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Abstract
In patients with congenital heart disease, the right heart may support the pulmonary or the systemic circulation. 

Several congenital heart diseases primarily affect the right heart including Tetralogy of Fallot, transposition of great 
arteries, septal defects leading to pulmonary vascular disease, Ebstein anomaly and arrhythmogenic right ventricular 
cardiomyopathy. In these patients, right ventricular dysfunction leads to considerable morbidity and mortality. In this 
paper, our objective is to review the mechanisms and management of right heart failure associated with congenital 
heart disease. We will outline pearls and pitfalls in the management of congenital heart disease affecting the right 
heart and highlight recent advances in the field.  
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Introduction
Over the past five decades, major advances have been made in both 

diagnosis and management of congenital heart disease (CHD). Despite 
having complex congenital heart disease, the majority of children are 
now surviving into adulthood. The population of adults with CHD is 
estimated to grow by approximately 5% each year and the number of 
adults with CHD has now surpassed children with CHD [1].

In patients with CHD, the right ventricle (RV) may function as 
either the sub-pulmonary or the systemic ventricle as in transposition 
of great arteries (TGA). Among CHD more commonly affecting the 
right heart, we find atrial septal defects (ASD), Tetralogy of Fallot 
(TOF), pulmonary stenosis (PS), Ebstein anomaly, arrhythmogenic 
right ventricular cardiomyopathy (ARVC), and pulmonary valve 
atresia. In many of these patients, prevention of “irreversible” right 
heart failure (RHF) will require timely corrective surgery or when 
not possible, surgical palliation. In recent years, guidelines issued by 
the American College of Cardiology, the American Heart Association 
and the European Society of Cardiology help guide the management 
of patients CHD and right heart failure [2,3]. An excellent book on 
congenital diseases in the right heart has also been recently edited by 
Redington, Van Arsdell and Anderson.

In this paper, we will discuss the mechanisms and management 
of RHF in patients CHD. We will also highlight new development in 

the field as well as promising areas of research. We will not extensively 
discuss magnetic resonance imaging (MRI) of CHD as this will be 
covered in a separate section of this special edition. We will also not 
cover right heart failure in the context of left heart disease. 

Definition of Right Heart Failure in Patients with CHD
Right heart failure represents a complex clinical syndrome 

characterized by the inability of the right heart to sufficiently eject 
blood or fill at sufficiently low pressure to meet the needs of the body. 
In patients with CHD, both systolic and diastolic RV dysfunction 
often occurs. As the RV dilates, tricuspid regurgitation (TR) may also 
contribute to the heart failure syndrome. Cardiac arrhythmias may 
also be a prominent feature of patients with CHD and RHF especially 
in patients with previous ventriculotomy, patients with severe right 
atrial enlargement or in patients with ARVC [4,5]. As was shown by 
the study of Bolger et al., the syndrome of right heart failure in patients 
with CHD not only involves hemodynamic perturbation but also 
neurohormonal (e.g., B-type natriuretic perptide, atrial natriuretic 
peptide) and inflammatory activation (e.g., tumor necrosis factor-α, 
cytokine) [6].

Selected CHD Affecting the Right Heart
Isolated septal defects are the most frequent cardiac congenital 

abnormalities after bicuspid aortic valve. Atrial septal defects (ASD) 
are most common septal defects encountered in adulthood. Ostium 
secundum defects account for 70% of all ASD. Sinus venosus ASD and 
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ostium primum defect represent 5% and 10% of all ASD respectively [7]. 
It is now accepted that long-standing right heart volume overload and 
dilatation in the setting of an ASD is detrimental and leads to increased 
morbidity (heart failure, arrhythmia, and thromboembolic events) 
and mortality [7]. Overt congestive cardiac failure, or pulmonary 
vascular disease may develop in up to 5% to 10% of affected (mainly 
female) individuals [2]. Atrial arrhythmias associated with atrial and 
ventricular dilatation occur more commonly in older individuals.

Pulmonary valve stenosis is the main cause of congenital right 
ventricular outflow tract (RVOT) obstruction occurring in 80% to 
90% of cases. It represents 10% to 12% of all cases of CHD in adults 
[1]. Chronic right ventricular pressure overload (RVPO) often 
leads to adaptive remodeling of the RV characterized by ventricular 
hypertrophy without significant chamber enlargement. RV failure may 
occur in some patients with severe obstruction especially in patients 
with concomitant pulmonary regurgitation and often late in the course 
of the disease. In patients with increased intracardiac gradients, it is 
also important to exclude double chambered right ventricle (DCRV) 
which is due to aberrant hypertrophied muscular bands. DCRV is most 
often associated with ventricular septal defect (VSD) and the RV cavity 
is divided into a proximal high-pressure and a distal low-pressure 
chamber [8]. The obstruction usually resides below the RVOT and 
is commonly asymptomatic unless the obstruction is severe or when 
associated with a significant VSD [8,9].

Tetralogy of Fallot (TOF) has an incidence of 0.5 per 1000 live 
births. This is the most frequent cardiac complex malformation, 
accounting for 5% to 7% of all CHD [10]. Impaired cardiac progenitor 
cell migration and differentiation during development is involved in 
the pathogenesis of TOF [11]. Early palliative or corrective procedures 
are required in newborns. Since the first surgical correction attempted 
by Lillehei more than 50 years ago, operative mortality has significantly 
decreased [12]. RV function is commonly abnormal after TOF repair, 
especially when relief of obstruction of the outflow tract is associated 
with pulmonary valve regurgitation.

