
colleagues used 3D echocardiography to decompose RV EF
into longitudinal and radial components. They observed
a transient postoperative shift from longitudinal to radial con-
traction, which normalized within 6 months. From a clinical
perspective, the preoperative longitudinal ejection fraction
was an independent predictor of early postoperative RV dys-
function, suggesting that 3D RV mechanics may not only
capture perioperative adaptation but also identify patients at
risk for acute RV failure [38]. To further emphasize the impor-
tance of the right heart in this population, in a large, single-
center study of more than 700 patients, Shechter and collea-
gues confirmed the prognostic importance of RV - PA cou-
pling, quantified by the TAPSE/sPAP ratio. A baseline ratio
below 0.37 mm/mmHg was associated with significantly
higher mortality and rehospitalization rates [39].

These studies highlight that modern echocardiographic
modalities provide clinically relevant prognostic information
in secondary MR, emphasizing the need for detailed RV assess-
ment prior to mitral interventions as RV overload plays an
important role in symptomatic status, pathophysiology and
outcomes of MR [40]. Given that 3D echocardiographic assess-
ment is necessary before TEER, 3D RV EF (which outperforms
conventional functional measures in predicting clinical out-
comes) should be easily incorporated into routine preproce-
dural assessment.

2.1.2.2. Mitral stenosis. As the incidence of mitral stenosis
(MS) has decreased dramatically over the past few decades,
data on the role of the RV in these patients are scarcer. In
a recent study, Ladanyi and colleagues used 3D echocardio-
graphy to assess the impact of MS on RV mechanics in 39 MS
patients compared with 39 matched controls. They found that
MS significantly impairs global RV function, with reduced RV
EF and decreased longitudinal and radial motion components,
while the relative contribution of the anteroposterior motion
component increased. The presence of atrial fibrillation further
worsened RV function. These observations highlight that MS
induces complex RV mechanical alterations even at an early
stage, which may remain undetected by conventional echo-
cardiography [41]. Additionally, Kumar et al. found that in
patients undergoing balloon mitral valvuloplasty TAPSE, FAC,
global RV systolic strain, and segmental strain at basal, mid

and apical septum showed a statistically significant rise after
balloon mitral valvuloplasty [42].

With the increasing implementation of advanced cardiac
imaging and interventions in developing countries, we may
expect expanding data on the role of the RV in patients
with MS.

2.1.3. Tricuspid regurgitation

For a long time, tricuspid regurgitation (TR) was considered
less important than left-sided valvular diseases. However, the
latest studies identified that TR has a significant impact on
morbidity and mortality [43]. A study of 205 secondary TR
patients showed that people with different TR severity did
not differ in global 3D RV EF; however, the longitudinal
motion component decreased with regurgitation severity.
Interestingly, however, the radial motion component showed
association with the composite endpoint of heart failure hos-
pitalization and all-cause mortality [44]. Traditionally, surgical
intervention - valve repair or replacement — has been the
standard treatment for severe TR. Nevertheless, it carries
a relatively high perioperative risk, and in recent years trans-
catheter interventions have emerged as less invasive alterna-
tives for treating symptomatic severe TR in high-risk patients.
Ancona et al. retrospectively analyzed 79 patients undergoing
isolated tricuspid valve surgery and found that RV FWLS was
the strongest predictor of 30-day mortality, outperforming
conventional echocardiographic measures. Incorporating RV
FWLS into risk scores improved prognostic accuracy, highlight-
ing its potential role in preoperative risk stratification and
perioperative management [45]. Kim et al. retrospectively ana-
lyzed 111 patients with severe isolated TR undergoing tricus-
pid valve surgery. Impaired RV and biventricular GLS,
measured pre- and postoperatively by speckle-tracking echo-
cardiography, were independently associated with adverse
outcomes, including death, heart failure hospitalization, reo-
peration, or transplantation. RV GLS <17.2% and biventricular
GLS <34.0% identified high-risk patients, demonstrating that
strain assessment provides incremental prognostic value
beyond conventional echocardiographic parameters [46]. In
patients undergoing TEER for TR, early RV reverse remodeling
has been observed, characterized by significant reductions in
RV end-diastolic area and tricuspid annular diameter.
Although conventional RV echocardiographic parameters,
such as TAPSE and FAC, illustrated minimal change following
the intervention, RV-PA coupling, assessed by the TAPSE/sPAP
ratio, improved significantly. Better RV-PA coupling was cor-
related with favorable clinical outcomes, including sympto-
matic improvement and reduced heart failure-related events
[47]. Kresoja and colleagues studied right ventricular contrac-
tion patterns in patients undergoing transcatheter tricuspid
valve repair for severe TR using CMR. Preserved or compen-
sated RV function was associated with favorable outcomes,
while reduced longitudinal and global RV function predicted
more frequent adverse events, highlighting the potential
importance and prognostic value of assessing the RV contrac-
tion pattern [48]. The TRILUMINATE study showed that TEER
with the TriClip device led to reverse remodeling due to the
decreasing volumetric overload on the RV; RV end-diastolic



