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ABSTRACT

Tetralogy of Fallot with pulmonary stenosis has a diverse clinical
spectrum with the degree of right ventricular outflow tract obstruction
(RVOTO) and size of the branch pulmonary arteries driving clinical
management. Optimal surgical management involves consideration of
patient clinical status and degree and location (subvalvar, valvar, and
supravalvar) of RVOTO. Timing of repair requires multidisciplinary

The constellation of mal-aligned ventricular septal defect
(VSD), aortic override and pulmonary stenosis (PS), and its
resultant right ventricular hypertrophy (RVH) were formally
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Function

RESUME

En contexte de tétralogie de Fallot (TF) avec sténose pulmonaire (SP),
le degré d’obstruction a I'éjection du sang par le ventricule droit
(OESVD) et le diamétre des branches des artéres pulmonaires se
caractérisent par divers tableaux cliniques et motivent la prise en
charge clinique. Pour une prise en charge chirurgicale optimale, le
statut clinique du patient ainsi que le degré et I'emplacement de

coined tetralogy of Fallot (ToF) by Etienne-Louis Fallot in
1888." The clinical management of these cyanotic children
paved the way for modern congenital heart surgery with the
Blalock-Thomas-Taussig (BTT) shunt being used to palliate
these children in 1944 and subsequent complete repair in 1954
using cross-circulation and some of the earliest ever use of
cardiopulmonary bypass.”’ Complete surgical repair has now
become routine during infancy with excellent postrepair sur-
vival into adulthood of 95%-98%. This has created an
expanding population of repaired patients, many now into
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decision-making and complete surgical repair with relief of RVOTO by
either transannular patch or valve sparing repair techniques. The
central goals of contemporary surgical management of tetralogy of
Fallot incorporate maximizing survival, minimizing reintervention, and
preserving right ventricular function across the lifespan.

middle and even old age so that, more than almost any other
congenital heart lesion, we are learning how the early man-
agement and the specifics of surgical technique have lifelong
implications on reinterventions, quality of life, and longevity.
Key to this is the realization that maintaining the “health” of
the right ventricle needs to be a central consideration at every
step in the surgical management and decision-making for ToF.

Thus, the “Optimal Surgical Management” means not
only choosing the right operation at the right time, but about
balancing the need and frequency of any reinterventions with
the maintenance of best possible right heart function. Woven
into this is the increasing role of catheter interventions in both
early and late management, such that surgeons and inter-
ventional cardiologists can integrate the need for both targeted
surgery and interventions as part of the optimal management
of the individual patient.

The diagnosis of ToF is one of the most common c?/anotic
heart lesions occurring in 3-5 per 10,000 live births,”” and it
encompasses a heterogeneous clinical spectrum including te-
tralogy with PS (ToF with PS), ToF with absent pulmonary
valve and ToF with pulmonary atresia (ToF/PA) with and
without major aortopulmonary collateral arteries. This review
will highlight the surgical management of ToF with PS and its
spectrum and not the rarer subtypes of ToF/PA/major aor-
topulmonary collateral artery and absent pulmonary valve,
which require separate consideration.

ToF With PS: Timing of Surgical Intervention

ToF with PS has a diverse clinical spectrum with the degree
of right ventricular outflow tract obstruction (RVOTO) and
size of the branch PAs driving clinical management. RVOTO
can occur in the subvalvular region, valvular level, and
supravalvular region. In the subvalvular region, the deviated
conal septum and right ventricular muscle bundles (RVMB)
can cause severe infundibular narrowing. Stenosis due to
annular hypoplasia (mild to severe) coupled with thickened
and tethered dysplastic pulmonary leaflets contributes to
pulmonary valvular stenosis. At the supravalvular level, nar-
rowing of the main pulmonary artery and branch PAs can
contribute to multilevel obstruction.

