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Abstract: The population of patients with a systemic right ventricle (sRV) in biventricular circulation
includes those who have undergone an atrial switch operation for destro-transposition of the great
arteries (d-TGA) and those with congenitally corrected transposition of the great arteries (ccTGA).
Despite the life expectancy of these patients is significantly increased, the long-term prognosis remains
suboptimal due to late complications such as heart failure, arrhythmias, and premature death. These
patients, therefore, need a close follow-up to early identify predictive factors of adverse outcomes
and to implement all preventive therapeutic strategies. This review analyzes the late complications
of adult patients with an sRV and TGA and clarifies which are risk factors for adverse prognosis and
which are the therapeutic strategies that improve the long-term outcomes. For prognostic purposes,
it is necessary to monitor sRV size and function, the tricuspid valve regurgitation, the functional class,
the occurrence of syncope, the QRS duration, N-terminal pro B-type natriuretic peptide levels, and
the development of arrhythmias. Furthermore, pregnancy should be discouraged in women with
risk factors. Tricuspid valve replacement/repair, biventricular pacing, and implantable cardioverter
defibrillator are the most important therapeutic strategies that have been shown, when used correctly,

to improve long—term outcomes.

Keywords: systemic right ventricle; transposition of the great artery; adult congenital heart disease;
heart failure; sudden cardiac death

1. Introduction

In the context of biventricular circulation, the systemic right ventricle (sRV) is found
in patients with dextro-transposition of the great arteries (d-TGA) palliated with an atrial
switch operation (AtSO, commonly known as Mustard or Senning procedure) and in patients
with congenitally corrected transposition of the great arteries (ccTGA or 1(levo)-TGA).

d-TGA occurs in 1:3100 live births [1] and it is characterized by ventriculo-arterial
discordance that results in separate pulmonary and systemic circulations (morphological
right ventricle (RV) is connected to the aorta and morphological left ventricle (LV) is
connected to the pulmonary artery). The AtSO consists of the creation of complex intra-
atrial baffles to redirect systemic venous and pulmonary venous blood flow to the correct
ventricle, leaving the RV in the systemic position [2,3].

Diagnostics 2023, 13, 2205. https:/ /doi.org/10.3390/diagnostics13132205

https:/ /www.mdpi.com/journal /diagnostics


https://doi.org/10.3390/diagnostics13132205
https://doi.org/10.3390/diagnostics13132205
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0003-2737-8436
https://doi.org/10.3390/diagnostics13132205
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com/article/10.3390/diagnostics13132205?type=check_update&version=2

Diagnostics 2023, 13, 2205

20f17

While the ¢ccTGA occurs in 1:33,000 live births [1] and it is characterized by both
ventriculo-arterial and atrio-ventricular (AV) discordance (the right atrium is connected
to the morphological LV which ejects blood into the pulmonary artery, whereas the left
atrium is connected to the morphological RV, which ejects blood into to the aorta) [4]. This
double discordance results in physiologically normal blood flow despite the RV being in a
subaortic position.

Despite the AtSO being replaced by arterial switch operation in the early 1990s,
patients palliated with AtSO and those with ccTGA currently represent an important cohort
of adult patients with congenital heart disease (ACHD).

Indeed, in the last decades, advances in medical and surgical care have significantly
improved the long-term survival of these patients, resulting in a higher incidence of long-
term complications such as progressive sRV dysfunction (sRVd) and significant tricuspid
regurgitation (TR) predisposing to heart failure (HF), arrhythmias and death [5-8] (Figure 1).
Arrhythmias and sudden cardiac death (SCD) constitute most major events at young
adult age, while HF and concurrently HF-related death are prevalent after the age of
40 years [9,10]. Prospective studies have demonstrated a cumulative survival of 60-89%
after 30 years of follow-up in patients after AtSO [7,11-13] and a survival rate of 75% after
20 years of follow-up in ccTGA patients [14].
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Figure 1. Long-term sequelae of the systemic right ventricle. The figure illustrates the major long-term
complication of adult patients with a systemic right ventricle and the main underlying pathophysio-
logical mechanisms. D-TGA, destro-transposition of the great arteries; ccTGA, congenitally corrected
transposition of the great arteries; AtSO, atrial switch operation; TR, tricuspid regurgitation; HF, heart
failure; PM, pacemaker; SVT, supraventricular tachycardia; VT, ventricular tachycardia; SCD, sudden
cardiac death.