diameter, TAPSE and FAC all improved after the structural
intervention [49]. Orban and his colleagues included 75
patients with severe TR who underwent TEER. RV function
was assessed using 3D echocardiography before and after
the procedure. Although RV volumes decreased after the pro-
cedure, 3D RV EF also declined. Importantly, lower preproce-
dural 3D RV EF was independently associated with higher
1-year mortality, while conventional RV functional parameters,
e.g., TAPSE, did not have significant prognostic value in this
population. The postprocedural RV EF reduction did not pre-
dict poor outcomes and was likely due to reduced pre-
load [50].

With the rapidly accumulating evidence in the field, pre-
cise recommendations for TEER for TR can be expected in the
near future, with a strong emphasis on advanced RV imaging
markers. Similarly to TEER for MR, 3D echocardiography is
also necessary during preprocedural assessment in this popu-
lation, so the results emphasizing the value of strain analysis
and 3D RV EF in patient selection and risk stratification
before TEER could be incorporated into routine practice
with ease.

2.2. Coronary artery bypass graft surgery

Coronary artery bypass graft surgery (CABG) is the most com-
monly performed cardiac surgical procedure worldwide [51].
Notably, the involvement of the RV is also important in
ischemic heart disease [52].

In a study of 140 CABG patients, Liu et al. found that
intraoperative TAPSE measured by transesophageal echocar-
diography was not an independent predictor of postoperative
acute kidney injury [53]. The study of Keller et al. contained
various cardiac surgery patients, including on- and off-pump
CABG patients. 3D RV GLS, measured by 3D transesophageal
echocardiography, was an independent predictor of adverse
postoperative outcomes. The composite endpoint included in-
hospital mortality, the need for veno-arterial extracorporeal
life support, prolonged mechanical ventilation exceeding
48 h, the need for inotropic support 12 h after surgery, and/
or acute kidney injury, characterized by a serum creatinine
increase of >0.3mg/dl within the first 2 days of intensive-
care unit (ICU) admission or the initiation of renal replacement
therapy during the ICU stay [25]. In another study, 3D RV GLS
measured by 3D transesophageal echocardiography was inde-
pendently associated with the primary endpoint of in-hospital
death or the need for extracorporeal life support in patients
undergoing mixed cardiac procedures, typically consisting of
CABG and concomitant valve surgery. In contrast, TAPSE, FAC,
or even 3D RV EF or LV functional parameters, such as 3D LV
EF or LV GLS, did not show any association with the outcome
[54]. The same research group showed in a mixed cardiac
surgery population that 3D RV motion decomposition of trans-
esophageal echocardiography-based acquisitions also carries
significant prognostic value. Inflow RV EF, inflow relative
stroke volume, apex relative stroke volume and apex to inflow
relative stroke volume ratio were significantly associated with
the composite endpoint of in-hospital mortality and need for
extracorporeal circulatory support using univariable Cox ana-
lysis [55].
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These studies suggest that conventional measures of RV
function are severely limited in CABG patients, and 3D RV
measures (strain and motion decomposition) show the stron-
gest association with outcomes. This supports the integration
of 3D echocardiography into preoperative assessment.

2.3. Congenital heart disease

It is widely recognized that in congenital heart disease, RV
dysfunction frequently emerges as the strongest predictor of
disease progression and clinical outcomes [8,14]. This popula-
tion is characterized by highly diverse disruption of normal
cardiac anatomy, resulting in a wide range of RV morphology
and mechanics.