The clinical presentation of ToF encompasses those that
present with duct-dependent pulmonary blood flow or severe
cyanosis as neonates to those who have a “pink” ToF physi-
ology without cyanotic spells. In asymptomatic or stable pa-
tients with ToF, data support elective complete surgical repair
at 3-6 months of age. Although some centres of expertise
report good outcomes with neonatal repairs in asymptomatic
patients with ToF, neonatal repairs are typically reserved for
symptomatic patients with ToF with an absence of high-risk
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I’OESVD (avant, aprés ou au niveau de la valve) doivent étre pris en
considération. Le moment de lintervention chirurgicale doit étre
décidé par une équipe multidisciplinaire, et la technique de greffe en
piéce transannulaire ou une approche avec conservation de la valve
doit étre utilisée pour réaliser une réparation compléte. Les objectifs
principaux de la prise en charge chirurgicale actuelle de la TF sont de
maximiser la survie, de limiter les réinterventions chirurgicales et de
préserver la fonction du ventricule droit pour toute la vie du patient.

features such as weight <3 kg or small branch PAs (Nakata
index <100 mL/m?)"” (Fig. 1).

The over-riding trend in surgery for ToF over the past 30
years has been the move away from staged repair towards pri-
mary complete repair wherever possible. Nevertheless, staged
repairs have an important role in patients with ToF, albeit
almost entirely limited to symptomatic neonates and small
infants with factors felt to be too high risk for primary repair. In
children with important comorbidities (low birth weight, pre-
maturity, genetic abnormality, and neurological events) or the
presence of accessory left anterior descending artery or promi-
nent conal branch, palliating procedures can decrease associated
morbidity and mortality by deferring complete surgical repair.
In particular, small symptomatic neonatal ToF patients can
benefit from a staged procedure approach, and the choice of
palliative procedures that can be offered is evolving.

The Symptomatic Neonatal ToF: Palliative vs
Primary Complete Surgical Correction

Current standard of care supports elective repair of patients
with ToF between 3 and 6 months of age given the overall low
mortality and shorter length of intensive care unit (ICU) and
hospital stay.”*'*'" However, it is the symptomatic physi-
ology of cyanotic patents with ToF who present in the
neonatal period that requires special consideration. These
patients typically have multilevel RVOTO, small branch Pas,
and right ventricular (RV) noncompliance, and careful
consideration of anatomy and the impact of early surgical
intervention must be weighed. Longer ICU stays, increased
pacemaker requirements, and use of extracorporeal membrane
oxygenation are important considerations, in addition to
mortality.' >’

Primary neonatal repairs were pioneered in the 1990s, and
individual institutions demonstrate acceptable outcomes in
specific patient populations. In symptomatic patients with
ToF presenting in the neonatal period, primary neonatal
repair typically necessitates a transannular patch (TAP), patch
augmentation of branch Pas, and resection of RVMB in a
noncompliant neonatal myocardium. This can result in long
ICU stays due to restrictive physiology and arrhythmia and
the potential early reintervention on the branch PAs. The
highest risk cohort for those neonates undergoing a neonatal
primary repair include those less than 3 kg and those with
small branch PAs (Nakata index <100 mm/m?) with a so-
bering mortality of 7% in several large series/registries." "' """

Staged ToF Repair: Palliative Procedures
Palliative procedures that augment pulmonary blood flow
have evolved from the classic surgical systemic to pulmonary



354

Severe Cyanosis

CJC Pediatric and Congenital Heart Disease
Volume 2 2023

Mild Cyanosis -> Acyanotic

Major comorbidities

>3kg <3kg or premature
Nakata >100ml/m2 Nakata <100ml/m2

[Neonatal Repair ] Staged Repair
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Complete Surgical Repair ( 3-6 months)

Figure 1. Algorithm for the timing of surgical intervention for ToF. Symptomatic (cyanotic) patients with ToF can undergo a neonatal repair if low-risk
profile. These include infants with birth weight >3 kg and good size branch pulmonary arteries (PAs). The palliative or staged approach is preferred
for symptomatic ToF patients with important comorbidities or high-risk features such as low birth weight or small PAs. Complete surgical repair is
preferred at 3-6 months of age and is either the completion step for those who underwent a staged approach and those who are asymptomatic
(acyanotic) with standard risk profile. AVSD, atrioventricular septal defect; LAD, left anterior descending artery; PDA, patent ductus arteriosus; RV,

right ventricular; RVOT, right ventricular outflow tract obstruction.

shunts (ie, modified BTT shunt [mBTT shunt]) and now
include patent ductus arteriosus (PDA) stenting and RVOT
stenting. Classically, the mBTT shunt has been used at the
palliative procedure in a staged repair approach in ToF. The
Society for Thoracic Surgery reports that the 30-day mortality
for mBTT shunts is upwards of 7%, attributed to 1ts known
risk of coronary steal and sudden cardiac death.'” ToF pa-
tients with an mBTT shunt do better in comparison with
shunted single ventricle patients; however, one must also
consider the total accumulated risk in these patients with ToF
accrued() ]z;lso in the interstage and with their complete
repair.