Ebstein anomaly is a complex congenital heart malformation, 
characterized by an apical displacement of both the septal and the 
posterior tricuspid leaflets, exceeding 20 mm or 8 mm/m2 [8]. Ebstein 
anomaly accounts for less than 1% of all cases of CHD in adults. It 
is commonly associated with other heart defects including ASD. 
Apical displacement of the tricuspid annulus may result in significant 
tricuspid regurgitation. Moreover, the atrialized portion of the RV 
may contribute to ventricular dysfunction. Equally important, patients 
with Ebstein anomaly may have accessory bypass tracts pathways and 
preexcitation pathways that often need to be addressed if symptomatic 
or when considering surgery. 

Transposition of great arteries (TGA) accounts for 2.6% to 7.8% 
of all cases of CHD [13]. In congenitally corrected TGA (cc-TGA), 
there is both atrio-ventricular discordance and ventriculo-arterial 
discordance. The RV is connected in series with the left atrium and 
the aorta. Associated lesions are common in patients with cc-TGA and 
include VSD, PS and Ebstein anomaly of the systemic tricuspid valve 
[14]. In patients without associated lesions, survival is decreased as 
there is a propensity to complete heart block, TR, and the development 
of RV systolic dysfunction. As will be discussed, microvascular 
dysfunction also contributes to ventricular dysfunction in cc-TGA. 
In dextro-transposition of great arteries (d-TGA), there is ventriculo-
arterial discordance and the anatomical RV is connected to the aorta 
and the pulmonary and systemic circulations function in parallel. 
Complete TGA is incompatible with life without a surgical switch of 

the circulation either at atrial or great arterial level. Currently, arterial 
switch is the surgical procedure of choice and restores ventriculo-
arterial concordance. Surveillance of late coronary reimplantation is 
necessary to rule out stenosis or vascular complications. Atrial repair or 
venous switch operations, i.e. Senning or Mustard procedures, were the 
first successful interventions leading to long term survival of children 
with d-TGA. They created atrio-ventricular discordance which allowed 
the systemic and pulmonary circulations work in series but the right 
ventricle remained in systemic position. Most of d-TGA adults alive 
nowadays received one of these atrial switch procedures in childhood 
and are at a higher risk of late RV dysfunction, atrial arrhythmias, and 
tricuspid valve insufficiency [15-17]. Moons et al. reported actuarial 
survival at 10, 20 and 30 years of 91.7%, 88.6%, and 79.3% respectively 
[18].

Arrhythmogenic right ventricular cardiomyopathy (ARVC) also 
known as arrythmogenic right ventricular dysplasia is a myocardial 
disease characterized by loss of myocardial cells with replacement by 
fibrous and/or fatty tissue [18]. Although it preferentially affects the RV, 
it can present with biventricular failure. Ventricular tachyarrhythymias 
and sudden death are its most feared presentation [19]. The exact 
prevalence is not known but estimates of 1 in 5,000 cases appear to be 
conservative. Mutations in desmosomal proteins have been identified 
and appear to explain 30 to 40% of cases. Depending on the mutation, 
the mode of inheritance may be autosomal recessive or dominant [20]. 
RV involvement may include fatty infiltration of the RV, localized RV 
aneurysms and enlargement, or dysfunction of the RV. Task Force 
criteria addressing the diagnostic criteria have been developed. ARVC 
is more commonly seen in adulthood. It is uncommon in childhood 
and may be seen in older children and adolescents. Prevention of 
sudden death is most important therapeutic intervention to consider 
in patients with ARVC [21,22].

Pulmonary artery hypertension (PAH) associated with CHD 
belongs to group 1 of clinical classification of pulmonary hypertension 
[23]. Increased blood flow and pressure in the pulmonary vasculature 
result in endothelial dysfunction, proliferation, and hypertrophy of 
muscular cells. Associated vasoconstriction and plexiform lesions in 
small arteries give rise to increasing pulmonary vascular resistance. The 
prevalence of PAH in patients with CHD ranges between 1.7 and 12.8 
cases per million adults [24,25]. Eisenmenger syndrome is characterized 
by the development of systemic pressures in the pulmonary circulation. 
This is a complex entity that can lead to a right to left blood shunting 
in case of persistent cardiac defect [26]. Compared to patients with 
idiopathic PAH, survival is better in patients with Eisenmenger 
physiology. Preservation of the fetal phenotype with equal right and left 
myocardial mass may explain why RV failure is delayed in Eisenmenger 
patients. Another hypothesis is that persistent septal defect provides a 
right to left shunting for blood flow in the presence of suprasystemic 
pulmonary vascular resistance [27-29].

Overview of the Mechanisms of Right Heart Failure in 
CHD

Depending of the specific CHD, several mechanisms may 
contribute to RHF in CHD including pressure or volume overload 
or intrinsic myocardial disease (Figure 1). Myocardial ischemia may 
also contribute to the progression of RV failure; this has been shown 
in patients with cc-TGA and d-TGA after atrial switch surgery [30-
32]. In patients with CHD affecting the right heart, pressure and 
volume overload may combine to cause progressive RHF. This is 
often observed in patients with TOF who may have a combination of 
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pulmonary stenosis and regurgitation or in patients with RVPO and 
progressive TR.