2.3.1. Tetralogy of Fallot

Bidviene et al. showed on a cohort of 33 repaired Tetralogy
of Fallot patients and 30 age- and sex-matched controls that
in repaired Tetralogy of Fallot patients with severe pulmon-
ary regurgitation, 3D RV EF is lower and the chronic volume
overload mainly impaired the longitudinal motion compo-
nent of the RV function. In contrast, the radial and ante-
roposterior components were similar to controls [56]. In
a cohort of 151 adults with surgically corrected Tetralogy
of Fallot, van Grootel et al. demonstrated that RV FWLS
assessed by 2D speckle-tracking echocardiography indepen-
dently predicted adverse clinical outcomes, such as sus-
tained ventricular tachycardia or resuscitated cardiac arrest,
sudden cardiac death, hospitalization due to heart failure,
pulmonary valve replacement performed for clinical reasons,
cardiac transplantation, or implantation of an implantable
cardioverter defibrillator for secondary prevention, over
a median follow-up of 71.5months. RV FWLS was signifi-
cantly associated with the composite endpoint of all-cause
mortality and heart failure, even after adjustment for con-
ventional risk markers, including LV EF and LV GLS. In
particular, RV FWLS provided incremental prognostic infor-
mation beyond standard echocardiographic parameters,
such as RV FAC. These findings highlight the clinical rele-
vance of RV myocardial deformation analysis in long-term
risk stratification and follow-up of adults with repaired
Tetralogy of Fallot [57]. In a cohort of 88 adult patients
late after surgical repair of Tetralogy of Fallot, Knauth
et al. confirmed that RV size and systolic function, as mea-
sured by CMR, are independent predictors of major adverse
clinical outcomes, including all-cause mortality, sustained
ventricular tachycardia, and progression of heart failure.
Specifically, an indexed RV end-diastolic volume Z-score =7
was associated with a significantly increased risk of adverse
events. Furthermore, RV EF below 45% independently pre-
dicted poor prognosis, even after adjustment for LV func-
tion and QRS duration. These findings emphasize the critical
role of comprehensive RV volumetric and functional assess-
ment by CMR in the long-term risk stratification and man-
agement of patients following Tetralogy of Fallot repair,
supporting its use for timely intervention decisions, such
as pulmonary valve replacement or arrhythmia monitor-
ing [58].
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2.3.2. Systemic RV

Undoubtedly, systemic RV patients are a highly specific sub-
group, in which RV morphological and functional assessments
require a completely different approach. Still, they represent
a clinically important group with a considerable body of data
on the matter. Surkova et al. investigated 38 systemic RV
patients with transposition of great arteries post-atrial switch
operation and with congenitally corrected transposition of the
great arteries. Systemic RV EF showed correlation with B-type
natriuretic peptide (BNP) levels. In patients with transposition
of the great arteries, the anteroposterior motion component
of the RV was significantly greater than the longitudinal and
radial components [59]. In another study, myocardial work
indices, including Global Myocardial Work Index (GWI) and
Global Constructive Work (GCW), were evaluated as novel
load-adjusted measures of systemic RV function. Both indices
showed strong correlations with ejection fraction and BNP
levels and were significantly lower in patients with moderate
or severe TR. Importantly, reduced GWI and GCW values were
independently associated with adverse clinical outcomes, such
as death or heart transplantation, suggesting that myocardial
work analysis may provide incremental prognostic information
beyond conventional strain parameters [60]. In a retrospective
study of 233 adult patients with congenitally corrected trans-
position of the great arteries, transthoracic echocardiography,
including strain analysis, was used to estimate cardiac remo-
deling and predict cardiovascular outcomes. Systemic RV was
highly prevalent in the cohort (61% of the patients). RV GLS
was independently associated with adverse events, including
heart failure and cardiovascular death [61]. The study of Diller
et al. investigated systemic RV function using 2D peak long-
itudinal strain in adult patients with congenitally corrected
transposition of the great arteries. RV longitudinal strain was
significantly reduced compared to healthy controls, reflecting
impaired systemic RV systolic function. Furthermore, systemic
RV longitudinal strain is correlated with subpulmonary ventri-
cular function, indicating ventricular interdependence in this
population. Importantly, reduced RV longitudinal strain was
independently associated with adverse clinical outcomes,
including heart failure and arrhythmias. These results support
the use of systemic RV longitudinal strain as a sensitive marker
of ventricular dysfunction and a predictor of prognosis in adult
patients with congenitally corrected transposition of the great
arteries [62].