Catheter-based interventions are evolving to have a central
role in these patients and may even replace the role of surgery.
PDA stenting achieves equivalent systemic to pulmonary
blood flow to the mBTT but has advantages in being more
distal in the arch and hence theoretically be less prone to
coronary steal, such that comparative studies and meta-
analyses increasingly favour the PDA stent over the mBTT
shunt.'®"®"” The RVOT stent use has increased over the past
10 years, with studies demonstrating the ability to grow the
branch PAs, and has the advantage of sustaining diastolic
pressure and prov1d1ng a more stable circulation, with very
good outcomes.”’** Expertise is required as tricuspid valve
injury can occur, whereas restenosis due to RV hypertrophy
can necessitate reintervention before the complete surgical
repair. The surgical excision of the stent at subsequent repair
can be challenging as it can integrate within the thin pul-
monary arterial wall. Procedural failure for catheter in-
terventions has been reported at 2%-17% across various
centres, and one must also be co%nlzant of possible access
complications in this population.'®

Surgical RV-PA conduits (4-5 mm polytetrafluoro-
ethylene) in the neonate offer a surgical equivalent of the
RVOT stent and have demonstrated ability to augment

pulmonary arterlal growth and avoid the potential issue of
coronary steal.”* Use in ToF palliation is limited, and one
must weigh risks of cardiopulmonary bypass and creation of a
ventriculotomy; however, it is an option available for staged
palliation in symptomatic neonatal ToF patients.

The symptomatic neonatal ToF requires a multidisci-
plinary team approach with consideration of anatomic details
and centre expertise. Primary neonatal ToF repair can be
performed in low-risk patients—those with good size branch
PAs and limited comorbidities. Staged palliation in high-risk
neonatal ToF patients who have small size branch PAs,
weight less than 3 kg, and multiple comorbidities allows for
mitigation of early mortality risk and allows for complete
surgical repair after somatic growth. The use of catheter-based
procedures as a bridge to complete surgical repair of ToF is
preferred over surgical palliation® (Fig. 1). Thus, although
surgery for ToF has moved much more towards primary
repair, “optimal surgical strategy” can still include a staged
approach in these specific high-risk groups, although surgical
palliative options are increasingly being preferred over surgical
shunts.

Complete Surgical Repair of ToF: Surgical
Considerations

Complete surgical repair of ToF typically occurs between 3
and 6 months of age and can be the first procedure for infants
with ToF or is the completion of a staged repair strategy for
those who presented in the neonatal period with severe
cyanosis or important comorbidities. Repair at this age carries
the lowest operative risk, and there is little evidence to support
delaying repair to a later age. Complete surgical repair of ToF
requires closure of the mal-aligned VSD and relief of the
RVOTO. The approach to relieving RVOT is dependent on

the underlying anatomy and can be influenced by centre-
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specific practices. The ideal is to minimize the need for any
ventriculotomy and to perform the repair transatrially, if
possible. The key decision is whether the pulmonary valve size
and annulus are adequate, or whether it needs to be sacrificed
to create an acceptable sized outflow tract. Thus, the 2 main
approaches, TAP repair and pulmonary valve sparing repair
(VSR; also known as annulus sparing), depend on the
morphology of the RVOT and institutional prefer-
ence—because there is no unifying consensus on cutoff values
with the main considerations centred around rates of rein-
tervention and preservation of RV function® (Fig. 2).