These late sequelae arise because the RV which normally supports the pulmonary low-
pressure circulation when it is in a subaortic position undergoes a compensatory remodeling
to be able to support the chronic pressure overload but, as a result of its intrinsic structural
and contractile properties, the sRV does not assure long term performance [15,16].

Considering these data, adequate risk stratification of these patients is needed. This
review analyzes the long-term complications of adult patients with an sRV and TGA
and clarifies which are risk factors for adverse prognosis and which are the therapeutic
strategies that improve the long-term outcomes.
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2. Materials and Methods

Authors performed a search on PubMed for papers relating to “systemic right ventri-

a7

cle”, “outcome”, and “prognosis” until 1 March 2023.

Other keywords were “heart failure”, “sudden cardiac death” and “transposition of
the great arteries”. Additionally, further studies were obtained through the references of
some papers. The final reference list was developed based on originality and relevance to

the broader scope of this review.

3. Heart Failure (HF)

Adult patients with an sRV and TGA have a significant risk to develop HF due to
progressive sRVd, regurgitation of the systemic AV valve, and arrhythmias. By the age of
45, indeed, up to 65% of the patients with an sRV present symptomatic HF [17,18].

Since HF is associated with an adverse outcome, prevention and early treatment of
HF are crucial in this group of patients [19].

Therapies to treat HF in this population include drugs, catheter-based interventions,
pacemakers, cardiac resynchronization therapy (CRT), and surgical interventions to address
tricuspid valve regurgitation and associated cardiac defects. Mechanical assist devices and
heart transplants remain the intervention for end-stage HF.

3.1. Systemic Right Ventricle Dysfunction (sRVd)

The sRV is prone to develop systolic dysfunction over time due to its inability to
sustain systemic circulation in the long run [20]. Among patients with an sRV after AtSO,
asymptomatic sRVd is already present within the 3rd decade of life, while more than 50%
of patients in their 4th or 5th decade of life present clear signs of HF [10,15]. Equally, the
prevalence of sSRVd in cc-TGA patients ranging from 55% to 80% across the studies, and most
patients manifest symptoms related to HF during the 4th or 5th decade of life [17,21-24].

The sRV failure is mainly due to its inability to adapt to high pressures, leading to
ventricular hypertrophy, and later dilatation, dysfunction, and finally HF with significant
long-term morbidity and mortality [17,25-29].

Among factors that contribute to sRVd, there are:

e  The coronary insufficiency due to single coronary perfusion of sRV (right coronary
artery) that could be responsible for myocardial fibrosis development [30-32]; indeed,
both focal and myocardial diffuse fibrosis, as assessed by cardiac magnetic resonance
(CMR) delayed enhancement imaging, have been correlated with sRVd and adverse
long-term outcome [31,33,34];

e  Progressive TR, usually secondary to annular enlargement and/or to intrinsic anomaly
of the tricuspid valve (frequent features in ccTGA patients);

e  Arrhythmias, especially the conduction disorders and AV block (they are found in up
to 50% of patients with ccTGA [15]) as they require pacemakers; indeed, chronic LV
pacing may induce pacemaker-related dyssynchrony [27,35], worsening sRV dilation
and failure, as well as TR [14,36];

e  Associated cardiac lesions (up to 80% of patients with CCTGA have them, such
as ventricular septal defect, pulmonary stenosis and Ebstein anomaly of tricuspid
valve) [36-39]; sRV function is decreased in patients with ccTGA undergoing physio-
logic repair (compared with those without previous surgery) [40,41] possibly due to
the presence of hemodynamically significant concomitant lesions before surgery and
the inflammatory response associated with cardiopulmonary bypass [42];
Ventriculo-ventricular interaction driven by LV systolic dysfunction [22];

Residual lesions, especially in d-TGA patients after palliation [43].

Since the sRVd is one of the main contributors to mortality and morbidity in this
population [36], its early recognition and relatively appropriate treatment has significant
clinical relevance [44,45].

CMR is useful in identifying subclinical sRVd and it is considered the gold standard
to measure volumes of the sRV with strong predictability of adverse outcomes [46-48]. A
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recent study demonstrated that CMR measurements of sRV volumes were strong predictors
of death and end-stage HF and, for patients after AtSO, were superior to systemic ventric-
ular ejection fraction for predicting adverse events: an RV end-diastolic volume indexed
(RVEDVI) cut-points of 130 mL/m? for survival analysis was significantly associated with
survival in patients after AtSO as well as in patients with ccTGA [47].

