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ABSTRACT: Right ventricular outflow dysfunction, manifesting as stenosis, regurgitation, or both, is nearly universal in patients 
with repaired tetralogy of Fallot, precipitating a complex pathophysiological cascade that leads to increasing rates of 
morbidity and mortality with advancing age. As the number of adolescent and adult patients with repaired tetralogy of 
Fallot continues to grow as a result of excellent survival during infancy, the need to improve late outcomes has become an 
urgent priority. This American Heart Association scientific statement provides an update on the current state of knowledge 
of the pathophysiology, methods of surveillance, risk stratification, and latest available therapies, including transcatheter 
and surgical pulmonary valve replacement strategies, as well as management of life-threatening arrhythmias. It reviews 
emerging evidence on the roles of comorbidities and patient-reported outcomes and their impact on quality of life. In addition, 
this scientific statement explores contemporary evidence for clinical choices such as transcatheter or surgical pulmonary 
valve replacement, discusses criteria and options for intervention for failing implanted bioprosthetic pulmonary valves, and 
considers a new approach to determining optimal timing and indications for pulmonary valve replacement.

Key Words: AHA Scientific Statements ◼ cardiac surgical procedures ◼ diagnostic imaging ◼ heart defects, congenital  
◼ pulmonary valve ◼ tetralogy of Fallot

Advances in the diagnosis and management of 
tetralogy of Fallot (TOF) have led to dramatically 
improved short- and long-term survival, result-

ing in a growing population of adults with repaired TOF 
(rTOF).1 In parallel, there has been an increase in late 
morbidity and mortality associated with sequelae of the 
initial palliation.2 Residual right ventricular (RV) outflow 
tract (RVOT) dysfunction, including pulmonary stenosis 
and pulmonary regurgitation (PR), is the most common 
lesion after repair and, through a complex pathophysi-
ological cascade, can lead to electromechanical cardio-
myopathy and premature death.2

Over the past 2 decades, a growing body of literature 
and an expanding clinical experience have focused on 

strategies to restore RVOT function through surgical or 
percutaneous pulmonary valve replacement (PVR) and 
other medical therapies.3 Although the effect of PVR on 
RV remodeling is well documented, the optimal indica-
tions for and timing of interventions remain unknown.4,5 
With advances in PVR options and technology, the 
emergence of novel imaging biomarkers, and advances 
in risk stratification, there is a compelling need for a 
comprehensive reassessment of the approach to the 
diagnosis and therapy of RVOT dysfunction in patients 
with rTOF. The goal of this scientific statement is to criti-
cally evaluate the current state of knowledge and to out-
line evidence-based suggestions for the management 
of RVOT dysfunction in this growing patient population.
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METHODOLOGY
This scientific statement encapsulates the “live-
long” objectives of the American Heart Association 
by reviewing current data guiding long-term RVOT 
dysfunction in postoperative patients with rTOF. 
The manuscript was developed according to pub-
lished American Heart Association processes.6 The 
Manuscript Oversight Committee approved state-
ment goals, and a writing committee with established 
expertise and respect for diversity and inclusion was 
assembled. After an initial conference call, the writing 
group was divided into subgroups by topic for compre-
hensive review of the available literature from English 
language articles and to summarize content. The co-
chairs developed manuscript drafts that were reviewed 
by the committee before submission. Clinical consid-
erations were made by expert consensus, and gaps in 
knowledge were identified for future research efforts. 
The manuscript was reviewed by outside experts not 
affiliated with the writing group and by the American 
Heart Association Science Advisory and Coordinating 
Committee.

EPIDEMIOLOGY AND NATURAL HISTORY
In a systematic review and meta-analysis of articles 
reporting congenital heart disease prevalence, TOF 
was found to be the fifth most common congenital 
heart disease lesion, documented in 34 per 100 000 
live births (95% CI, 31–37), and is the most frequently 
encountered cyanotic congenital heart lesion.7,8 The 
cause of TOF is multifactorial, incorporating genetic 
and nongenetic factors. Up to 25% of patients with 
TOF will have an identifiable chromosomal abnormal-
ity (most commonly trisomy 21 or chromosome 22q11 
deletion syndromes).8 Nongenetic factors reportedly 
associated with TOF include pregestational diabetes, 
infections (febrile illnesses or influenza), environmental 
exposures (specifically, organic solvents), or ingestion 
of medications (eg, clomiphene). However, it should 
be noted that observational studies cannot establish 
cause and effect and may be limited by multiple fac-
tors, including chance, bias, and various confounders.9 
Review of temporal trends has revealed stability in the 
prevalence of TOF over 6 decades (studies spanning 
1945–2009).7 Anomalies of the RVOT, including TOF 
and pulmonary stenosis, appear to be more prevalent 
in Asia than in North America or Europe.7 Of note, data 
from low-income countries are incomplete, and implica-
tions of limited access to care on TOF incidence have 
not been fully elucidated. Further study is necessary to 
explore the interplay between the impacts of socioeco-
nomic disparity, genetic modifiers, racial predisposition, 
and environmental exposures and the epidemiology of 
TOF.

With the advent of modern-day treatment of TOF, 
its natural history has transformed from being nearly 
universally fatal in infancy to a 30-year survival rate of 
90%.1 Initial diagnosis is increasingly made by prenatal 
ultrasound, although the rate of detection may vary by 
study and can remain challenging.10 Contemporary man-
agement of infants with TOF generally involves surgical 
repair during the first several months of life with an effort 
to preserve RVOT function by minimizing the infundibular 
incision and sparing the pulmonary valve whenever pos-
sible. Interventional catheterization and surgical palliative 
procedures are considered in patients with additional risk 
factors (eg, prematurity).11 Early survival for those under-
going repair during the first year of life is ≈98%, with 
a 25-year survival of >90%. However, during the third 
decade of life, the rates of morbidity and mortality begin 
to rise, with common causes of late death including car-
diac arrest, sustained arrhythmia, and congestive heart 
failure.1 Genetic abnormalities appear to confer a 3- to 4-
fold increase in mortality risk in early and late follow-up.1

PATHOPHYSIOLOGY
In patients undergoing TOF repair, reconstruction of the 
RVOT to relieve obstruction usually involves disruption of 
pulmonary valve integrity, which leads to immediate PR 
in most patients. Even with annulus- or leaflet-sparing 
approaches to TOF repair, significant PR is common, al-
though its onset may be delayed. In addition to PR, some 
patients experience residual or recurrent RVOT obstruc-
tion, resulting in variable degrees of stenosis. Although 
the regurgitation and obstruction associated with RVOT 
dysfunction in this population may be tolerated without 
major clinically apparent implications for many years, it 
has become clear that chronic PR, with or without asso-
ciated stenosis, can have a critical impact on long-term 
outcomes in this population.12,13 The consequences of 
PR after TOF repair appear to be a function of both its 
severity and duration. The severity of PR is determined 
by (1) regurgitation orifice area; (2) RV compliance; (3) 
diastolic pressure difference between the main pulmo-
nary artery (PA) and the RV; (4) capacitance and resis-
tance of the PA system; and (5) duration of diastole.14 
Surgical technique influences the PR severity in some 
respects such as the orifice size of the patched RVOT 
and the presence and function of residual leaflets, al-
though it is unclear whether the extent or method of RV 
muscle resection is also important.