TAP remains the commonest approach to the RVOT, but
the VSR technique has become increasingly popular since its
introduction in the 1990s.'” TAP repair requires an incision
extending from the main pulmonary artery to the infundib-
ular region. RV muscle bundles are excised to further open the
infundibular area, the pulmonary valve leaflet tissue is
removed (partial or fully), and patch material is used to
augment the RVOT up to the bifurcation of the branch PAs
(Fig. 2A). The resultant physiology is an unobstructed RVOT
but with pulmonary insufficiency. Given the underlying RVH
and noncompliant myocardium, restrictive physiology (dia-
stolic dysfunction) and its associated low cardiac output can
complicate the early postoperative course and increase ICU
length of stay, especiallz if any residual RVOTO remains at
the infundibular level.'**

Valve sparing ToF repair consists of a transatrial, trans-
pulmonary approach that aims to spare a ventricular incision
and leave a competent pulmonary valve (Fig. 2B). RVMB are
excised through the atrial incision, whereas the pulmonary
valve is repaired through a pulmonary arteriotomy. The pul-
monary valve annulus is preserved, and pulmonary valve
repair consists of commissurotomies and delamination of
leaflets. Patch augmentation of the pulmonary valve sinuses
and main PAs can also be done in instances where there is
supravalvular stenosis. The valve sparing ToF approach can
typically be performed in infants without severe annular hy-
poplasia (z score < —3) (Fig. 3). Attempts to preserve the
annulus and valve at lower z scores require more aggressive
manoeuvres to open up the valvular area,”™” including
intraoperative balloon dilation of the pulmonary valve
annulus, typically via an infundibular incision, to relieve re-
sidual annular stenosis,”® whereas Hegar dilation can be per-
formed through the RVOT without an infundibular incision.
In some instances where the infundibular region cannot be
opened up with muscle bundle resection alone, an infundib-
ular patch can be placed. Ideally, the aim is to open up the
annular components to within 1 mm of the predicted size of
the pulmonary valve (or z score > —1). Reoperation for re-
sidual stenosis is more common if the repaired annulus has a z
score of < —1.5.””"" Initial attempts at VSR focused on at-
tempts in patients with a z score of <—3; however, more
groups have become more aggressive using techniques of
annular enlargement and commissural resuspension.”*"**
Thresholds of pulmonary annulus size that dictate both
short-term and long-term durability are currently not
defined.”” Critical to decision-making in the operating room
is the burden of residual lesions and the consequence of
reintervention. Short-term results of VSR support a well-
tolerated physiology in the postoperative period for those
that achieve adequate repair. As groups apply VSR techniques
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to more severe forms of ToF, careful attention to reinter-
vention rates will be required, and reporting on long-term
measures that include RV volumes, arrhythmia burden, and
exercise tolerance is needed.

Small branch PAs are patched out using autologous
pericardium (or preferred patch material). Augmentation is
taken out to the takeoff of the first branch and can be
required for 1 or both of the branch PAs. Careful attention
to the geometry of the branch PAs prevents kinking or
distortion, particularly when patching the main pulmonary
artery, as redundant patch can lead to kinking and necessitate
reoperation. Despite surgical augmentation, severe hypoplasia
of a branch PAs may still require subsequent rehabilitation
using balloon dilation or stenting in the percutaneous
balloon dilation or stenting.

Coronary arteries crossing the infundibulum require special
consideration in patients with ToF. These vessels can either be
a prominent conal branch or an anomalous left anterior
descending artery from the right coronary artery. Ideally, if
anatomy allows, the VSR (transatrial, transpulmonary)
approach would still be preferred; however, if an infundibular
or TAP is required, altered strategies for repair need to be
considered. Limited TAP may still be possible if the coronary
passes well below the annulus (and delaying repair to allow for
somatic growth, with staged repair if necessary, may enable
this), but an RV-PA conduit is often required, either running
parallel or replacing the native outflow track. Another tech-
nique is to fold back of the anterior wall of the pulmonary
artery to the ventricular incision with the subsequent recon-
struction of the RV-PA tract.”*

Residual lesions are poorly tolerated in ToF repair and, in
discussing the optimal approach to surgery, careful intra-
operative assessment is essential. Direct RV pressure mea-
surements are recommended, with ideally a right ventricular
systolic pressure (RVSP) < 1/2 to 2/3 systemic indicating
adequate relief of the RVOT.”" Higher RVSPs are less likely
to be tolerated in the setting of pulmonary regurgitation (and
so better tolerated in VSR techniques). Residual VSDs of >3
mm with a ratio of pulmonary perfusion to systemic perfusion
(QP:QS) of >1.5:1 should usually be addressed. If the VSR
technique results in peak gradients >30 mm Hg in the sub-
valvular region, revision by adding an infundibular patch may
be warranted. Creation of a small patent foramen ovale is
commonly used to offset the risks of restrictive physiology in
the early postoperative period and allow R-L shunting offload
the RV and maintain better systemic output. Patients with
severe restrictive physiology may benefit from delayed sternal
closure and by additional peritoneal drainage if there are high
right atrial pressures.