Global circumferential strain has also been proposed for the early detection of sSRVd [49]
but the current literature is unclear regarding the prognostic value of strain analysis in SRV
patients [21,50,51]

Moreover, recent studies revealed a correlation of left ventricular outflow tract obstruc-
tion (LVOTO) with sRV function, suggesting a positive effect of the LVOTO on hemody-
namic status and thus a potential protective effect on sRV systolic in the long-term [52,53].

Despite several therapies that have been proposed for the treatment of sRVd, their
efficacy has not been consistent across different studies [23,40,54]. Since there are no
validated therapies to reverse sRVd once it occurs, the aim of care should, therefore, be to
prevent the occurrence and progression of sRVd.

3.2. Tricuspid Valve Regurgitation (TR)

TR is one of the most common hemodynamic lesions in patients with an sRV (especially
in patients with ccTGA). Indeed, chronic volume overload from TR, coupled with systemic
afterload, results in a high prevalence of sRVd and HF in patients with an sRV [17,23,36,50,55,56].
Around 40-57% of ccTGA patients have moderate to severe TR [17]; whereas, severe TR is
reported in 8% of patients with TGA post-AtSO [10].

TR is due to both the intrinsic anomaly of the tricuspid valve (dysplastic valves such
as Ebsteinoid leaflets commonly found in cc-TGA) and the consequence of sRV dilatation
and ensuing annular enlargement. As mentioned above, the sRV is only poorly suited
to work as a high-pressure ventricle, predisposing the patients to dilatation of sRV and
secondary TR [18]. The mechanism by which TR increases ventricular and annular dilation
which, in turn, worsens TR is a vicious circle [28,57,58]. There is a point where further
RV dilation increases an individual’s risk for a cardiac event irrespective of the degree
of TR [47]. Progressive RV enlargement may also alter ventricular function by impairing
contractility, a phenomenon that is only partially attenuated by RV hypertrophy from
exposures to chronic overload [59].

TR has a significant clinical impact on these patients and is an independent predictor
of adverse outcomes [8,17,60,61]. Indeed, TR was found to be the strongest risk factor of
mortality both in post-AtSO and ccTGA patients [60,62].

Among patients with ccTGA, the survival rate, after a follow-up of 20 years, appears
to be strongly influenced by TR severity (passing from 49% in patients with moderate or
severe TR to 93% in those without) [60].

The role of the TR as a potential therapeutic target in patients with an sRV and TGA
has been well recognized. Tricuspid valve replacement (TVR) is an effective therapy for the
management of TR in this group of patients, and it is associated with the improvement of SRV
systolic function, especially when performed before the onset of significant sRVd [22,23,63,64].
This has important clinical implications in the management of patients where the TR is not
considered significant enough to recommend surgical replacement: in these patients, the RV
systolic function should be closely monitored, and these patients should undergo TVR if there
is a reduction of RV systolic function without waiting for the TR to become severe.

Unlike d-TGA post-AtSO (where TR is generally secondary to annular dilatation and
thus TVR is not always justified), the main prognostic intervention in patients with ccTGA
is aimed at improvement in TR [8].

The Mayo Clinic reported outcomes for tricuspid interventions in ccTGA patients:
patients who underwent surgery before the RV ejection fraction deteriorated to less than
40% maintained preserved RV function long-term [23].
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Currently, recommendations for surgical intervention on the tricuspid valve are limited
to symptomatic patients or asymptomatic patients with severe TR and progressive sRV
dilation. In both indications, patients must have RV ejection fraction > 40% [6].

3.3. Arrhythmias

Among the most common complications for all patients with an sRV, there are arrhyth-
mias, both brady- and tachyarrhythmias.

AV node and sinoatrial node dysfunction are two of the most common reasons to
require permanent pacing. Patients with cc-TGA have an annual risk of developing a de
novo AV-block of ~2%, due to the abnormal disposition of the conduction system [6,65,66].
In patients with d-TGA after AtSO, the most common arrhythmia requiring pacing is a sinus
node dysfunction (prevalence < 60% at 20 years of follow-up) [67] caused by injury during
surgery [61,68]. The loss of sinus rhythm is significantly associated with an increased risk
of adverse cardiac outcomes [50] in this group of patients.