The physiological consequences of RVOT dys-
function and the interactions between the various 
involved structures and processes are depicted in Fig-
ure 1. Immediately after TOF repair, some degree of 
RV enlargement and dysfunction is often evident, but 
the combination of low RV compliance resulting from 
hypertrophy, low capacitance of the PA system, and a 
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short diastolic filling period in young patients limits the 
impact of PR on the RV even when the PR orifice is 
large. Over time, the rise in RV stroke volume related 
to PR and the reduction in RV hypertrophy after relief 
of the pressure load lead to progressive increases in 
the size and capacitance of the central PAs and in RV 
compliance. These changes, along with prolongation of 
diastole as the heart rate decreases with age, lead to 
larger PR volume/fraction.15 As detailed in Figure 1, 
the consequences of PR revolve around RV dilatation, 
the changes in RV structure and mechanics, and the 
implications of these changes on the left ventricle (LV) 
as a result of ventricular-ventricular interactions.12,16,17 
In conjunction with parallel and overlapping postopera-
tive processes, these changes predispose patients to 
adverse outcomes over time. Although significant PR 
is common after TOF repair, the time course of PR pro-
gression, concomitant stenosis (when present), and 
their consequences differ considerably from patient to 
patient and have not been fully characterized.

Clinical and experimental evidence suggests impor-
tant similarities between the RV and LV responses to 
chronic volume overload. Thus, the LV response to aortic  

Table 1.  Ventricular Response to Chronic Semilunar Valve 
Regurgitation

Stage Characteristics

1 Compensated chronic volume overload: ↑ EDV with eccentric 
and concentric hypertrophy → normal mass-to-volume ratio, end-
systolic fiber stress, and global systolic function, along with cel-
lular elongation, addition of myofibers, and a decrease in collagen 
content

2 Failure of compensatory mechanisms: progressive ↑ EDV but 
with inadequate hypertrophy and increased end-systolic stress 
→ reduced systolic function with normal intrinsic myocardial con-
tractility

3 Reduced but reversible impairment of myocardial contractility

4 Irreversible myocardial injury associated with fibrosis and in-
creased interstitial collagen

The duration of each stage is highly variable, but stage 1 may last for many years.
EDV indicates end-diastolic volume.

Figure 1. Pathophysiology of RVOT dysfunction after TOF repair.
ESVi indicates end-systolic volume index; LV, left ventricular; m/v, mass/volume; RA, right atrial; RBBB, right bundle-branch block; RV, right 
ventricular; RVOT, right ventricular outflow tract; TOF, tetralogy of Fallot; and VSD, ventricular septal defect. 
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regurgitation, which has been studied extensively, can 
inform our understanding of the RV response to PR 
(Table 1).18,19 Although the pathophysiology of RV remod-
eling in response to the altered hemodynamic conditions 
after TOF repair is strikingly similar to the response of the 
LV to chronic volume load, important differences include 
chamber geometry, myofiber architecture, chamber con-
traction pattern, coronary artery anatomy and flow, disposi-
tion of the conduction system, and dependency on LV size 
and function (ie, ventricular-ventricular interaction).20,21 In 
addition, the RV free wall and septum in patients with TOF 
are independently affected by the surgical repair, including 
RVOT incision/patch augmentation and ventricular septal 
defect closure, which contribute to the pathophysiological 
cascade detailed in Figure 1.12,22,23 Dilatation of the tricus-
pid valve annulus, displacement of the free wall papillary 
muscles, and distortion of the septal attachments by the 
ventricular septal defect patch can lead to tricuspid regur-
gitation, further contributing to RV volume overload and to 
right atrial enlargement.12

Because of space limitations, it is not possible to 
provide a comprehensive review of RV pathophysiology 
related to postoperative PR in patients with TOF. More 
thorough reviews have been reported previously.12,16 
However, it is worth elaborating briefly on the impact of 
TOF repair and PR on the LV, which is one of the most 
critical pathophysiological considerations in this popula-
tion, because LV dysfunction is a key predictor of adverse 
outcome in patients with repaired TOF.15,17,24,25 Through 
a complex interplay involving the shared myofibers, sep-
tum, pericardium, and coronary flow, RV volume loading 
causes the ventricular septum to shift toward the LV 
(especially during diastole), with a consequent leftward 
shift of the LV pressure-volume loop, reduction in LV 
functional volumes, and impairment of LV filling.26 Initially, 
LV function is preserved, but it deteriorates with progres-
sive RV dysfunction and enlargement. Electromechani-
cal dyssynchrony, both within and between the ventricles, 
likely contributes to adverse RV-LV interaction as well.24

RISK STRATIFICATION
The rising rates of premature death, life-threatening ar-
rhythmias, heart failure symptoms, and exercise intoler-
ance in adolescent and adult patients with rTOF have 
prompted numerous investigations aimed at identifying 
those at high risk for mortality and morbidity. The litera-
ture, which consists mostly of single-center retrospec-
tive or cross-sectional studies with a modest sample 
size and surrogate outcomes, has identified numerous 
factors associated with increased risk of selected out-
comes. A small number of multicenter cohort studies 
further characterized patients at higher risk for shorter 
time to death and for life-threatening arrhythmias.13,27–30 
In general, risk factors for adverse clinical outcomes in 
patients with rTOF can be broadly categorized as patient 

characteristics and clinical history (eg, older age at re-
pair, history of a staged palliation with a systemic-to-PA 
shunt, repair with RV-to-PA conduit, older age at time 
of risk stratification, obesity) and parameters associ-
ated with the complex pathophysiological sequelae of 
RVOT dysfunction after primary repair (Figure 1), includ-
ing imaging biomarkers of adverse remodeling (eg, RV 
hypertrophy, severe RV dilatation, RV or LV dysfunction, 
RV hypertension) and electrical abnormalities (eg, atrial 
arrhythmias, nonsustained ventricular tachycardia [VT]). 
In addition, focal and diffuse myocardial fibrosis, adverse 
RV-PA coupling, and global biventricular function in-
dex32—which incorporates biventricular volumes, mass, 
and function—have been shown to discriminate between 
patients with low risk and those with high risk for ad-
verse clinical outcomes. More recently, several studies 
proposed risk stratification algorithms in this patient 
group (Table 2). In addition, patient-reported outcomes 
provide invaluable insights into determinants of health 
status and quality of life in this population, highlighting 
increasing incidences of pain, discomfort, and reduced 
mobility with advancing age.33

It is notable that current risk stratification models 
account for only 25% to 30% of the variability in patient 
outcome.34 Future work to further refine risk stratification 
in this population should explore novel imaging biomark-
ers such as myocardial strain35; fibrosis by cardiovascular 
magnetic resonance (CMR) T1 mapping36; serum bio-
markers such as exosomal cargo, microRNA, or novel 
proteins37; the role of social determinants of health in 
outcomes38; and artificial intelligence–enhanced elec-
trocardiographic and raw CMR image analysis.39 As with 
other conditions, these risk stratification algorithms will 
require validation and continual updating as the aging 
rTOF population evolves (eg, earlier age at repair, lower 
rates of staged palliation, advances in myocardial pro-
tection, and use of newer and better options for PVR, 
incorporating percutaneous approaches as alternatives 
to conventional surgical options).