The use of a monocusp as an adjunct in the TAP has
shown inconsistent results, which may be related to different
techniques and different materials (polytetrafluoroethylene,
bovine pericardium, right atrial appendage, and cormatrix)
used to create a monocusp.””~’ A monocusp is a synthetic
oversized anterior patch that functions as a cusp to limit
pulmonary regurgitation in the setting of a TAP. A recent
meta-analysis demonstrated a reduction in ICU length of stay
and degree of postoperative PR; however, the impact on long-
term outcomes such as RV volumes and time to pulmonary
valve replacement (PVR) were not analysed.38 Single centres
have reported longer time to PVR and less RV dilation, but
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Figure 2. Relief of RVOT obstruction in ToF. Repair of ToF requires closure of VSD and relief of RVOT. (A) The transannular patch technique requires
ventriculotomy and patching of outflow track resulting in free pulmonary insufficiency. (B) The valve sparing repair typically involves RV muscle
bundle resection, pulmonary valve commissurotomies, and main pulmonary artery (MPA) patching. If residual subvalvular obstruction, an infun-
dibular patch may be required. RV, right ventricular; RVOT, right ventricular outflow tract; ToF, tetralogy of Fallot; VSD, ventricular septal defect.

lack of consistent results across various centres limits
interpretation.

This brief run through the essentials of ToF repair high-
lights the variety of techniques and approaches that are avail-
able. The optimal surgical repair aims to avoid ventriculotomy
as much as possible, preserve a competent pulmonary valve,
and minimize residual lesions—but this can only be achieved if
the anatomy allows, and leaving significant RVOTO at the
expense of preserving the valve is a delicate balance that may
risk high reintervention rates. Institutional preference remains
an important factor, and with operative survival for elective
ToF repair now being 98%-99%, the focus is increasingly on
the importance of minimizing residual lesions.

Considerations for Reintervention and RV
Function Across the Lifespan

The optimal surgical approach minimizes residual lesions
and the need for reintervention while optimizing RV function
over a lifespan (Fig. 4). This is constantly evolving as we learn
from older cohorts and evaluate new techniques and
technologies.

Reintervention either by catheter procedure or surgery is
an important consideration over a lifetime. Branch PAs,
restenosis of RVOT, and PVR are common after the com-
plete repair of ToF. Restenosis or residual RVOT stenosis
after VSR can be seen, and importantly, this increases when
repair occurs in %patients with severely hypoplastic annuli (z
score < —4).5°? Reintervention for RVOTO correlates
closely with the residual RVOT gradient (or RVSP) at the
time of surgical repair. Large cohort studies that examine
TAP vs VSR tend to show that valve preservation is generally
associated with lower reintervention rates, even in the face of
mild residual PS.>” However, this is not always the case,”""!
which again falls back to institutional preference and the risk
of pushing too hard to preserve the annulus at the expense of

higher intervention for RVOTO. As VSR was typically

performed in those with mild-moderate annular hypoplasia,
these can represent distinct subpopulations; however, it re-
iterates the principle of limiting chronic RV overload to
improve overall cardiac health.

Chronic RV volume overload can precipitate RV
dysfunction and increasing risk of ventricular arrhythmia,
heart failure, and sudden death.””*’ This is increasingly a
concern as larger cohorts of patients with ToF repaired in the
early 70s are now reaching middle age. Studies must start to
incorporate both structural metrics of RV health but also
metrics around quality of life, exercise tolerance, and burden
of reintervention.