2.3.3. Ebstein’s anomaly

In a cohort of 26 Ebstein’s anomaly patients undergoing the
Da Silva cone operation, reduced preoperative RV EF (<35%)
measured by CMR was independently associated with moder-
ate-to-severe RV dysfunction at discharge. Importantly, it was
also linked to greater postoperative inotropic support and
prolonged ICU stay. The findings highlight the prognostic
utility of preoperative CMR in surgical planning and periopera-
tive risk stratification [63]. In the study of Yu et al. assessing
patients after tricuspid valve repair in Ebstein’s anomaly, both
RV and right atrial volumes decreased markedly after surgery
and remained reduced at mid-term follow-up. While RV EF
initially declined postoperatively, partial recovery was

observed over time. However, RV GLS and right atrial reservoir
strain were significantly impaired immediately and mid-term
after surgery. Importantly, baseline features such as smaller RV
and right atrial volumes, higher LV EF, and preserved right
atrial reservoir strain were associated with favorable RV
volume normalization after surgery [64].

2.3.4. Atrial septal defect

Percutaneous atrial septal defect closure induces marked
remodeling of the RV, evidenced by significant reductions in
RV end-diastolic volume and improvements in RV myocardial
deformation parameters, particularly RV GLS. Post-procedural
increases in RV GLS reflect enhanced myocardial contractility
and improved RV systolic performance. These echocardio-
graphic improvements correlate with favorable clinical out-
comes, including improved functional status and exercise
capacity [65].

2.3.5. Pulmonary outflow tract dysfunction

Transcatheter pulmonary valve replacement is a minimally
invasive procedure for the treatment of RV outflow tract
(RVOT) dysfunction in surgically repaired congenital heart dis-
eases. Transcatheter pulmonary valve replacement is per-
formed in these patients to avoid the high risk and
complexity of repeat surgeries. Evidence suggests that RV
GLS and RV FWLS are more sensitive than conventional para-
meters, such as TAPSE or RV FAC, in detecting early RV func-
tional improvement after transcatheter pulmonary valve
replacement. RV GLS and RV FWLS typically improve within
6 months after the procedure. However, no current evidence
supports their predictive value for adverse outcomes, such as
re-intervention or persistent RV dysfunction [66].

As one of the “earliest adopters” of RV-focused imaging,
specialists in congenital heart diseases constantly expand the
field's data. Growing evidence suggests that advanced RV
metrics (e.g., strain parameters and 3D RV EF) consistently
outperform conventional measures in their association with
clinical outcomes. Therefore, their incorporation into the pre-
operative assessment of this special and complex population
could hold additional value.

2.4. Heart transplantation

Heart transplantation (HTX) remains the gold standard treat-
ment for end-stage heart failure, yet long-term survival is
often limited by complications such as rejection and graft
dysfunction. The evaluation of RV function is a cornerstone
in post-transplant follow-up, as RV failure is still one of the
major determinants of cardiac complications and mortality
during the early postoperative period [67]. Conventional para-
meters, such as TAPSE and RV FAC, are widely used; though
they lack sufficient sensitivity to detect changes, especially the
decrease in RV function. Advanced modalities, including
speckle-tracking-derived strain and 3D echocardiography,
may facilitate earlier detection of myocardial dysfunction and
support more accurate long-term risk prediction.

3D RV FWLS measured by speckle-tracking echocardio-
graphy was shown to be an independent prognostic marker



in adult heart transplant recipients. In a prospective cohort
of 155 patients, reduced 3D RV FWLS values were signifi-
cantly associated with adverse clinical outcomes at
a median follow-up of 34 months. Notably, other RV para-
meters, such as impaired 2D RV FWLS and reduced RV EF,
were also linked to worse prognosis, highlighting the cen-
tral role of RV function in post-transplant risk assessment
[68]. Lakatos et al., using 3D echocardiography in heart
transplant recipients, demonstrated that radial motion of
the RV-free wall plays a dominant role in global RV systolic
function. In their analysis, heart transplant patients exhib-
ited preserved RV volumes but significantly reduced total
EF, particularly due to diminished longitudinal contraction.
Through motion decomposition, the authors showed that
radial shortening contributed more to overall RV function,
while longitudinal components were markedly reduced
compared with healthy individuals. These findings further
emphasize the unmet need to quantify RV radial function to
evaluate RV performance post-transplant and underscore
the recommendation to include radial motion parameters
in echocardiographic assessments of HTX recipients [69]. In
a study involving 115 stable heart transplant recipients,
D’Andrea et al. evaluated RV structure and function using
conventional and 3D echocardiography. Compared to
healthy controls, transplant patients exhibited significant
RV enlargement and impaired longitudinal function, as evi-
denced by decreased TAPSE and TDI S." However, global RV
systolic function, assessed by 3D RV EF, remained largely
preserved [70]. Importantly, 3D RV EF independently corre-
lated with patients’ exercise capacity, while increased pul-
monary artery pressures and older age at the time of
transplantation surgery were associated with unfavorable
RV remodeling.