In terms of compensation, the RV adapts much better to chronic 
volume overload than to pressure overload. Slower onset of RV overload 
as well as development of RV overload in childhood is also usually 
better tolerated. For example, patients with VSD and Eisenmenger 
physiology often show a better ventricular compensation than patients 
with later onset of PAH. Morphologically, patients with VSD and 
Eisenmenger physiology have thicker and smaller right ventricles. In 
a recent study, Bogaard et al. compared two experimental models of 
pulmonary hypertension, one with progressive RV pressure overload 
by pulmonary artery banding and the other with PAH induced by 
angioproliferative stimulus [33]. For the same level of ventricular 
afterload, severe RHF was seen in the second group whereas adaptive 
myocardial hypertrophy was observed in the banding group. They 
hypothesized that pulmonary vasculature is able to induce impaired 
right ventricular remodeling via the release of unidentified mediators 
[33].

Structural and Functional Remodeling in Patients with 
RHF and CHD 

In response to pressure or volume overload, differences are noted 
in RV versus left ventricular remodeling. For example, in patients with 
left heart disease and pressure overload such as hypertension or aortic 
stenosis, the left ventricle (LV) thickens but rarely dilates. In contrast, 
patients with PAH that develops in late childhood often have enlarged 
RV and usually a decrease in RV ejection fraction (RVEF). In the 
presence of volume overload, the RV also significantly dilates. Atrial 
enlargement often occurs in RV volume overload states and has been 
associated with an increased risk of atrial tachyarrhythmias especially 
in patients with septal defects. 

Functional impairments are also common in patients with CHD 
affecting the right heart. While patients with RV volume overload 

often have preserved RVEF, recent studies suggest abnormalities in 
ventricular contractility. Impairment in ventricular contractility was 
also suggested in patients with RVPO. In the study of Monreal et 
al., impairment in contraction and relaxation of RV cardiomyocytes 
were observed in a restrictive VSD experimental model [34]. Previous 
studies in animals and in adults with PAH have shown that right 
ventricular contractility measured by ventricular elastance is usually 
increased but often insufficient to compensate for the increase in 
afterload and ventriculo-arterial uncoupling which occurs [35]. With 
disease progression, the RV often dilates and ventricular function 
decreases further. TR may also lead to further chamber dilatation and 
progression of disease. Hypoplasic RV chamber may also contribute to 
ventricular systolic dysfunction. 

Diastolic dysfunction has often been noted in patients with CHD 
affecting the right heart [8]. This often manifested by increased right 
atrial filling pressure, increased ventricular relaxation or restrictive 
filling patterns of the right ventricle. Diastolic characteristics of the RV 
may sometimes be difficult to assess in the presence of severe TR. In 
patients with TOF, restrictive filling profiles have been associated with 
prognosis [36,37]. RV restrictive filling pattern in TOF is characterized 
by the presence of late diastolic pulmonary flow. This occurs in a less 
compliant RV when end-diastolic RV pressure exceeds pulmonary 
pressures [36]. Restrictive filling profile in the RV has a different 
prognostic value depending if it occurs early or late post-operatively. 
Early post-operatively, a restrictive filling profile is associated with 
decreased stroke volume and increased post-operative complication 
[38]. Although the restrictive filling is a marker of worse outcome, 
it can be beneficial as it helps maintain forward flow and limits 
pulmonary regurgitation. Therefore, a restrictive filling pattern later 
in the course may confer a better prognostic value as a less compliant 
ventricle is protected from further enlargement in the presence of 
severe pulmonary regurgitation [39].

Ventricular interdependence is also more prominent in patients 
with right heart disease. The enlarged RV usually changes septal 
curvature as well as the shape and size of the LV. Severe enlargement 
of the RV especially when acute, also increases pericardial constrain 
and impairs LV filling. Physiologically, the LV can show impaired 
ventricular relaxation and occasionally a decrease in systolic phase 
indices of the LV such as left ventricular ejection fraction. 

Histological and Molecular Remodeling of the Right 
Heart 

In contrast to studies of left ventricular dysfunction, only a few 
studies have examined the cellular and molecular mechanisms of RV 
remodeling. In RV pressure overload states, apoptotic inducers such 
as Bax or transcriptional factor P53 are enhanced in RV myocardium 
early after experimental pulmonary artery banding [40]. Myocardial 
hypertrophy in response to chronic pressure overload has also been 
reported to induce cardiomyocyte death. Active caspase-3 protein level, 
a key protease of the main apoptotic pathway, is increased in thickened 
myocardium [41]. At a cellular level, marked down-regulation of the 
α-myosin heavy chain (α-MHC) was observed with a reciprocal up-
regulation of its less active β-isoform (β-MHC). Such shift in cardiac 
myosin composition is associated with a decrease in RV contractility 
and has been seen in other pathologic conditions associated with 
ventricular dysfunction and heart failure [42-44].  

In terms of connective tissue remodeling, increased density 
of connective tissue within the myocardium had been found in 
experimental models of both volume and pressure overload [45,46]. 
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Figure 1: General mechanisms contributing to RV failure in patients with CHD. 
Several mechanisms contribute to maladaptative RV remodeling in patients 
with CHD. The schematic does not take into account associated congenital 
heart defects that can contribute to the ventricular dysfunction. Please refer to 
text for further explanation.  
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Late fibrotic replacement of dead cardiomyocytes finally leads to 
irreversible cardiac failure. RV volume overload has also been associated 
with overexpression of several growth factors. Angiotensinogen, 
insulin-like growth factor-I, and preproendothelin-1 may be produced 
by cardiac fibroblasts in response to mechanical stress [47]. These 
specific fibroblasts regulate extracellular matrix regeneration and 
cardiomyocyte differentiation. They may play a key role in the adverse 
myocardial remodeling that occurs in heart failure [9]. Experimental 
studies suggest that cardiomyocytes hypertrophy and significant 
fibrosis can be associated with late impaired contractility [46]. 
Cytoskeletal remodeling may also induce right ventricular dysfunction 
via desmin protein upregulation [34].