VSR techniques limit RV volume overload in the short
term; however, repairs are not always long lasting as the valves
are inherently dysplastic and unsupported. Families must be
counselled around potential reintervention and PV replace-
ment in early adulthood. In various reports, when aggressive
dilation or VSR techniques are used, pulmonary regurgitation
> mild can be found in over 50% of patients with up to 15%-
20% requiring reintervention or reoperation.””*” TAP repair
relieves all RVOTO but subjects the ventricle to chronic
volume overload and necessitates replacement of the pulmo-
nary valve. However, more cautious transannular incisions
with very limited disruption of the RVOT may have better
long-term freedom from any reintervention,** which again
emphasizes the importance of the individual surgeon or
institutional technique when interpreting these outcomes.
How the use of the monocusp technique modifies the tra-
jectory of these patients and remodelling of the RV in the
long-term remains a subject of debate, but it would seem that
a monocusp generally only provides short-term benefits in
RVOT competence. Defining the optimal pulmonary annulus
size for VSR that minimizes RVOT residual stenosis and
pulmonary insufficiency is the holy grail, and current evidence
suggests that a z score of around —2.5 is close to the limit
where valve competence can be preserved with durable low
reintevention rates.
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multilevel RVOTO
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Anatomical features VSD, RVMB and valvular
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Annular z score <-1
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RVOTO
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Figure 3. Surgical decision-making for patients with ToF. The type of surgical repair for patients with ToF is dependent on anatomy and degree of
stenosis. PS, pulmonary stenosis; RVMB, right ventricular muscle bundles; RVOTO, right ventricular outflow tract obstruction; TAP, transannular
patch; ToF, tetralogy of Fallot; VSD, ventricular septal defect; VSR, valve sparing repair.

Ventricular dysfunction and arrhythmia are effects of
chronic RV volume overload, but the role of ventriculotomy
on late RV function is not fully understood. Use of TAP
obligates a ventriculotomy that leads to RV dysfunction and
scarring.”” The adjunct use of an infundibular patch in VSR
that is limited in its length has not consistently demonstrated
better outcomes with respect to RV function and scarring
compared with those with a long ventriculotomy (seen in early
ToF cohorts).”®"” Midterm and long-term outcome data
support limiting any ventriculotomy, whenever possible.*®
Residual RVOTO is probably better tolerated than volume
overload and chronic myocardial stretch in terms of preser-
vation of ventricular function—but any consequent chronic
RVH may not be good for RV health, and the mass:volume
ratio of the RV is an important determinant of major adverse
events, especially ventricular tachycardia.*’

The optimal surgical management of ToF needs to
recognize the lifelong implications of the condition, not only
to minimize residual lesions after the definitive repair bur also
to maintain the long-term “health” of the RV. This requires a
thoughtful balance of both minimizing the need for reinter-
ventions (which themselves can take a toll on myocardial
function) while still optimizing the functional environment
for the RV. Considerations of preload, afterload, myocardial
stiffness and stretch, tricuspid ventricular-ventricular in-
teractions, and pulmonary valve function as well as the
importance of conduction abnormalities and atrial rhythm are
paramount to optimizing the RV in ToF.

Pulmonary Valve Replacement: Surgical and
Percutaneous Options

Guideline indications for PVR include symptoms, exercise
intolerance, RV end diastolic volume index >160 mL/m?,
RV end systolic volume (80 mL/m?), reduction of RV
¢jection fraction, and arrhythmia.””*> PVR timing is typi-
cally in adolescence or early adulthood. Timing to PVR is
likely an interplay between genetics, residual lesions, and
fibrosis burden, but there has been a general trend to offer
PVR earlier rather than later to preserve RV function and
allow better chance for remodelling (ie, RV end diastolic
volume index 150-160 mL/mm®). Replacement by either a
transcatheter (PVRi) or surgically placed pulmonary valve
depends on anatomic considerations and concomitant le-
sions. The advent of transcatheter valves has changed the
landscape for the management of pulmonary regurgitation,
and utilization has increased steadily with expansion from the
Melody valve and Sapien XT to include Sapien 3,”" even
though surgery remains the most common option. An
anatomic consideration limiting PVRi in patients with ToF
who underwent TAP repair is an outflow tract larger than 35
mm and lack of a tubular landing zone. The Melody trial
demonstrated a 5-year freedom from reintervention of 76%,
with conduit rupture typically less than 4%, and recent
single centre reports show improved performance.’’ Infective
endocarditis (IE) is a late complication after PVRi and re-
mains a concern with rates of 7%-8% at 10 years with the
need for another PVR in 50% of those with IE.’*>® Direct
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Figure 4. ToF management over a lifetime. Example of lifetime optimal management of symptomatic ToF presenting as a neonate. Integration of
surgical and catheter-based techniques to achieve late adulthood. EF, ejection fraction; PA, pulmonary atresia; PVR, pulmonary valve replacement;
RV, right ventricular; RVEDVi, right ventricular end diastolic volume index; RVOT, right ventricular outflow tract; RVESVi, right ventricular end systolic