These results highlight the value of detailed RV evaluation
in long-term post-transplant care, with strain analysis and 3D
RV EF serving as determinants of functional status in
a population where lifelong TAPSE impairment greatly limits
RV functional assessment by conventional measures.

2.5. Mechanical circulatory support

2.5.1. Left ventricular assist device

RV failure remains one of the major complications after left
ventricular assist device (LVAD) implantation, often resulting
in prolonged ICU stay, need for RV mechanical support, and
increased mortality. To address this challenge, Cameli and
colleagues proposed the SIENA protocol, a multiparametric
echocardiographic approach combining conventional para-
meters with advanced techniques, including RV strain and
3D RV EF, to predict RV failure after LVAD implantation.
Their findings indicate that this comprehensive approach
improves risk stratification compared with standard para-
meters alone and provides additional prognostic value for
selecting LVAD candidates [71].

2.5.2. Microaxial flow pump

Moreover, in a prospective study evaluating 41 patients with
cardiogenic shock treated with Impella support, Rapis and
colleagues observed that failure to improve RV FWLS was
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strongly associated with unsuccessful weaning. These data
suggest that monitoring RV FWLS may help predict the plau-
sibility of safe Impella device removal [72].

2.5.3. Veno-arterial extracorporeal membrane oxygenator
In patients treated with a veno-arterial extracorporeal mem-
brane oxygenator (VA-ECMO), RV dysfunction is also a main
prognostic marker, especially influencing the likelihood of
successful decannulation. Puerto and colleagues prospectively
studied 87 patients with VA-ECMO support. They established
that pre-ECMO RV dysfunction (graded as mild, moderate, or
severe by integrating the TAPSE value and the visual assess-
ment of the contractility of the RV outflow tract, RV apex, and
interventricular septum) was an independent predictor of
weaning failure. Additionally, improvement of RV function
during support was strongly associated with successful decan-
nulation [73]. Similarly, Huang et al. analyzed 46 VA-ECMO
patients using 3D echocardiography and found that RV EF
above 24.6% predicted successful decannulation with high
accuracy. In their cohort, RV EF <24.6% was associated with
significantly higher 30-day mortality and poorer clinical out-
comes. These findings further support the key role of RV
function in determining both ECMO weaning success and
short-term prognosis [74].

To summarize, the importance of RV morphology and func-
tion in mechanical circulatory support patients is widely
accepted, and advanced cardiac imaging, including strain ana-
lysis and 3D echocardiography, is increasingly implemented in
clinical practice.

3. Limitations

Of note, advanced RV imaging methods and measures are
mainly based on local protocols rather than internationally
accepted standards. Therefore, the generalizability of the indi-
vidual studies is limited by the lack of strong consensus on the
matter.

RV measurement techniques show great heterogeneity
(e.g., RV FWLS is measured by 2D speckle-tracking analysis,
while RV GLS can be measured by both 2D and 3D strain
imaging; TAPSE and FAC are 2D parameters, while RV EF can
only be measured by 3D echocardiography, and deep learning
models can also be used for the prediction of a number of
these parameters).

The availability of these metrics also differs. The conven-
tional 2D metrics (e.g., TAPSE, FAC) have been accessible for
decades and are used in everyday clinical practice. Strain
imaging and 3D echocardiography are less widespread; how-
ever, before specific procedures, e.g., TEER, 3D echocardiogra-
phy is already necessary during the preprocedural planning;
therefore, these measurements (RV FWLS, RV GLS, 3D RV EF)
are more suitable for high-volume centers. Also, solely Al-
based methods are still research tools, even though more
and more commercially available imaging software solutions
incorporate Al-enhanced components for semi-automated
measurements.