METHODS OF EVALUATION
Table 3 summarizes suggested frequencies of surveil-
lance tests in patients with rTOF.

History and Physical Examination
Assessment of patients after TOF repair should include 
a thorough medical history and physical examina-
tion. Particular attention should be paid to the opera-
tive report and the presence of residual postoperative 
lesions. Patients who undergo transannular patch repair 
have obligate severe PR and may experience earlier RV 
dilation, leading to arrhythmias or sudden death.1,40–42 
Regurgitation may also occur with valved RV-to-PA 
conduits or monocusp valves in a reconstructed RVOT 
as they become progressively incompetent over time. 
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Residual lesions such as branch PA stenosis or tricuspid 
regurgitation may increase the degree of PR by placing 
added pressure or volume load on the RV.

The classic murmur of PR is a low-frequency early 
diastolic murmur that can be best heard with the bell of 
the stethoscope along the left sternal border. A systolic 
ejection murmur can be related to residual stenosis or 
to PR-induced increased stroke volume. When a pulmo-
nary valvotomy or transannular patch is performed, the 
pulmonary component of the second heart sound may 
be absent. The presence of an RV heave suggests RV 
volume overload, and prominent jugular venous pulsa-
tions may be observed in the setting of elevated right 
atrial pressure or tricuspid regurgitation. Signs of RV 

failure may include elevated jugular venous pressure, 
liver enlargement, ascites, and peripheral edema.

ECG, Holter, and Invasive Electrophysiology
Atrial and ventricular tachyarrhythmias are the principal 
electrophysiological complications in rTOF, with an esti-
mated cumulative incidence of severe ventricular arrhyth-
mias of 6% to 14%, that increases rapidly in the third 
and fourth decades after repair.40,44 Risk assessment of 
severe ventricular arrhythmias includes a thorough eval-
uation of the clinical history (eg, palpitations, syncope), 
12-lead ECG, ambulatory rhythm monitor (including 
implantable loop recorder when indicated), and invasive 
electrophysiological study in selected patients. The ECG 

Table 2.  Risk Stratification Scoring Algorithms in Patients With rTOF

Brompton, UK27 The Netherlands28 Congenital Electrophysiology Society29 INDICATOR13

Outcome: all-cause mortality Outcome: all-cause mortality, 
sustained VT

Outcome: sudden death, sustained VT, ICD discharge Outcome: all-cause mortality

n=550; F/U 6.4 y; 27 deaths n=575; F/U 7.1 y; 35 outcomes n=288 (case-control); F/U NA; 72 outcomes n=1552; F/U 9.5 y; 102 deaths

Risk score validated: no Risk score validated: no Risk score validated: no Risk score validated: yes

        Surgical Era Parameter Parameter 
estimate 

RV LGE  Prerepair shunt 2  1960–1979 1980–2000 Age at CMR 0.05785

 � Moderate 24 QRS ≥180 ms 1 Symptoms (e.g., 
palpitations, syncope)

3 3 Obesity (BMI ≥30 
kg/m2)

0.53076

 � Severe 40 Ventriculotomy 2 Moderate to severe LV 
dysfunction

3 3 Repair type  

LV LGE: yes 6 History of VT 2 Moderate to severe RV 
dysfunction

2 1  � Transannular 
patch

Reference

RV EF  LV EF <45% 2 Moderate to severe RV 
hypertension

1 1   RV-PA conduit 1.08807

 � 36-47% 4 RV EF <30% 3 Moderate to severe RV 
volume load

1 1   Other/unknown 0.66857

  �≤35% 10 Total score 12 Age at repair <6.5 y 2 0 RV ESVi 0.00883

LV EF  Risk categories  Prerepair shunt 2 1 BVGFI32 −0.06769

 � >55% 0   Low 0-1 Complex repair 1 2 Risk score=0.05785×age at 
CMR+0.53076 (if BMI  
≥30 kg/m2)+1.08807 (if RV-PA 
conduit repair type)+0.66857  
(if repair type other than  
transannular patch or RV-PA  
conduit)+0.00883×RVESVi− 
0.06769×(BVGFI−48)

 � 36–55% 4   Moderate 2-3 QRS ≥180 ms 1 1

  �≤35% 12   High 4-6 VT (any) 1 1

Peak Vo2    Very high ≥7 Total score 17 14

 � >17 mL∙kg−1∙m−2 0   Risk categories   

  �≤17 mL∙kg−1∙m−2 6     Low <3  

BNP      Moderate 3–6  Risk categories  

 � <127 ng/L 0     High 7–9    Low ≤4

  �≥127 ng/L 12     Very high >9    High >4

Atrial arrhythmias 8        

Age >50 y 6        

Total score 100        

 � Low risk 0–20        

 � Medium risk 21–50        

 � High risk ≥51        

BMI indicates body mass index; BNP, brain natriuretic peptide; BVGFI, biventricular global function index; CMR, cardiac magnetic resonance; EF, ejection fraction; 
ESVi, end-systolic volume index; F/U, follow-up; ICD, implantable cardioverter defibrillator; LGE, late gadolinium enhancement; LV, left ventricular; NA, not available; PA, 
pulmonary artery; rTOF, repaired tetralogy of Fallot; RV, right ventricular; and VT, ventricular tachycardia.
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is evaluated for morphology,45 fragmentation, duration of 
the QRS complex, prolongation of the PR interval,46 and 
repolarization abnormality.47 Ambulatory monitoring may 
link arrhythmic symptoms to nonsustained VT.27 Last, 
findings from invasive electrophysiological study may 
inform the likelihood of future ventricular arrhythmia risk 
and may be considered before RVOT interventions, par-
ticularly in patients considered to be at elevated risk.48,49

Exercise Testing
Diminished exercise capacity is a prevalent and poten-
tially debilitating morbidity in patients with rTOF. Even 
those who are subjectively asymptomatic often exhibit 
low oxygen consumption and restrictive lung physiology 
on cardiopulmonary exercise testing.50 The determinants 
of exercise capacity after rTOF are multifactorial and 
include, in addition to RVOT dysfunction, chronotropic 
impairment, abnormal pulmonary vasculature, dimin-
ished lung volumes, genetic syndromes, and physical 

deconditioning.50,51 Exercise is generally safe in patients 
with rTOF; however, as a whole, they tend to exercise 
less than their healthy peers.52,53 Evidence indicates that 
exercise training programs result in improvement in exer-
cise capacity and oxygen consumption.53 Thus, an active 
lifestyle and physical activity are strongly encouraged in 
this population because they positively affect cardiovas-
cular health and quality of life.53