More recent studies have described micro-RNAs as key regulators 
in patients with PAH. In the study of Bonnet et al., miR-204 has been 
implicated in pulmonary artery smooth muscle cells proliferation and 
apoptosis in PAH [48]. Potential involvement of micro-RNAs has also 
been suggested in the development of CHD. Ikeda et al. have found 
that miR-1 regulates cardiomyocytes growth via calcium signaling 
inhibition [49]. Further studies are needed to demonstrate micro-
RNAs implication in right heart remodeling in CHD affecting the right 
heart. It will be interesting to explore micro-RNA biology as a potential 
new therapy for RV diseases.

Systemic Consequences of the Right Heart Failure 
Syndrome 

As mentioned previously, inflammation is an important part 
of RHF in CHD. This could contribute to the fatigue and cachexia 
that sometimes can accompany severe RHF. Cardiac cirrhosis may 
occasionally be observed in patients with persistent elevated right 
atrial pressure. Protein losing enteropathy is occasionally seen after 
the Fontan procedure or in patients with severe RV failure. Its etiology 
is multifactorial and cannot be simply explained by elevated right 
atrial pressure alone. This complex condition may lead to profound 
hypoproteinemia, malnutrition, and immunological deficiencies [50].

Assessment of the Right Heart
Several modalities are now available to allow comprehensive 

morphological and functional assessment of the RV. While 
echocardiography remains the mainstay of evaluation of the RV, MRI 
is emerging as the gold standard and provides essential structural 
information for planning surgery [8]. MRI allows assessment of RV 
structure, volumes, systolic and valvular function as well as myocardial 
perfusion. Morphological features that allow the recognition of 
the anatomical RV include the more apical insertion of the atrio-
ventricular valve, the presence of the moderator band and the tricuspid 
morphology of the atrio-ventricular valve. Hemodynamic assessment 
allows accurate measurements of pulmonary and cardiac pressures 
as well as pulmonary vascular resistance and is especially in patients 
considered for corrective intervention or surgery.

The most commonly used systolic phase indices are RVEF, RV 
fractional area change (assessed in the 4 chamber apical view by 
echocardiography), and the tricuspid annular plane systolic excursion 
(TAPSE). In recent years, several functional indices of the RV have been 
described in the hope of providing either non-geometric or less load 
dependent indices of right ventricular function [5]. The rationale for 
using these more novel indices is that their relative load independence 
would make them better predictors of recovery. This has however yet 
to be established or well validated in large studies. 

Right ventricular myocardial performance index (RVMPI) or 
the Tei index is a non-geometric index of ventricular function and is 
calculated as the ratio of isovolumic contraction and relaxation time 
divided by contraction time. While originally described as a more load 
independent index of ventricular contraction, studies have shown that 
RVMPI is also load dependent [51]. A more recent index that has been 
described by Vogel et al. is the myocardial acceleration of isovolumic 
contraction (IVA) that has been described as one of the more load 
independent indices of ventricular function [52-54]. It has been 
validated in patients with TOF and TGA and enthusiasm surrounds 
this novel measure. Normal values in humans still need to be better 
established however and superiority of IVA in predicting outcome 
still need to be proven. Figure 2 shows common measures of RV 
function, i.e. TAPSE, IVA, and pulmonary and tricuspid flow useful 
in the measure of the myocardial performance index. A pulmonary 
notch is also noted on the pulmonary flow signal which often indicates 
decreased pulmonary compliance. 

Positron emission tomography (PET) imaging is sometimes used 
to better assess perfusion and metabolism of the RV but especially in 
the research setting. Perfusion defects have been noted in d-TGA after 
Senning procedure and in patients with cc-TGA. In pulmonary arterial 
hypertension, although not necessarily a congenital disease, interesting 
studies have shown a decrease in glucose metabolism [55]. Table 1 
summarizes some of pearls and pitfalls in managing patients with CHD 
and right heart failure. 

Management of CHD Affecting the RV: Lessons from 
the Guidelines

The key in managing RHF associated with CHD is finding the 
appropriate timing for corrective surgery. The ideal timing would allow 
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Figure 2: Selected echocardiographic signals and indices used to measure 
right ventricular function and pulmonary flow. Section A shows tricuspid 
annular plane systolic excursion (TAPSE) in a patient with preserved RV 
systolic function. Section B shows a tissue-Doppler signal of the proximal right 
ventricular wall; isovolumic acceleration is measured as the maximal isovolumic 
velocity divided by the time to peak isovolumic velocity; e is the maximal 
early diastolic velocity and a represents the maximal late or atrial associated 
velocity.  Section C shows a pulmonary flow signal; a notch is present and 
usually indicates decreased pulmonary compliance and altered reflection 
waves. Section D shows a tricuspid regurgitation signal. Both the pulmonary 
ejection time and the tricuspid regurgitation time are used to measure the right 
ventricular myocardial performance index (RVMPI).
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for functional and structural recovery of the RV while minimizing 
surgical risk as well as the need for repeat surgeries such as repeated 
valvular replacements in the growing child. In cases when palliation is 
necessary, optimal timing of palliation will be necessary to avoid the 
prolonged systemic complications of RVF syndrome such as cardiac 
cachexia or protein losing enteropathy. Surgery should always be 
performed by surgeons trained in CHD surgery. Table 2 summarizes 
some of the recommendations for the recent guidelines by Warnes et 
al. about management of adults with CHD; this table is not intended to 
replace the guidelines but just as a focus overview of some of the key 
elements of the guidelines relative to CHD and RH failure. (ref15) Most 
of these recommendations are also valid for patients in childhood.