In the long run, chronic subpulmonary ventricular pacing lead to pacing-induced
dyssynchrony, which further worsens the sRVd and can cause HF [37,69].

The chronic pacing-related dyssynchrony may be prevented by biventricular pacing,
shown to preserve or restore sRV function [37,54,70], although, the data supporting the use
of CRT are rather limited and often conflicting [22,37,54,71].

Small studies on CRT in sRV patients suggest improvement in sRV systolic and di-
astolic function and in functional class [71] but no benefit on TR; therefore, concomitant
tricuspid valve surgery for patients with ccTGA may be required [70]. Comparatively,
patients with an sRVd who undergo TV surgery are prone to develop AV-conduction disor-
ders requiring chronic ventricular pacing [72]. Therefore, concurrent epicardial sRV lead
implantation at the time of TV surgery and timely initiation of CRT is to be considered [72].

Moreover, careful patient evaluation and selection are essential in achieving successful
CRT [69,70,73]. The reliable predictors of CRT response in patients with an sRV are CRT
implantation with the need for ventricular pacing (vs for wide QRS complex), female
sex, narrower paced QRS, higher baseline systemic ejection fraction of sRV and epicardial
or hybrid CRT devices [71,74]. Furthermore, the lead placement on the RV free wall was
associated with better outcomes compared with lead placement on the RV outflow tract [75].

Currently, CRT devices are recommended:

1.  inpatients with a sRV and systemic ejection fraction < 35% and QRS duration > 150 ms
(spontaneous or paced) as HF therapy.

2. or preserved systemic ejection fraction undergoing new device placement or re-
placement with an anticipated requirement for significant (>40%) ventricular pacing,
considering data that suggested that it may lead to a better preservation of RV systolic
function than LV pacing alone [6,37,65,67,76,77]

3. in patients with functional class IV and severe ventricular dysfunction as a bridge to
mechanical assist device therapy or heart transplantation [6,65].

In adults with an sRV, approximately 15% of patients would be candidates for CRT
using current indication criteria.

These data show the potential of CRT as a therapeutic candidate in properly se-
lected patients.

3.4. Functional Class and Exercise Capacity

Most of the patients with an sRV and TGA are classified as New York Heart As-
sociation (NYHA) functional class I and II, are well adapted, and report no symptoms
despite the presence of significant sSRVd and an objectively reduced exercise capacity on
cardiopulmonary exercise testing (CPET) [78-81]. This reduced exercise tolerance is mainly
related to chronotropic incompetence [82] and a limited capacity to increase stroke volume
during exercise [83]. Although it’s a subjective aspect, higher NYHA class is significantly
associated with adverse outcomes (such as death, HF, and arrhythmia) in patients with a
sRV [62,84].
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CPET might help to determine functional capacity and has a predictive value for
adverse outcomes in adults with CHD [85]. Among CPET parameters that showed a strong
association with adverse cardiac events, there are the indexed oxygen uptake efficiency
slope (OUES) [82], VO2, and VE/VCO2 [86]

These results have the potential to become a useful clinical tool for surveillance of
this high-risk patient population. Training may improve exercise capacity, and patients
not considered to be at significant risk for arrhythmias or SCD during exercise should be
encouraged to regular physical activity.

3.5. Blood Biomarkers

N-terminal pro-B-type natriuretic peptide (NT-proBNP) is the most used and studied
blood biomarker for risk stratification in patients with CHD [87] and is one of the few
blood biomarkers that has been studied in patients with an sRV. NT-proBNP, as an indicator
of hemodynamic burden, has been shown in many studies to be a surrogate marker for
mortality and HF in patients with an sRV [50,80,81,88]. Prior studies have reported higher
NT-proBNP levels in association with higher NYHA functional class, more severe TR, more
severely impaired ventricular function, QRS prolongation, and age [89-91]. Even in mildly
symptomatic patients, NT-proBNP levels provide independent prognostic information for
long-term outcomes regarding all causes of adverse cardiac events and, in particular, HF,
transplantation, and death [81].

NT-proBNP levels > 1000 mg/mL have been associated with a high risk of death in
patients after AtSO [88].

Furthermore, GDF-15 is a blood biomarker secreted in response to multiple processes,
including hypoxia and inflammation and it appears to be better as a predictor for adverse
long-term outcomes than NT-proBNP in patients with sRV [50].