Echocardiography
Echocardiography, including 2-dimensional, 3-dimensional, 
Doppler, and myocardial deformation imaging, is a key 
modality in the assessment of RVOT dysfunction and 
its sequelae, being the primary imaging tool in child-
hood and complementary in adolescents and adults.54 
RV-focused imaging is challenging but essential 
for the analysis of RV systolic function, includ-
ing fractional area change, tricuspid annular veloc-
ity, and free-wall longitudinal strain.55,56 More than a 

Table 3.  Surveillance Testing in Patients With rTOF

Test Childhood (≤12 y of age) Adolescence (13-18 y of age) Adulthood (>18 y of age)*

Outpatient visit with physical examination Every 12 mo Every 12 mo Stage A: 12–24 mo

Stage B: 12 mo

Stage C: 6–12 mo

Stage D: 3–6 mo

ECG Every 12 mo Every 12 mo Stage A: 24 mo

Stage B: 12 mo

Stage C: 12 mo

Stage D: 6–12 mo

Echocardiogram Every 12–24 mo Every 12–24 mo Stage A: 24–36 mo

Stage B: 24 mo

Stage C: 12 mo

Stage D: 6–12 mo

Holter Directed by symptoms Directed by symptoms Stage A: Directed by symptoms

Stage B: Directed by symptoms

Stage C: 12–24 mo

Stage D: 12–24 mo

Bloodwork: BNP, renal and liver function Directed by clinical data Directed by clinical data Directed by clinical data

Cardiopulmonary exercise test Baseline at 12 y of age Every 4–5 y Stage A: 36–60 mo

Stage B: 24–60 mo

Stage C: 12–24 mo

Stage D: 12–24 mo

CMR Baseline at 12 y of age Every 4–5 y Stage A: 36 mo

Stage B: 24–36 mo

Stage C: 12–24 mo

Stage D: 12 mo

Cardiac CT As needed As needed As needed

Cardiac catheterization Directed by clinical data Directed by clinical data Directed by clinical data

BNP indicates brain natriuretic peptide; CMR, cardiac magnetic resonance; CT, computed tomography; and rTOF, repaired tetralogy of Fallot.
*Physiological stages in adult patients with congenital heart disease as defined by Stout et al.39a Physiological stages A through D incorporate factors such as severity 

of symptoms (New York Heart Association classification), lesion complexity, arrhythmia status, and end-organ function (renal/hepatic/pulmonary) such that physiological 
stage A is a reflection of optimal physiology and stage D reflects the most deranged physiology.
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3-percentage-point change in peak RV longitudinal 
strain is considered clinically meaningful and should 
prompt further investigation by CMR.57,58 Key diagnos-
tic elements include RV systolic pressure by tricuspid 
regurgitation jet velocity, tricuspid regurgitation grade 
and mechanism, RVOT pressure gradient, PR grade, 
RV systolic function, PAs, LV size and function, and 
aortic dimensions.

CMR and Computed Tomography
CMR is considered the reference standard for assess-
ment of ventricular function, measurement of chamber 
dimensions, quantification of intracardiac and extracar-
diac flows, and evaluation of myocardial viability.12,59 CMR 
is routinely incorporated into clinical care pathways of 
adolescents and adults with rTOF. This modality is particu-
larly well suited for the characterization of residual lesions 
and hemodynamic sequelae, risk stratification, and lon-
gitudinal follow-up. Beginning in the second decade of 
life, CMR is indicated for routine surveillance of adverse 
cardiac remodeling, valve dysfunction, blood flow mea-
surements, and extent and location of scar tissue.12,60 In 
addition, CMR can aid in the determination of timing of 
and planning for reintervention, as well as the frequency 
of diagnostic testing. Goals of the CMR study in patients 
with rTOF include some or all of the following: (1) quan-
tification of biventricular volumes, function, and mass; (2) 
characterization of regional wall motion abnormalities; (3) 
assessment of RVOT and PA morphology; (4) measure-
ment of PR volume and fraction; (5) measurement of tri-
cuspid regurgitation if mild or more; (6) identification of 
residual shunts; (7) delineation of proximal coronary arter-
ies; and (8) assessment of myocardial viability for pres-
ence of focal scar (with late gadolinium enhancement) 
and diffuse fibrosis (with parametric imaging). Although 
CMR is successful in the vast majority of patients with 
rTOF, cardiac computed tomography can be considered 
in select circumstances such as the presence of indwell-
ing metal, which can produce susceptibility artifacts on 
CMR, need to confirm coronary artery anatomy/patency, 
or limited ability of a subject to comply with motionless 
breath holding as necessary for adequate CMR imaging. 
Computed tomography is also used for preprocedural 
modeling because of its superior spatial resolution.

Nuclear Imaging
Radionuclide imaging, a physiological diagnostic modal-
ity that uses radioisotope-labeled compounds, has been 
used in patients with congenital heart disease, including 
those with rTOF, for evaluation of RV size and function61 
and lung perfusion62 and for assessment of myocardial 
perfusion and viability.63 However, because most of these 
indications are now more readily evaluated with CMR, 
which provides superior anatomic delineation and does 
not expose patients to the ionizing radiation inherent 
to nuclear scintigraphy, this modality has been used in 

modern clinical practice almost exclusively to assess lung 
perfusion in patients who are unable to undergo CMR.

Cardiac Catheterization
The role of catheterization in evaluating PR is related 
primarily to hemodynamic assessment because catheter 
angiography is inferior to other methods for the assess-
ment of PR severity and right-sided heart volumes. 
Both hemodynamic catheterization and angiography are 
useful for evaluation of RVOT obstruction and are per-
formed as part of transcatheter PVR (TPVR) procedures. 
Catheterization may also be useful in assessing patients 
before surgical intervention to clarify whether concomi-
tant interventions are indicated (eg, branch pulmonary 
arterioplasty) or to ascertain hemodynamic conditions 
that may be associated with procedural risk or merit pre-
operative or perioperative therapy (eg, heart failure or 
pulmonary hypertension). Selective coronary angiogra-
phy is performed to assess the feasibility of TPVR proce-
dures and to detect associated coronary artery disease 
in adults with rTOF.64

RATIONALE FOR PVR
As detailed in the Pathophysiology section, surgical repair 
of TOF often results in hemodynamically significant PR, 
which, along with other contributing factors, leads to a 
pathophysiological cascade, resulting in increasing long-
term rates of morbidity and mortality.65,66 PVR is highly ef-
fective at eliminating or greatly reducing PR and has been 
shown to improve clinical outcomes in rTOF.67 In selected 
patients with rTOF and PR, leaflet and annular repair pro-
cedures may provide an alternative to PVR for restoring 
pulmonary valve competence.68 Appropriately timed PVR 
has been associated with improved RV dimensions and 
function, biventricular mechanics, symptoms, and clinical 
outcomes, including freedom from death and sustained 
VT.67,69,70 Studies using CMR have demonstrated reduc-
tions of up to 30% to 40% in RV end-diastolic and end-
systolic volumes as early as 4 to 6 months after PVR in 
both children and adults.69,71 By restoring pulmonary valve 
function, PVR improves ventricular loading conditions and 
decreases septal shift toward the LV, thereby augmenting 
LV volumes.12 Studies evaluating recovery of RV and LV 
systolic function after PVR have been inconsistent, with 
some reporting no change and others finding improve-
ment in regurgitation volume–adjusted RV function,70–72 
although empirical evidence supporting such adjustment 
is lacking. Furthermore, depressed pre-PVR RV ejection 
fraction <40% (without adjustment for volume load) has 
been shown to be an independent predictor of adverse 
clinical outcomes after PVR.31