This point of non-recovery of the RV has been subject of debate 
for some time. In adult patients with severe PAH undergoing lung 
transplantation, the RV usually recovers completely. This suggests 
that the RV has a significant ability to reverse remodel. In patients 
with ASD, RV dilatation usually subsides with 2 to 24 months after 
repair [7]. Some studies have however shown that RV dilatation may 
persist in some patients for up to 5 years after the repair [56]. Atrial 
reverse remodeling also occurs after repair of the ASD but is less 
prominent in patients with late repair (> 40 years old). Normalization 
of diastolic and systolic RV myocardial velocities has been noted early 
after device closure (within 1 month) especially in younger patients. 
In patients with TOF, pulmonary valve replacement in case of dilated 

Pearls
-	 The RV is recognized by its morphological features and not by its location (e.g. in ccTGA, the RV is on the left)
-	 If a shunt is suspected and not demonstrated on TTE, pursue contrast imaging or magnetic resonance imaging 
-	 Always assess coronary anatomy if a patient is deteriorating or before a corrective surgery e.g. in TOF or TGA post arterial switch
-	 Always exclude associated congenital heart defects
-	 Atrial arrhythmias or ventricular tachycardia often indicate severe hemodynamic compromise and should lead to further assessment
-	 Always consider protein losing enteropathy in the presence of hypoalbuminemia
-	 Close monitoring of patients with RV failure is needed to find the proper window for surgery (cf. table on indications)

Pitfalls
-	 Never attempt to close a septal defect in the presence of severe  “irreversible” PH 
-	 Never manage complex congenital cases without referral  to a regional referral center of CHD
-	 Avoid maximal exercise testing in a patient with severe PH and RV failure (context of ASD or VSD)
-	 Avoid cardiac catheterization in patients with mild disease or if surgery is not planned. 

Table 1: Pearls and Pitfalls in managing in Managing CHD with Right Heart Failure.

*This table is not intended to summarize the guidelines but mainly as a guideline focusing on criteria of intervention.15 Surgical interval also depends on specific anatomical 
criteria and should always be clearly individualized. The recommendation in parenthesis are those of the American Heart Association guideline consensus with a class 
I recommendation being considered beneficial, a class IIa, considered probably beneficial and a class IIb recommendations where the risk benefit ratio is less well 
established. This table focusses on management of adults with CHD. Most of these recommendations are also valid for patients in childhood.
AV: atrioventricular
PG: pulmonary gradient

Table 2: Management of selected CHD affecting the right heart*.

CHD affecting the RV Indication for intervention or medical therapy Contraindication or pitfalls 
Atrial septal defects Closure in the presence of:

- right atrial or RV enlargement (I)
- paradoxical embolism (IIa) 
- document orthodoxia or platypnea (IIa)
- if tricuspid valve surgery planned (IIa)

Patients with severe “irreversible” PH
 PAP > 2/3 systemic pressures
 PVR > 2/3 of SVR

Failure occlusion test of defect 
Ventricular septal defects Closure if 

- Qp/Qs > 2 and signs of LV volume 
  overload (I)
-Qp/Qs > 1.5 and reversible PH (IIa) or LV systolic or diastolic dysfunction (IIa)
-history of infective endocarditis (I)

Patients with severe “irreversible” PH
 cf criteria above

RV outflow tract 
obstruction 

Balloon valvotomy for a domed valve if:

-asymptomatic with peak Doppler PG > 60mmHg or mean PG > 40 mmHg and 
less than moderate PR (I)
- symptomatic with peak Doppler PG > 50mmHg or mean PG > 30 mmHg (I)

For a dysplasic valve, same criteria but (IIb) recommendation 

Balloon valvotomy not recommended if 

- peak Gradient by Doppler < 50 mmHg in the presence 
of normal

- PS with severe PR

- symptomatic patients with peak 
   gradient < 30 mmHg.

Tetralogy of Fallot Surgery for  adults with previous repair of TOF
- symptomatic severe PR (I)
- severe PR with RV enlargement or 
  dysfunction (IIa)
- severe TR (IIa)
- significant residual RVOT stenosis (IIa)
- sustained arrhythmias (IIa)
- residual VSD or severe AR (IIa)

Always ascertain coronary anatomy before surgery 

Never forget to stratify the risk of sudden death in patients 
with TOF

Ebstein Anomaly Tricuspid valve repair and closure ASD if 
- symptomatic (I)
- cyanosis (I) 
- progressive RV dilatation or RV 
   dysfunction (I)
- paradoxial embolism (I)

Always consider ventricular pre-excitation 

ccTGA Moderate or progressive AV valve regurgitation
Refer to guidelines for more specific consideration 

Careful use of AV nodal blocking agents 
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RV, often leads to a reduction in RV volumes by 35% to 40% [57]. In 
both adults and children, studies have shown that normalization of RV 
volumes is more limited in patients with RV end-diastolic volumes 
greater than 170 to 200 mL/m2. Whether complete normalization of 
RV volume is necessary for functional recovery has, however, not yet 
been determined. In patients with RVOT obstruction, the RV usually 
completely recovers. Table 2 summarizes some of the indications for 
surgical repair of selected CHD affecting the right heart.