In a recent study, microRNA-183-3p and highly sensitive troponin T were found to be
independent predictors of worsening HF in this group of patients [92].

The data available to date show that the use of biomarkers has an important predictive
value for adverse outcomes in patients with an sRV and TGA [93].

3.6. Medical Therapy

To date, the role of medical therapy in the treatment of HF in these patients remains
unclear. A recent meta-analysis concluded that, due to the small sample size of the available
studies, there is no strong evidence for the effectiveness of medical therapy with beta-
blockers, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, or
aldosterone antagonists in patients with sSRVd and HF [94].

However, a randomized controlled trial of the angiotensin II receptor blocker Valsartan
in adult patients with a sRV failed to show an improved survival at longer-term follow-up
but was associated with decreased risk of cardiac events (such as arrhythmias, worsening
of HF or TVR) in symptomatic patients [95].

Regarding the use of angiotensin receptor-neprilysin inhibitor (ARNI), there is pre-
liminary evidence showing potential benefit in sRV patients; this treatment seems to be
associated with significant improvements in NT-proBNP levels, physical activity, quality of
life, and sRV function in a cohort of adult patients with sRVd (ejection fraction < 35%) who
were treated for six months [96].

In conclusion, to date, in contrast to patients with LV-HF, there is no guideline-directed
medical therapy with a proven effect on morbidity or mortality in sRVd.

3.7. Surgical and Catheter Interventions

Among the management options proposed to improve or prevent sRVd, there are
surgical and catheter interventions such as pulmonary artery banding (PAB) and correction
of late postoperative complications (especially in patients post-AtSO). The role of tricuspid
valve surgery has already been discussed.
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The goal of PAB may be palliative or curative, in the latter case with the idea of
reconditioning the LV before performing an anatomic repair. PAB could reduce TR and
improve RV function by increasing subpulmonary LV pressure which reduces the septal
shift and increases leaflet coaptation [97,98]. However, prolonged PAB may expose older
children and adults to the risk of diastolic dysfunction, potentially compromising their
outcome [99]. Outcomes of LV retraining with staged, serial PAB, followed by anatomic
repair beyond childhood have been linked to a high risk of LV dysfunction, impossibility to
proceed to anatomic repair, and an increase in perioperative mortality when an anatomic
repair takes place [100].

Complications after AtSO such as systemic baffle obstruction or leak account for most
reinterventions, whereas pulmonary baffle obstruction is less common but may cause
pulmonary hypertension [28,101]. These late sequelae are associated with an adverse
outcome [28,33,102], hence the importance of timely treatment.

3.8. Mechanical Circulatory Support and Heart Transplantation

Patients with an sRV in end-stage HF should be referred to a transplant center for
advanced mechanical circulatory support devices or heart transplantation (HT).

Determining the optimal timing of HT in these patients is difficult because most of the
patients seem to be clinically stable for a long time and their hemodynamic deterioration
may be rapid and unexpected. Moreover, outcomes after HT remain often unsatisfactory
with high short-term mortality. However, this high early risk is counterbalanced by better
long-term survival, superior to other groups [103].

Since transplant waiting lists are often long and there is high mortality on the waiting
list, it seems prudent to refer these patients to an advanced center to consider mechanical
circulatory support devices before other organ failure and pulmonary arterial hypertension
occur [103,104].

Currently, the use of mechanical circulatory support devices for the failing sRV is
rather limited [26,105,106]. A ventricle assistant device (VAD) can be used as a bridge
to transplantation or as a destination therapy, the latter limited to selected patients [107].
Despite anatomical challenges with VAD implantation in the sRV [108], these devices reduce
pulmonary vascular resistance as a bridge to the transplant [109]. When following this
strategy, additional treatment of more than moderate TR at the time of VAD implantation
may well be considered, aiming for a better long-term outcome [110]. However, the number
of patients treated in this way is still limited and patient selection and fighting the burden
of complications related to VAD therapy remain a considerable challenge.

3.9. Effect of Pregnancy

Although the pregnancy is usually well tolerated for most women with sRYV, the risk
for adverse cardiac events is not insignificant since SRV may be inadequate to respond to
the physiologically increased workload which occurs in pregnancy.