Clinically, many patients report fewer cardiac symp-
toms after PVR, and studies have consistently demon-
strated improvement in New York Heart Association 
functional class.70 In contrast, data on changes in  
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exercise capacity, QRS duration, and arrhythmia risk after 
PVR are conflicting. Some studies have noted improve-
ments in objective measures of aerobic capacity (eg, 
peak Vo2, ventilatory aerobic threshold) after PVR73,74 
whereas others have not.71,75 Similarly, some studies have 
found a reduction in the incidence of VT after PVR,76 
whereas others have found no significant change in the 
frequency of arrhythmias.77,78

The variability in these outcomes after PVR across 
studies and patients suggests that preoperative factors 
affect the extent of ventricular remodeling and symptom 
improvement. Investigations into preoperative ventricular 
volumes and mechanics, RVOT anatomy, electrocardio-
graphic parameters, and cardiorespiratory fitness, among 
other variables, have emphasized the importance of PVR 
timing.79,80 Studies on the pathophysiology and outcomes 
of patients with rTOF have shown that delaying PVR until 
the occurrence of irreversible mechanoelectrical cardio-
myopathy is associated with poor clinical outcomes.31,81 
At the same time, evidence exists that prematurely 
implanting a pulmonary valve is associated with risks 
of morbidity and reinterventions.82 Currently, there is a 
lack of rigorous information on the optimal timing of PVR 
before irreversible myocardial damage occurs. A recent 
multicenter study of 1143 patients with rTOF observed 
death or sustained VT in 7.2% of individuals (n=82) at a 
mean follow-up of 8.3±5.2 years. A propensity score was 
used to match patients with PVR to patients without PVR. 
Compared with patients without PVR, those with PVR 
had a 59% decrease in risk of death or sustained VT 
(hazard ratio, 0.41 [95% CI, 0.21–0.81]; P<0.01). Fur-
thermore, the benefits of PVR were greatest in patients 
with RV end-systolic volume index >80 mL/m2 (hazard 
ratio, 0.32 [95% CI, 016–0.62]).67

TECHNICAL CONSIDERATIONS FOR 
SURGICAL PVR
Various prostheses have been used for surgical PVR 
(SPVR). These include stented and stentless biopros-
theses, biological conduits, mechanical valves, and 
surgeon-fashioned expanded polytetrafluoroethylene 
valves and conduits. Stented bioprostheses created from 
bovine pericardium (eg, CE PERIMOUNT Magna, Magna 
Ease, and Inspiris Resilia from Edwards Lifesciences) or 
mounted porcine valves (eg, Hancock II and Mosaic from 
Medtronic, Epic and Epic Plus from Abbott) are the most 
used valves because of their availability and durability, 
no absolute need for anticoagulation, and the ability to 
provide a landing zone for future transcatheter valves. 
Biological conduits include pulmonary and aortic ho-
mografts, bovine jugular valve conduits (Contegra from 
Medtronic), and bioprosthetic conduits with porcine or 
bovine pericardial valves.

SPVR is a relatively safe procedure with a periop-
erative mortality rate of 0% to 4.1%, with most series 

reporting rates of 1% to 2%.84–91 Older age at reopera-
tion, a greater number of previous sternotomies, and the 
need for urgent surgical intervention are risk factors for 
higher mortality and longer length of stay.86,87,89 On aver-
age, pulmonary valve deterioration in bioprostheses and 
biological conduits (defined as peak Doppler velocity >4 
m/s or severe regurgitation) tends to occur after 10 to 
15 years after implantation.85 Long-term freedom from 
reintervention has been shown to be 99% at 1 year, 
94% to 98% at 5 years, 83% to 96% at 10 years, and 
52% to 89% at 15 years, depending on age at implan-
tation and valve size.84,85,88–90,92–94 In general, reinterven-
tion rates are higher with younger age, smaller valves, 
worse postimplantation hemodynamics, and lack of a 
native RVOT (ie, pulmonary atresia).84,91,92,94,96 The per-
formance and durability of the different types of biologi-
cal valves and conduits appear to be relatively similar, 
although some studies suggest that bovine pericardial 
valves,91,97 in particular Mitroflow valves,94 are associated 
with worse durability. Antiplatelet therapy is commonly 
used after implantation, although some studies have 
suggested that the use of vitamin K inhibitors for anti-
coagulation may decrease the rate of pulmonary valve 
deterioration.85,91 The use of bovine jugular conduits has 
been associated with a higher risk of late endocarditis.98

Mechanical valves require anticoagulation, have 
potential thromboembolic risks, and preclude the use of 
transcatheter valves in the future. These valves should 
be considered only in highly selected adult patients such 
as those who require anticoagulation for other reasons 
and have had accelerated deterioration of other tissue 
prostheses.99 There are limited data on long-term results 
of handmade expanded polytetrafluoroethylene valves 
and conduits; thus, they continue to be experimental at 
this time.

Selection of the optimal valve for SPVR should be indi-
vidualized according to availability, patient characteristics, 
and an overall lifelong strategy that aims to minimize the 
number of reoperations. It is important to optimize valve 
hemodynamics to decrease the long-term risk of rein-
tervention. Young children or those with a prior conduit 
may benefit from placement of a new biological conduit, 
although in older patients, bioprosthetic valves can also 
be placed within a previous conduit. For older patients, an 
appropriately stented bioprosthetic valve may provide the 
optimal solution and allow future placement of transcath-
eter valves. In certain patients, a conduit may be consid-
ered instead if thought to provide better hemodynamics.

TECHNICAL CONSIDERATIONS FOR 
PERCUTANEOUS PVR
TPVR was initially described in 2000 and has be-
come a mainstay in the treatment of postoperative 
RVOT dysfunction in patients with TOF and other  
conditions.100–102 The first available TPVR devices, The 
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Melody valve (Medtronic Inc, Minneapolis, MN) and sev-
eral years later the Sapien valve (Edwards Lifescienc-
es, Irvine, CA), are stent-mounted balloon-expandable 
valves that were designed to treat RVOT conduit dys-
function and acquired aortic valve stenosis, respec-
tively. Accordingly, their initial role in management of 
postoperative RVOT dysfunction was to treat stenosis, 
regurgitation, or mixed dysfunction of conduits or sur-
gical bioprosthetic valves, for which they are generally 
reliable and successful.100–102 However, the substantial 
anatomic heterogeneity of the patched RVOT,103 along 
with considerable dynamic variation in many cases, 
poses unique challenges for which these balloon- 
expandable valves are not ideally suited. Although sev-
eral series have reported outcomes of Melody valve 
implantation for PR or mixed disease after nonconduit 
RVOT repair,104,105 this valve (which has a maximum in-
tended diameter of 22 mm and a maximum effective 
diameter of ≈24 mm) is suitable primarily for young-
er/smaller patients and those with RVOT obstruction 
or mixed obstruction and PR. With the introduction of 
larger-diameter (29 mm) second- and third-generation 
Sapien valves, treatment became feasible in a larger 
subset of patients with TOF with predominant PR and 
a native/patched RVOT,102 although many were still not 
candidates for anatomic reasons. Although preliminary 
outcomes in patients with PR after surgical RVOT aug-
mentation have been favorable with Melody and Sapien 
valves, longer-term data are limited.