The surgical technique may also influence the need for reoperation 
in patients with CHD. For example, Lindeberg et al. recently reported 
in a 50 years single center of TOF surgical experience that freedom from 
reoperation was less than 30% 15 years after transannular patch usage 
whereas it was near to 70% in patients without transannular patch [58]. 

Medical Therapy 
The major advances made in the treatment of CHD and right 

heart failure have mainly been achieved with the introduction of 
pulmonary vasodilators in patients with severe pulmonary vascular 
disease. Neurohormonal blockade has not been shown to be beneficial 
in patients with RV failure although it is sometimes used in patients 
with systemic right ventricles. Most of studies are underpowered and 
clinical endpoint is not always clearly defined. Tables 3 to 5 summarize 
selected key trials and studies relative to medical therapy of patients 
with CHD [59-75]. 

Neurohormonal blockade in left heart failure has been shown to 
improve functional class and survival in adult patients [76]. Both up-
regulation of the renin-angiotensin-aldosterone system and sympathetic 
activation in response to low cardiac output are harmful for the failing 
heart. Angiotensin-converting enzyme (ACE) inhibitors have positive 
effects on cardiac connective tissue remodeling in addition to beneficial 
hemodynamic effects [77]. Beta-blockers decrease myocyte apoptosis 
induced by catecholamine excess [78].

With regards to renin-angiotensin-aldosterone system (RAS) 
blockade, although early reports were encouraging, this has not been 
systematically demonstrated in all studies (Table 3) [59-63]. In a 
multicenter randomized double blind placebo-controlled crossover 
clinical trial, Dore et al. did not find any clinical benefit of Losartan 
in 29 adults with failed systemic RV. They hypothesized that minimal 
baseline activation of the RAS in this population may explain the lack 
of effect despite 15 weeks of treatment. Local production of angiotensin 
II has not been well quantified within the RV myocardium of CHD 
patients [59]. Moreover, Therrien et al. did not find any functional or 

geometrical improvement of systemic RV despite one-year Ramipril 
treatment after atrial switch for TGA [62].

Right ventricular chronotropic response is one of the main 
mechanisms to adapt to unusual loading conditions. Chronic 
atrioventricular conduct abnormalities are further commonly observed 
after surgical repair of CHD. Careful usage of beta-blockers is then 
required in patients with CHD. Clinical experience of beta-blockade 
employment in case of a failing right heart has been limited by the 
small sample size of studies (Table 4) [64-68].

The theoretical possibility of worsening of right-to-left shunting 
raises questions about the safety of using pulmonary artery vasodilator 
therapies. Practically, these agents (intravenous prostacyclin and oral 
sildenafil) have yielded improvements in hemodynamics, exercise 
tolerance, and/or systemic arterial oxygen saturation in limited case 
studies (Table 5) [69-75]. Results of the first randomized, controlled 
trial of medical therapy in adults with Eisenmenger syndrome due to 
predominantly either ASD or VSD, with oral Bosentan compared with 
placebo (BREATHE-5, the Bosentan Randomized trial of Endothelin 
Antagonist THErapy-5), documented therapeutic safety and 
improvement in symptomatic measures, 6-minute walk distance, and 
hemodynamics after short-term (4 months) use of Bosentan [69]. The 
use of these agents should be restricted to centers with demonstrated 
expertise in CHD-PAH. 

All of previous studies on medical therapy in patients with CHD 
and right HF are limited by the heterogeneity of the patient population, 
the small sample size and by the lack of long-time follow-up. Functional 
results from a randomized controlled trial using Valsartan are expected 
in failed systemic RV from congenitally and surgically corrected TGA 
patients [79]. There is little evidence that conventional therapies for 
heart failure can be applied today in adults with CHD. Patients should 
be referred to clinical research protocols.

Another very important aspect to emphasize in managing 
patients with CHD and right heart failure is that pregnancy can be 
contraindicated in patients with CHD and right heart disease and 
advice should always be sought from an expert in CHD. In general 
patients with severe right heart failure or severe pulmonary vascular 
disease should avoid pregnancy. 

Resynchronization Therapy and Prevention of Sudden 
Death

Ventricular dyssynchrony related to CHD can occur in adulthood 
even following surgical correction of the underlying disease and 

*Unless otherwise specified, the results refer to statistically significant findings (p<0.05). The changes reported refer to relative changes in mean effect size or when 
indicated by ‡ changes in absolute effect size. Abbreviations as in previous tables. TGA indicates transposition of great arteries; TTPG, trans tricuspid pressure gradient

Table 3: Angiotensin converting enzyme inhibitors or angiotensin receptor blockers in RHF.

 Study Study population Characteristics N Design Main findings *
Dore et al. 2005 [59] Systemic RV 

(TGA)
Majority NYHA I
RVEF 42%

29 Multicenter RCT crossover design 
Losartan vs. placebo for 15 weeks

No difference in peak VO2, exercise duration or NT-
proBNP levels. 