volume index; TAP, transannular patch; ToF, tetralogy of Fallot.

comparisons of PVRi with surgical PVR are lacking; how-
ever, a recent meta-analysis showed no difference in mortality
or repeat interventions with higher rates of IE in PVRi.”*”
The new generations of PVRI are rapidly evolving, and it is
likely that an increasing proportion of adult ToF patients will
become suitable for these larger caged valve systems such as
Venus P, Harmony, Alterra, and Pulsta systems.

Surgical PVR requires resternotomy and placement of a
bioprosthetic valve, but they are generally low-risk procedures.
Pericardial bioprosthetic valves are most commonly used with
freedom from reintervention at 10 years of 70%-85%. %
Application of valve-in-valve (VIV) technology to the pul-
monary valve has increased in recent years, and it is important
to facilitate potential transcatheter procedures in the future
when performing surgical PVR. Stented bioprosthetic valves
appear to be the ideal landing zone for subsequent PPVI and
many are even compatible with fracturing of the valve ring
with high-pressure balloons. Comparison of 1- and 3-year
outcomes suggests equivalent outcomes of mortality and
readmission or repeat PV intervention in patients undergoing
VIV.>® Choice of large bioprosthetic (>25 mm) and a valve
with the potential to fracture are important considerations
when surgically replacing a pulmonary valve to potentially
facilitate VIV in the future.

The optimal surgical strategy for ToF repair in the modern
era needs to take these new technologies into account and
consider creating an RVOT “landing zone” best suited to a
future PVRIi or a valve implant best suited to future VIV.

Future Directions

Management strategies for patients with ToF continue to
evolve as we learn from emerging cohorts. The optimal surgical
management of ToF across a patient’s lifespan requires multi-
disciplinary collaboration to guide decision-making around
staged ToF repairs, need for reinterventions, and PVR in later
years. Integration of surgical management with catheter-based
interventions across the patient’s lifespan is aimed at
decreasing morbidity and preserving RV health. Key questions
regarding surgical optimization need to be prioritized with
larger multicentre studies. The optimal surgical management
needs to preserve RV function across the spectrum of patients
with ToF, this means delineating the optimal anatomic criteria
for VSR that balance reintervention risk and valve competency
and define the ideal material for monocusp construction to
optimize TAP repairs. Adding to the armamentarium of tools

available for ToF management, precision medicine will help
integrate new basic science knowledge with our clinical tools.
Advances in genomics will increase the understanding of
different disease trajectories of ToF patients with respect to RV
dilation, diastolic dysfunction, and arrhythmia,”” while inno-
vation in bioengineering of ideal valve substitutes for neonates
and infants is just beginning and holds potential.”’ Long-term
outcomes for patients with ToF need to focus on RV structural
and functional metrics but also incorporate the accrued
morbidity with reintervention and quality of life metrics. The
optimal surgical management for ToF will be informed by both
short-term and long-term considerations to improve cardiac
health over the lifespan of patients with ToF.

Surgery in the adult population needs to embrace the ad-
vances in interventional cardiology and implantable valve
technology such that surgical and interventional teams
consider each patient together in adult congenital conferences
to decide the best option for each patient. The surgical
approach also needs to consider more broadly about “RV
health” and look beyond isolated PVR but consider whether
the surgery should consider concomitant lesions such as
associated tricuspid regurgitation, arrhythmia surgery, branch
PA stenoses, and reduction plasty of large RVOT in providing
a full “RV service.” The precise indications and value of each
of these other considerations need to be evaluated.
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