The emergence of self-expanding transcatheter pul-
monary valve prostheses designed expressly for patients 
with larger patched RVOT anatomy, particularly those 
with rTOF, has expanded the population eligible for 
TPVR substantially. The Harmony valve was approved 
by the US Food and Drug Administration for the treat-
ment of postoperative PR in early 2022,106 followed soon 
thereafter by the Alterra adaptive prestent, which is con-
figured as a landing platform for a Sapien S3 valve.107 
Other conceptually similar valves, including the Venus P 
(Venus Medtech, Shanghai, China),108 Pulsta (TaeWoong 
Medical Co, Gyeonggi-do, South Korea),109 and Med-
Zenith PT (Beijing Med-Zenith, Beijing, China)110 valves, 
have been used outside the United States in the same 
population. Experience with these valves is limited, so it 
would be premature to offer conclusions about efficacy, 
but they all appear to be technically straightforward to 
implant and to perform well in the short term. Midterm 
data for the Harmony, Pulsta, and Venus P valves are 
encouraging.100,111,112 Between them, currently available 
self-expanding and balloon-expandable transcatheter 
pulmonary valves seem to be suitable for a majority of 
patients with rTOF with a patched/native RVOT, although 
there remain patients with anatomy that is not appro-
priate for various reasons (RVOT too large, too short, 
unfavorable shape). If the promise of these technologies 
holds up beyond the current early adoption stage, they 

will likely become established as suitable alternatives 
to SPVR in many patients with rTOF and PR through 
a large native/patched RVOT and may be preferable in 
others, particularly those deemed to be at relatively high 
risk for open heart surgery.

HOW TO CHOOSE BETWEEN 
TRANSCATHETER AND SURGICAL PVR?
Many patients with an indication for PVR will be eli-
gible for either SPVR or TPVR. Unbiased comparisons 
between both techniques are not possible because of 
differing indications and patient populations in the few 
retrospective and observational studies available.113–119 
Before expanded application of the newer-generation 
Sapien valves to treat PR after RVOT patch repair and, 
more recently, the emergence of self-expanding trans-
catheter pulmonary valves, SPVR and TPVR experiences 
were not necessarily comparable. The TPVR experience 
has consisted predominantly of transcatheter valve–in–
conduit and transcatheter valve–in–bioprosthetic valve 
implantations, with a smaller, albeit growing, contingent 
of patients who undergo TPVR into a native, patched 
RVOT with PR.

There are some obvious differences between tech-
niques and some areas that require further clarifica-
tion. TPVR does not involve sternotomy or thoracotomy, 
as SPVR does, which inevitably entails differences in 
the recovery time. In general, postprocedural mortal-
ity rate is similar and low for both techniques (0.5%–
≤2%).113,114,118,120,121 Postprocedural hospitalization tends 
to be longer with SVPR,117,118,120,122 although the cost 
in both the short term118,122 and long term121 is similar 
between both techniques. Complications are unique to 
one therapy or the other (eg, embolization of a transcath-
eter valve or sternal wound infection after surgery), mak-
ing comparisons between techniques difficult.120

As noted, impartial long-term data comparing SPVR 
and TPVR are not yet available. One frequently raised 
difference is that transcatheter devices are a newer 
technology, whereas SPVR has been performed for sev-
eral decades and has been studied extensively. Although 
this is true for overall SPVR, it is not necessarily true 
for every surgical prosthesis type, and the literature is 
inconclusive when it comes to durability and compli-
cations based on specific valve type. Both SPVR and 
TPVR seem to have a similar incidence of repeat inter-
ventions in the midterm.113,114,117 Although some studies 
have shown similar rates of endocarditis between the 2 
techniques,114,116 others120,123 have shown a higher inci-
dence of endocarditis in patients after TPVR. The long-
term survival is similar with both techniques.114

Patients with RVOT dysfunction will likely require 
many procedures throughout their lifetime. A coordi-
nated approach between the patient’s primary cardi-
ologist, surgeon, and interventionalist incorporating 
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both modalities throughout the patient’s lifetime likely 
provides the optimal strategy to reduce long-term 
morbidity. Several patient-, clinician-, and technology-
related considerations should be taken into account 
in the selection of a valve implantation approach for 
a particular patient and setting (Table 4).124 These 
considerations include, among others, age, body size, 
particular anatomy of the RVOT and adjacent struc-
tures, prior implantation of valves or conduits, presence 
of coexisting abnormalities needing to be addressed, 
number of previous sternotomies, expected number 
of future PVRs, presence of endocarditis, presence 
of pacemaker leads, comorbidities, surgical risk, and 
institutional experience. A multidisciplinary approach 
with shared decision-making will likely ensure the best 
short- and long-term results in each setting. Of course, 
therapeutic options are continually evolving, and it will 
be important in the future to consider the role of other 
emerging technologies such as living allogenic heart 
valve transplantation or other new surgical or trans-
catheter prosthetic valves.125

INDICATIONS FOR PVR
The overarching goals of PVR are to prolong life and to 
minimize morbidity. Research over the past 30 years has 
led to our current understanding of the pathophysiology 
and natural history of rTOF, which informs our thinking 
about the optimal timing of PVR. Patients with rTOF 
experience 3 pathophysiological phases: (1) a com-
pensated phase during which the postrepair hemody-
namic burdens are well tolerated with few or no cardiac  

symptoms, RV enlargement and hypertrophy are com-
pensated, systolic function is preserved, and the risk of 
major adverse outcomes is low; (2) transition from com-
pensated RV volume or pressure overload to irreversible 
adverse RV remodeling, during which the potential for 
reversal of ventricular remodeling is possible but the risk 
of adverse outcomes remains low; and (3) development 
of irreversible electromechanical cardiomyopathy with 
an exponential increase in the risk of adverse outcomes, 
including death, heart failure, and major arrhythmias.12 
Given that PVR is associated with risk of complications 
and that all replacement bioprosthetic valves undergo 
time-related degeneration requiring repeat intervention, 
indications for PVR aim to identify patients during phase 
2, when the risk-benefit balance is most favorable. PVR 
during phase 1 might expose patients to unwarranted 
risks while affording minimal benefit, whereas delaying 
PVR until patients reach phase 3 exposes them to risks 
of poor clinical outcomes and adverse RV remodeling 
may be too advanced to realize the full benefit of the 
procedure. Therefore, published indications for PVR have 
generally aimed to identify biomarkers of the transition 
from phase 2 to phase 3.