Lester et al.
2001 [60]

D-TGA (atrial 
baffle) 

Age > 13 yrs 
NYHA < IV
RVEF 48%

7 RCT, crossover design. Losartan vs. 
placebo for 8 weeks

Beneficial effect: ↑exercise time by 18%, ↓ regurgitant 
volume by 63.5%, ↑ RVEF 6%‡

Robinson et al. 2002 
[61]

D-TGA (atrial 
baffle)

NYHA I
Age 7 to 21 yrs 
CI 2.2 L/min/m2

8 Single arm prospective study
Enalapril for 1 year 

No difference in exercise duration, peak VO2 or cardiac 
index

Therrien et al. 2008 
[62] 

D-TGA (atrial 
baffle) 

Mainly NYHA class I
Age > 18 yrs
RVEF 44%

17 Multicenter RCT
Ramipril vs. placebo for 1 year 

No difference in RVEF, RV volume or  peak VO2 

Hechter et al. 2001 
[63]

D-TGA (atrial 
baffle) 

Age > 26 yrs
RVEF 47%

26 Retrospective study
ACE-I  from 6 to 126 months

No difference in  peak VO2, exercise duration
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ventricular dyssynchrony is commonly associated with higher rates of 
ventricular arrhythmias and sudden death. There is strong evidence that 
cardiac resynchronization therapy (CRT) can improve exercise capacity, 
functional status and survival in left ventricular failure [80,81]. Decreasing 
contractility and myocardial blood flow may result in part from 
disturbance between electrical and mechanical functions in longstanding 
CHD [82,83]. CRT application in this heterogeneous population has to 
be defined. Recent studies are summarized in table 6 [84-87].

Right bundle branch block is a significant predictor of ventricular 
arrhythmias in repaired TOF. Lumens et al. have demonstrated 
hemodynamic conditions and contractility improvement after RV free 
wall electrical stimulation in a model of PAH related heart failure [88]. 
Indications of CRT after TOF repair should probably be focused on the 
infundibulum rather than RV free wall motion because QRS duration 
may preferentially reflect RVOT abnormalities [89]. Precise definition 
of pacing sites should be an important factor for success. Between one 

*Unless otherwise specified, the results refer to statistically significant findings (p<0.05). The changes reported refer to relative changes in mean effect size or when 
indicated by ‡ changes in absolute effect size. Abbreviations as in previous tables. RVED indicates RV end-diastolic volume

Table 4: Beta blockade in patients with congenital heart disease.

Study Etiology Patient 
Characteristics

N Study Design Main findings *

Shaddy et al.
2007 [64]

Dilated CM and  
systemic RV

Age < 13 yrs
LVEF 27%
NYHA class II & III

161 Multicenter RCT
Carvedilol vs. Placebo for 8 
months

No difference. In patients with systemic LV, a trend towards 
improvement was noted however 

Doughan et al.
2007 [65]

D-TGA (atrial baffle) Adults
RVEF 35%
NYHA class I to  III

60 Retrospective study. 
4 months
Carvedilol or Metoprolol for  

Beneficial effect: ↓NYHA class especially if pacemaker or initial 
NYHA class III 
Prevents further chamber dilatation 

Josephson et al.
2006 [66]

D-TGA (atrial baffle) Adults
NYHA mainly class II
RV diameter 41.5 mm

8 Retrospective study. Median  
FU of  3 yrs 
Carvedilol Metoprolol, 
Sotalol

Beneficial effect: ↓ NYHA class in 5 patients

Giardini et al.
2007 [67]

D-TGA (atrial baffle)
L-TGA

Age > 18 yrs
NYHA class II & III
RVEF= 34%

8 Single arm prospective 
Carvedilol 
for 12 months 

Beneficial effect: ↓ RVED volume by 6%, ↑RVEF 6% ‡. No 
change in peak VO2. 

Norozi et al.
2007 [68]

Tetralogy of Fallot NYHA I and II 
Adults
LVEF= 57%
CI = 3.8 L/min/m2

33 RCT
Bisoprolol vs. placebo for 6 
months

No difference in peak VO2, RVEF,  ventricular volumes, NYHA 
class

CHD: Congenital Heart Disease; ASD: Atrial Septal Defect; VSD: Ventricular Septal Defect; PDA: Patent Ductus Arteriosus; NO: Nitric Oxyde

Table 5: Trials on endothelin receptor antagonists and sildenafil in CHD affecting the right heart.

Study Study Population n Study Design Drug Main Findings
Galié et al. (BREATH-5), 
2006 [69]

Septal defects
>12 years

37 Randomized 
Controlled Trial

Bosentan improved exercise capacity and pulmonary hemodynamics

Gatzoulis et al. 2005 [70] Eisenmenger
Adults

10 Prospective open 
trial

Bosentan improved exercise capacity, pulmonary hemodynamics and  RV 
systolic function

Sitbon et al., 2006 [71] ASD, VSD and 
Eisenmenger
Adults

27 Retrospective 
analysis

Bosentan improved functionnal class, exercise capacity and pulmonary 
hemodynamic

Jing et al. , 2010 [72] Heart septal defects
Adults

34 Multi-open label trial Bosentan improved functionnal class, exercise capacity and pulmonary 
hemodynamic

Uhm et al. 2010 [73] post-operative (AVSD 
repair, Fontan)
Children

75 Retrospective 
analysis

Oral Sildenafil Well tolerated, no significant clinical improvement

Zeng et al., 2011 [74] AVSD, PDA
Adults

55 Prospective 
Multicenter trial

Oral Sildenafil improved exercise capacity and pulmonary hemodynamics without 
any side effects on systemic vasculature

Schulze-Neick et al., 2003 
[75] 

AVSD, PDA, 
miscellaneous
Children

12 Prospective trial Intravenous 
Sildenafil

more effective than inhaled NO to improve pulmonary 
hemodynamics; increased post-operative intrapulmonary shunting 
and had no significant clinical benefits

*Unless otherwise specified, the results refer to statistically significant findings (p<0.05). The changes reported refer to relative changes in mean effect size or when 
indicated by ‡ changes in absolute effect size. Abbreviations as in previous tables.  EF indicates ejection fraction, RVMPI indicates RV myocardial performance index

Table 6: Resynchronization therapy in patients with RHF.