The learning curve in perioperative and intraoperative set-
tings is longer for examiners; however, the 2020 American
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Society of Echocardiography guideline for the use of
Echocardiography to Assist with Surgical Decision-Making sug-
gests advanced RV measurements in these settings [75].

The use of such a wide selection of techniques limits repro-
ducibility, and possible inter-vendor variability should be
noted. Conventional longitudinal parameters, such as TAPSE
and TDI S’ typically show relatively low inter-vendor variability,
largely because these measurements rely on straightforward
linear or Doppler-based acquisition with limited post-
processing dependency. Similarly, while FAC is more operator-
dependent due to endocardial tracing, it demonstrates rea-
sonable reproducibility when standardized acquisition proto-
cols are applied. Strain parameters show good agreement
between vendor-dependent and vendor-independent plat-
forms [76]. However, inter-vendor variability becomes more
relevant in 3D echocardiographic assessment of RV volumes
and EF. Unlike 2D parameters, 3D RV EF relies heavily on
automated border detection, temporal resolution, and pro-
prietary reconstruction algorithms, making measurements par-
ticularly sensitive to software architecture and acquisition
settings [77].

The lack of standardized cutoffs for RV measures should
also be considered, and often study-specific thresholds are
used for novel parameters due to the lack of prospective, RV-
guided interventional trials.

The conclusions of this manuscript are limited by the stu-
dies we discuss, many of which have relatively small sample
sizes and varying endpoints, including mortality, heart failure
hospitalization or mechanical circulatory support weaning
failure.

4. Conclusion

RV function has emerged as a key determinant of prognosis
across a broad spectrum of cardiac surgical and interventional
procedures. Once believed to have negligible importance
compared to the LV, the RV structure and mechanics are
now recognized as integral components of preoperative eva-
luation, perioperative management, and postoperative risk
stratification. While the traditional 2D parameters, such as
TAPSE, FAC and TDI S’ have been readily available for years,
still many clinicians only measure one of them in everyday
practice. However, the new 2025 Right Heart Guideline advo-
cates for the use of multiple parameters, including strain
parameters like RV FWLS and RV GLS [78]. Advances in cardi-
ovascular imaging, particularly speckle-tracking echocardio-
graphy, 3D echocardiography and CMR, have markedly
improved the accuracy and reproducibility of RV functional
analyses, overcoming many of the geometric and technical
limitations of conventional 2D parameters such as TAPSE,
FAC, and tricuspid annular TDI S." To conclude, using the
currently available, highly reliable semi-automated software
solutions, the implementation of advanced imaging methods
is highly recommended. It is important to mention that access
to these technologies is far from universal and the regular and
standardized utilization of these software solutions is not part
of the routine even in high-volume centers. Nevertheless, the
current trends are aiming toward a much more widespread

usage of these modalities, to the point where RV dysfunction
has already been incorporated into preprocedural risk stratifi-
cation algorithms, such as the TRI-SCORE (used before isolated
tricuspid valve surgery) and the EUROMACS-RHF Score (which
determines the risk of RV heart failure in patients after LVAD
implantation) [79,80].

To summarize, the most recent studies support the routine
integration of advanced RV imaging into clinical workflows for
patients undergoing cardiac surgery and transcatheter inter-
ventions. Comprehensive RV assessment not only deepens
pathophysiological understanding but also refines risk stratifi-
cation in these often clinically complex patients.

5. Future perspective

Further studies and consensus documents are needed to
standardize imaging acquisition and analysis protocols ensur-
ing consistency and reproducibility across centers. Establishing
clinically validated reference values and outcome-based
thresholds for advanced RV functional parameters, such as
3D RV EF, RV FWLS, and RV-PA coupling, is essential to facil-
itate their integration into everyday clinical practice, and to
significantly improve reproducibility. Moreover, incorporating
multiparametric RV functional assessment into the clinical
routine could improve patient selection, preprocedural plan-
ning and long-term outcomes after cardiac surgeries and
transcatheter interventions [81].

Nevertheless, we lack randomized trials on the role of RV
parameters in these populations. Designing trials specifically
for RV parameter-based decisions regarding the clinical course
of dedicated patient populations would improve the integrity
of prior observations. From a monetary perspective, cost-
effectiveness analyses focusing on RV performance in certain
diseases would provide data on a different aspect, aiding more
tailored decision-making. Notably, the rapidly evolving field of
artificial intelligence has already yielded significant achieve-
ments, and further advancements can be expected in the near
future [18,82,83].
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