Prior published guidelines for PVR in this popula-
tion have relied mostly on single-center retrospective 
studies with surrogate outcome measures.39a,127,128 
Furthermore, it is unclear whether the emphasis these 
suggestions place on identifying an RV end-diastolic 
volume index threshold (usually 150–160 mL/m2) 
that optimizes return to normal range after PVR are 
associated with appreciable clinical benefit. Pastor et 
al,129 in a study of 189 young adults with rTOF, noted 
that mild or moderate RV dilatation after PVR was not 
associated with adverse clinical outcomes, questioning 
whether there is undue emphasis on RV end-diastolic 
volume index in PVR guidelines. More recent guidelines 
also emphasized RV end-systolic volume index (end- 
systolic volume index ≥80 mL/m2), which reflects both 
RV size and function. However, despite evidence that 
pre-PVR ventricular dysfunction is associated with 
adverse outcomes after PVR,31 several recent guidelines 
have been vague on thresholds for RV or LV dysfunction 
that warrant consideration of PVR (Supplemental Table).

Figure 2 proposes a framework for considering PVR in 
patients with rTOF. This framework is informed by recent 
evidence from large multicenter cohort studies, including 
CORRELATE (Comprehensive Outcomes Registry Late 
After Tetralogy of Fallot Repair),33 CONCOR (Congeni-
tal Corvitia),28 and INDICATOR (International Multicenter 
TOF Registry).13,67,130 A notable addition to the proposed 
framework is the INDICATOR risk calculator,13,131 which 
incorporates patient age at evaluation, obesity (body 
mass index ≥30 kg/m2), type of TOF repair, RV end- 
systolic volume index, and biventricular global function 
index, a recently described measure incorporating LV and 
RV volume, mass, and function.32 The risk prediction utility 

Table 4.  Factors Potentially Favoring SPVR or TPVR in 
Patients With RVOT Dysfunction

Factors favoring SPVR Factors favoring TPVR

Coexisting abnormalities requiring 
surgical intervention (eg, tricuspid 
regurgitation, aortic disease, 
residual shunting)

Arrhythmias that can be addressed 
surgically

Inability to place adequately sized 
transcatheter valve because of the 
anatomy of RVOT or nonfracturable 
prosthesis

Concerns for coronary compression 
with transcatheter valve

Presence of pseudoaneurysm

Multilevel obstruction not 
addressable with transcatheter 
techniques

Active endocarditis

Isolated RVOT lesion that can 
be adequately addressed with a 
transcatheter valve

Appropriate RVOT anatomy for 
implantation of a transcatheter valve

Palliation for pediatric patients 
requiring frequent interventions

High surgical risk (eg, severe 
cardiac dysfunction, multiple prior 
sternotomies, hazardous surgical 
reentry, comorbidities)

Institutional experience in safely 
performing transcatheter procedures

RVOT indicates right ventricular outflow tract; SVPR, surgical pulmonary valve 
replacement; and TPVR, transcatheter pulmonary valve replacement.

Adapted from Stephens et al.124 Copyright © 2022, with permission from 
Elsevier.
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of the biventricular global function index has been dem-
onstrated in patients with various acquired and congenital 
heart conditions, including rTOF.32,132–135 Given that biven-
tricular global function index incorporates RV volumes 
and mass, these parameters are not listed separately 
in the proposed framework. Although Mayourian et al13  
identified an INDICATOR risk score ≥4 as optimally dis-
criminating between patients with low risk and those with 
high risk for 10- and 15-year mortality, the framework in 
Figure 2 proposes a risk score ≥3 for considering PVR. 
The rationale for this and other progressive criteria is to 
identify patients well before transition to pathophysiology 
phase 3. Last, as with all clinical pathways, this frame-
work will undoubtedly evolve as knowledge expands, 
new biomarkers are refined, and the longevity of valves 
used for surgical or TPVR continues to improve.

INDICATIONS FOR REPEAT PVR
TPVR within a previously implanted surgical biopros-
thesis, or valve-in-valve TPVR, can be performed  

successfully with Melody and Sapien balloon-expandable  
devices. When considering whether to replace a dys-
functional bioprosthesis with a catheter valve or a new 
surgical valve, we should consider several factors, in-
cluding the size of the surgical valve and the ability to 
implant a sufficiently large transcatheter valve, surgical 
risk, and what each option will confer with respect to fu-
ture interventions. In some patients, it might be prefer-
able to implant a larger surgical bioprosthesis with the 
expectation of performing valve-in-valve TPVR when 
the new surgical valve develops dysfunction, whereas 
in others, a TPVR would yield a good hemodynamic 
and procedural result with little downside. In other 
words, when decisions are being made about TPVR or 
SPVR for bioprosthetic valve failure, it is critical to have 
a multidisciplinary approach considering the lifetime 
management of the patient. However, it is important to 
recognize that attempts to shift risk earlier or later are 
only speculative; new valve technologies continue to 
emerge, and projections about options available in 10 
to 20 years in the future may not be accurate.

Figure 2. Framework for clinical decision-making for PVR in patients with repaired TOF.
Pressure measurements are by Doppler echocardiography or cardiac catheterization. Volume measurements are by cardiovascular magnetic 
resonance (CMR) or computed tomography. Flow measurements are by CMR. Peak Vo2 (oxygen consumption) was obtained by exercise stress 
test with gas analysis; values are percent expected for age and sex. An online calculator for the INDICATOR risk score is available at https://
github.com/rTOF-INDICATOR/Mortality-Risk-Score.131 BMI indicates body mass index; EDV, end-diastolic volume; EP, electrophysiology; ESV, 
end-systolic volume; F/U, follow-up; ICD, implantable cardioverter defibrillator; INDICATOR, International Multicenter TOF Registry; LV, left 
ventricular; LVEF, left ventricular ejection fraction; PA, pulmonary artery; PR, pulmonary regurgitation; PS, pulmonary stenosis; PVR, pulmonary 
valve replacement; RV, right ventricular; RVEF, right ventricular ejection fraction; RVOT, right ventricular outflow tract; RVSP, right ventricular 
systolic pressure; and TOF, tetralogy of Fallot. 
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Guidelines and suggested criteria for intervention in 
patients with rTOF typically focus on the circumstance of 
PR, RV volume overload, RVOT obstruction, and RV sys-
tolic function. After PVR, whether surgical or transcathe-
ter, dysfunction of the bioprosthesis can involve stenosis, 
regurgitation, or mixed disease, and criteria for interven-
tion in such situations are not always clear. Among the 
important mitigating circumstances that can complicate 
such decisions is declining RV or LV function, and further 
research is warranted to determine whether the thresh-
old for repeat valve implantation should be more proac-
tive than the initial PVR.