Study Study population Characteristics N Design Main findings *
Janousek et al. 
2001 [84]

Congenital Heart 
disease

Children with acute post-operative 
HF with conduction delay

20 Prospective study Beneficial effects. Improvement in hemodynamics 
(systolic blood pressure) 

Dubin et al. 2003 
[85]

Congenital Heart 
disease

Chronic RV dysfunction 
RBBB
TOF, aortic stenosis after Ross 
procedure

7 Prospective 
Multipacing sites, 
conductance catheter

Beneficial effect. Atrioventricular augments RV and 
systemic performance (↑CI by 17±8%,↑ in RV dP/dt )

Janousek et al. 
2004 [86]

Congenital Heart 
Disease

D-TGA (atrial baffle)        L-TGA 8 Prospective Beneficial effect.  ↑ RVEF by 9.6%, ↓ RVMPI by 
7.7%. 

Dubin et al. 2005 
[87]

Congenital Heart 
Disease and Pediatric

CHD and dilated CMP and 
congenital AV block

103 Multicenter Study (22 
centers)

Beneficial effects in all 3 groups. Average ↑ in EF 
11.9% to 16.1%. Responders had lower baseline EF.
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third to an half of both congenitally corrected and repaired TGA have 
an increased QRS duration. Reduced myocardial contractility has been 
correlated with ventricular dyssynchrony in these patients [90,91]. 
Overall results are limited by the heterogeneity and small patients 
numbers. Further clinical randomized controlled studies are needed to 
assess long-term functional benefit of CRT in CHD adults [92].  

Predicting sudden death in patients with RV disease remains 
difficult. Studies have mainly addressed the risk of sudden death in TOF 
and ARVC [93]. In patients with TOF, prolonged QRS duration (QRS 
> 180 ms) is a sensitive, although less specific predictor of sustained 
ventricular tachycardia (VT) and sudden death. For symptomatic TOF 
patients with inducible VT, correction of physiologic abnormalities 
and timely surgery may further decrease the incidence of VT or sudden 
death [94]. Implantable defibrillators are considered in patients with 
ARVC and high risk markers of VT.

Transplantation 
In the absence of severe pulmonary vascular disease, patients with 

CHD and refractory RHF should be considered for heart transplantation. 
CHD represents approximately 2.5% of cases undergoing heart 
transplantation per year [95]. There will also be an increasing number 
of pediatric patients who underwent heart transplantation as children 
that will represent for retransplantation as adults [96]. In terms of risk, 
congenital etiology of pre-transplant heart disease results in increased 
risk of 1 year mortality (relative risk of 2.27) [95]. In patients surviving 
the first year, the long term risk was better for CHD than non-ischemic 
but this could represent highly selected patients in the previous era. 

Patients with Eisenmenger physiology and refractory RHF should 
be considered for heart and lung transplantation. Survival rates after 5, 
10, 15 and 20 years are 66%, 49%, 35%, and 28% respectively. Survival 
was similar in heart and lung recipients with or without previous 
Eisenmenger syndrome [97].

Regenerative Therapy in Congenital Heart Disease 
Affecting the Right Heart 

Stem cell therapy has been mainly studied both experimentally 
and clinically in the setting of ischemic heart disease and dilated 
cardiomyopathy. In contrast, there have been a limited number 
of studies focusing on congenital heart disease affecting the right 
heart. One of the main reasons may be that the mainstay of therapy 
is corrective surgery and that stem cell therapy is still at early stages 
of development. In a recent study by Yerebakan et al., autologous 
umbilical cord blood mononuclear cell transplantation preserves right 
ventricular function, especially diastolic properties, in a model of 
chronic RV volume overload [98].

Although many clinical trials have studied cell therapy for left 
ventricle failure, no attempt was made to treat failed RV by stem 
cells delivery. Since 2000, a better understanding of cardiac stem cell 
therapy has led to improvement of cell delivery and choice of cell type. 
Two major mechanisms of action have to be considered in stem cell 
therapy: cardiomyocytes substitution and paracrine effects. By now, 
paracrine effects are the most convincible mechanism of action of 
stem cell therapy. Activation of paracrine factors may lead to increased 
angiogenesis, decreased apoptosis, improved ventricular remodeling, 
and activation of endogenous cardiac progenitor cells [99-101]. These 
paracrine effects raise a real interest among physicians dealing with 
CHD because all of them could improve RV function in CHD. Cardiac 
stem cells, human embryonic stem cells or induced pluripotent stem 

cells are the new cell types that are currently studied. At present there 
is still no consensus on which cell-type is the best for cardiac therapy. 
In addition, cell delivery techniques need to be improved concurrently. 
Direct injection or intra-vascular administration may induce stem 
cells clusters which could promote arrhythmia. Biocompatible scaffold 
seeded with cells that could be applied to the heart seems to be for the 
moment the best solution. In conclusion, stem cell therapy is an active 
research topic that will also involve active investigation in RV failure. 

Conclusion 
Over the last five decades there have been great advances in the 

management of CHD affecting the right heart. Among them, we find 
the development of breakthrough surgeries such as the arterial switch 
operation for d-TGA, the development of criteria for optimal timing 
of corrective surgery and the introduction of pulmonary vasodilator 
therapy for symptomatic relief of patients with Eisenmenger physiology 
as seminal findings. Future advances in the field will focus on the 
development of targeted therapy for late or post-operative RV failure. 
Advances in bioengineering may also lead to development of novel 
conduits and new biomaterials that can help regenerate the failing RV. 
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