Furthermore, the cardiac complications that occur during pregnancy, including HF,
arrhythmias, thromboembolic events, worsening of sRV function, and TR, may also persist
after delivery with possible long-term effects [111]. Arrhythmias and HF are the most
common complications, ranging respectively from seven to 22% and from seven to 21% of
events across the studies [112-115]. Arrhythmias occur more likely in the second trimester,
whereas HF is more frequent in the third trimester or in the early postpartum period when
volume overload reaches the maximum level [114,116].

Pre-existing moderate sRVd, moderate to severe TR, and previous history of arrhyth-
mias are linked with a high rate of serious complications [112,114,116], but irreversible
sRVd and functional deterioration may occur during and after pregnancy even in women
without preexisting pathological features [113,115,117].

In conclusion, sRV carries a high risk of maternal complications, regardless of clinical
status and hemodynamic stability at the time of conception. According to current guidelines,
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in patients with more than moderate impairment of RV function or greater than moderate
TR, pregnancy should be discouraged [111].

4. Sudden Cardiac Death (SCD)

Patients with a sRV experience decreased survival compared to that of the general
population. Indeed, patients after AtSO and patients with ccTGA are among ACHD
patients at the highest risk for SCD, with reported rates ranging from 2.4 to 3.7 and from
1.8 to 25.0 per 1000 patient-years, respectively [118].

D-TGA and ccTGA share some, but not all, potential factors associated with a high
risk of SCD [119] (Figure 2).

D-TGA after AtSO ccTGA
Il Prolongated QRS duration
I’ sRVd
The complex TGA Ventricular scars
Musturd operation Accessory pathways
Physical activity AV block

I

rapid ventricula
conduction

myocardial ischemia /

Figure 2. Potential substrates for sudden cardiac death in patients with an sRV and TGA. The figure
describes the potential substrates and triggers for SCD in patients with TGA after AtSO and in
patients with ccTGA. sRVd, systemic right ventricle dysfunction; AV, atrioventricular.

Among patients after AtSO, the most common cause of death is SCD followed by
HF [120]. Notably, SCD is the most common cause in adolescence and HF is the main cause
in adulthood [120,121].

The main triggers associated with an increased risk of SCD in patients after AtSO are
listed below.

1.  Supraventricular Tachycardia (SVT) showed a significant impact on the risk of SCD [62].
The incidence of SVT increases with aging and affects up to a third of these pa-
tients [19,122]. In the presence of rapid ventricular conduction to the sRV with systolic
and/or diastolic dysfunction, this may result in low cardiac output, which may induce
myocardial ischemia, potentially leading to ventricular tachycardia (VT) and exposing
the patients at risk for SCD [62,123]. In addition, primary VT may also occur, most often
in association with sRVd. Limited data suggest that the use of beta-blockers provides
some protection [124] and timely ablation of SVT could theoretically avoid events.

2. The Mustard procedure is a significant risk factor for SCD [9]. A possible explana-
tion for this could be due to the differences in the surgical techniques between the
Mustard and Senning operations. Indeed, the Mustard method brought about more
complications compared with the Senning technique, such as baffle obstruction, sinus
rhythm disturbances, and SVT.

3. The complex TGA compared with simple TGA is a significant risk factor for all-cause
mortality, including SCD [9,11].

4.  Exercise is a well-known trigger of SCD. Indeed, SCD in D-TGA patients happened
during physical activity in about 80% of the patients [123,125], probably because SVT
can occur during exercise.
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5. Prolongated QRS duration, as an expression of intra-myocardial fibrosis that puta-
tively develops as a maladaptive response in the failing sRV [34], increases the risk of
ventricular arrhythmia and/or SCD both in patients after AtSO and also in patients
with ccTGA [5,47,119,126].

6. sRVd, NYHA class > III/HF hospitalization, and least moderate TR are long-term
all-cause mortality risk factors in patients after AtSO [62].

Similarly, the most common causes of death for patients with ccTGA are HF and SCD.
The main factors of increased SCD risk in patients with ccTGA are listed below.

1.  Primary ventricular tachycardia occurs in about 20% of the patients with ccTGA,
especially in those with sRVd [53,126]. This prevalence, which is higher compared
to patients after AtSO, may be explained by multiple substrates for dysrhythmia
ventricular scars in patients undergoing a physiologic repair strategy (such as the
presence of or a possible association with accessory pathways in patients with Ebstein-
like valve).
SRVd is a well-known risk factor for SCD, in particular in patients with sRV EF < 35% [126].
3. AV block may increase the risk of SCD. Indeed, the fibrosis of the proximal non-
bifurcating His bundle can constitute an underlying arrhythmogenic substrate [127].