MANAGEMENT OF ARRHYTHMIAS
Supraventricular arrhythmias develop in ≈30% of pa-
tients with rTOF and are attributed to anatomic and 
hemodynamic postoperative sequelae.136 The most 
common form is intra-atrial reentrant tachycardia, a con-
sequence of repetitive wavefront propagation through 
regions of slow conduction.137 Catheter ablation has 
emerged as the first-line treatment modality for elimina-
tion of intra-atrial reentrant tachycardia among patients 
with rTOF given the improved outcomes associated with 
3-dimensional mapping and irrigated catheter ablation 
technology in the modern era.138 Beyond intra-atrial re-
entrant tachycardia, atrial fibrillation becomes common 
in the aging TOF population, particularly after the fifth 
decade of life, in whom catheter-based pulmonary vein 
isolation is increasingly used. For patients referred for 
SPVR, concomitant arrhythmia surgery with modified 
Cox-maze IV procedure with or without ligation of the left 
atrial appendage is often performed.139

Sustained monomorphic VT is the most common 
form of life-threatening arrhythmia in rTOF, making up 
between 70% and 86% of ventricular arrhythmia epi-
sodes.44 Histological and endocardial mapping data 
suggest that adjacent ventricular myocardium in the 
RVOT undergoes progressive degenerative remodeling 
in the decades after repair, ultimately establishing the 
slowly conducting anatomical isthmuses that support 
reentrant VT.49,140

Risk assessment strategies for the primary preven-
tion of sudden cardiac death in patients with rTOF 
continue to evolve. Currently, calculation relies on a 
constellation of clinical and imaging biomarkers sup-
plemented by invasive electrophysiology testing when 
an intermediate risk for sudden cardiac death is sus-
pected.141 In patients with sustained VT, the 2020 Euro-
pean guidelines suggest invasive electrophysiology 
testing before PVR (Level of Evidence IIB).127 Radiofre-
quency catheter ablation is increasingly used to elimi-
nate VT circuit pathways in these patients.142,143 Clear 
documentation of bidirectional block after catheter 
ablation is essential and can achieve an acceptably low 
risk of ventricular arrhythmia recurrence.143 A recent 

multicenter observational study evaluating the utility 
of routine pre-PVR invasive electrophysiology testing 
identified inducible sustained VT in 23% of patients, 
prompting catheter ablation in 15%, surgical cryoab-
lation during PVR in 3%, and implantable cardioverter 
defibrillator (ICD) implantation in 8%.49 Intraoperative 
cryoablation of VT substrate is an adjunct treatment 
during SPVR in selected patients.144 In some patients, 
pre-PVR invasive electrophysiology testing may inform 
the choice between SPVR and TPVR.

For patients with rTOF and resuscitated sudden car-
diac death or sustained monomorphic VT, ICD placement 
is indicated.141 Although highly effective for the preven-
tion of sudden cardiac death, adverse outcomes after 
ICD placement in patients with rTOF, including device-
related infections and inappropriate shocks, negatively 
affect quality of life.145 Recently, subcutaneous ICD has 
been shown to be associated with equivalent defibril-
lation efficacy and may circumvent many limitations of 
lead failure and intravascular infection.146 A major dis-
advantage, however, is the absence of antitachycardia 
pacing for monomorphic VT.147 Therefore, a subcutane-
ous ICD may be appropriate for patients in whom poly-
morphic VT or VF constitutes the primary implantation 
indication.

LONG-TERM SURVEILLANCE
Patients with rTOF require lifelong surveillance to detect 
preclinical onset of mechanoelectrical cardiomyopathy, 
prompting consideration of medical, electrophysiologic, 
catheter-based, or surgical interventions. Surveillance 
consists of clinical and multimodality testing tailored to 
patient age and clinical status (Table 3). In general, im-
aging surveillance in children relies primarily on echo-
cardiography, whereas CMR and exercise testing are 
suggested beginning at 12 years of age.148 CMR or 
computed tomography is indicated in children only when 
clinical, electrocardiographic/rhythm monitor, and echo-
cardiography are concerning for changes in RV size or 
function that may warrant catheter-based or surgical in-
tervention such as PVR. Echocardiographic surveillance 
should use a comprehensive imaging protocol54 because 
evidence from routine clinical practice has demonstrated 
that key diagnostic elements remain underreported or 
unreported.149

Surveillance in adolescents and adults with rTOF 
encompasses regular clinical evaluations in an adult 
congenital heart disease clinic along with diagnostic 
testing tailored to the severity of illness as outlined by 
the American College of Cardiology/American Heart 
Association management guidelines for adult congeni-
tal heart disease care.39a Frequency of testing varies 
according to age, diagnostic modality, and acuity of ill-
ness as designated by physiological stage (A through 
D) (Table 3).54 For example, CMR can be considered 
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every 60 months for stage A, every 24 to 36 months for 
stage B, every 24 months for stage C, and every ≤12 
months for stage D. Several studies have demonstrated 
that interval deterioration is relatively uncommon in 
adults,150,151 with 1 study of 339 patients with rTOF with 
849 CMR studies demonstrating that the optimal sur-
veillance frequency for the detection of clinically impor-
tant disease progression (defined as an increase in RV 
end-diastolic volume index of ≥30 mL/m2, RV ejection 
fraction decline ≥10%, or LV ejection fraction decline 
≥10%) was 36 months.151

FUTURE RESEARCH
There are many important unanswered questions relat-
ed to the pathophysiology, management, and outcomes 
of RVOT dysfunction after TOF repair. The most impor-
tant future research related to this area should aim to 
determine how to improve outcomes and prevent harm-
ful consequences of the deleterious pathophysiology 
in this population. Potential areas of focus include a 
deeper understanding and early detection of subclinical 
myocardial disease; methods of identifying or anticipat-
ing pathophysiological transformation from reversible 
to irreversible cardiomyopathy; the development of less 
invasive and more durable, safe, and effective therapies 
to eliminate or mitigate the consequences of RVOT dys-
function; and methods of promoting right-sided heart 
recovery from the accumulated insult of chronic RVOT 
dysfunction. In particular, additional research is needed 
to better understand (1) the ideal timing for PVR, in-
cluding whether there are accessible clinical metrics, 
imaging biomarkers, or other data (eg, exercise, elec-
trophysiological, serum biomarkers, social determinants 
of health) corresponding to the progression of adverse 
remodeling or that can anticipate changes in potential 
for therapeutic benefit of PVR; (2) patient-related, pro-
cedural, or other factors associated with the variable RV 
geometric and functional response to PR; (3) whether 
there are medical therapies that can ameliorate or miti-
gate the adverse impacts of PR, RVOT obstruction, or 
both; (4) factors associated with and how to mitigate or 
prevent deterioration of LV function in this population; 
and (5) whether it is possible to provide better protection 
at the time of initial repair against the anatomic, electri-
cal, and hemodynamic sequelae of the repair leading to 
RV and LV deterioration over time (eg, further refine-
ments of the initial TOF repair with development of novel 

techniques to preserve or restore pulmonary valve func-
tion). Additional research will also aid in the (1) develop-
ment of longer-lasting PVR options (eg, allogenic valve 
transplantation,125 improved transcatheter options) and 
research into risk factors and outcomes of endocarditis 
complications after TPVR or SPVR; (2) establishment 
of new prospective multicenter registries to gain new 
insights into the evolving natural history and pathophysi-
ology of repaired TOF and to inform future interventional 
trials; and (3) exploration of the potential impact of ge-
netic anomalies on risk stratification and the potential 
for patient-specific therapies. Of course, there are many 
other important areas of research related to this popula-
tion, but these topics offer the potential for some of the 
highest clinical impact.
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