N

In addition, the pacing is strongly associated with the risk of SCD [119]. Indeed, in the
setting of AV block, there is a strong association between subpulmonary ventricular pacing
with pacemaker-induced ventricular dyssynchrony and dysfunction that exposes patients
to high risk of SCD, hence the need, as already mentioned, to consider CTR as primary
therapy in this setting [37].

Moreover, given the high incidence of arrhythmias in this population and their impact
on prognosis, it is essential to recognize and treat them as soon as possible. Wearable
devices that allow subclinical and early diagnosis of rhythm abnormalities can play a
significant role in arrhythmias detection and in supporting treatments in the future.

Implantable Cardioverter Defibrillator (ICD)

Despite the well-known risk of SCD in patients with an sRV and TGA, risk stratification
for implantable cardioverter-defibrillator (ICD) for primary prevention of SCD remains
unclear [128,129]. Furthermore, not all SCDs are due to shockable rhythms (particularly in
the setting of advanced HF) [118] and appropriate ICD therapy overestimates the risk for
SCD by two- to three-fold [130].

According to current guidelines, ICD for primary prevention may be considered for
adults patients with an sRV with an ejection fraction < 35% in the presence of additional
risk factors such as NYHA functional class II-III, syncope, documents as non-sustained
ventricular tachycardia (or complex ventricular arrhythmias), QRS > 140 ms, or severe
TR [67,131].

ICD for secondary prevention represents the first-line therapy, whereas pharmacother-
apy may be added to reduce the burden of implantable cardioverter defibrillator shocks.

5. Risk Assessment Models

The risk stratification of patients with an sRV has considerable clinical relevance. A
recent study showed a mortality rate of 25% at 10-year follow-up, in adult patients with
an sRV and TGA, with 52% of patients reaching the composite endpoint of mortality,
progressive VAD or HF implantation requiring CRT [72]. Determining predictors of worse
outcomes in this group of patients may help to improve long-term prognosis.

Recently, a clinical risk score was proposed to predict major clinical events in patients
after AtSO [10]. This model stratifies patients into low, intermediate, and high-risk groups
for event-free survival based on six variables: age > 30 years, repair at >one year, previous
ventricular arrhythmias, at least moderate RV and mild LV dysfunction, and severe TR.

A large multicenter study of adult patients post AtSO [121] identifies as factors associ-
ated with a composite outcome of death, HT, and mechanical circulatory support during



Diagnostics 2023, 13, 2205 10 of 17

a mean follow-up of 8.9 years, the history of complex anatomy, prolonged QRS, HF ad-
mission, severe sRVd, and ventricular arrhythmias. These variables were used to create a
prediction tool for five-year survival in the adult post-AtSO for d-TGA [121].

An additional risk stratification model has recently been proposed to estimate the
risk for ventricular arrhythmias and SCD at five years in patients with sRV [119]. The
six variables included in this model are age at baseline, history of HF, syncope, QRS
duration, severe sRVd, and at least moderate left ventricular outflow tract (LVOT) obstruc-
tion > 36 mmHg [119]. Although LVOT obstruction was found to be associated with a
lower risk of developing HF or an additional protective factor [53,132], as mentioned above,
the resulting LV hypertrophy may contribute to the ventricular arrhythmia substrate.

Furthermore, genetic predisposition may play a role in sSRVd and subsequent clinical
events. Common single-nucleotide polymorphisms may be implicated in the heterogeneous
clinical course of TGA after AtSO [133]. The addition of genetic information and, in
general, the multi-omics approach can improve risk prediction over the use of a clinical
risk model alone.

In conclusion, risk scores are a useful tool to help clinicians identify high-risk patients
who could benefit from a more aggressive treatment approach.

6. Conclusions

Adult patients with an sRV comprise a distinctly clinically challenging group of
patients with increased morbidity and mortality. It is known that a right ventricle in the
systemic position is prone to maladaptive remodeling, so these patients are at high risk for
HEF, arrhythmias, and death in adult life.

Currently, the management of patients with an sRV is hampered by the lack of evidence-
based recommendations because randomized clinical trials are difficult to perform due to
the limited population size. However, an individual approach and careful risk stratification
as well as early therapeutic strategies are crucial to improve long-term outcomes.
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