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ABSTRACT: Since the first identification of Tetralogy of Fallot in 1671, consisting of a combination of anatomical
defects including biventricular origin of the aorta, maligned ventricular septal defect, overriding aorta, and narrowing
or atresia of the pulmonary outflow tract. The first successful operation consisted of a shunt between the left subclavian
artery and pulmonary artery. Following this palliative procedure, complete repair is performed once the patient reaches
indicative criteria. Since the first attempts at surgical palliation and repair, techniques and outcomes have improved
drastically. Definitive repair of Tetralogy of Fallot consists of a multi-patch closure of any Ventricular Septal Defect along
with clearance of any muscular obstructions of the Right Ventricular Outflow Tract and reconstruction of the outflow
tract. Current results of Tetralogy of Fallot palliation yield excellent long and short-term results with 5-year freedom
from reintervention of 90%. The iterative improvement of repair techniques has greatly reduced intraoperative and
postoperative complications. Future innovations such as increased use of percutaneous repair methods and additional
data on the benefits of primary repair as opposed to staged palliation will continue to improve patient outcomes.
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1 Introduction
The constellation of findings that would come to be called Tetralogy of Fallot was first described by the

Danish monk, Niels Stenson in 1671. However, it is to Ettienne-Louis Arthur Fallot that mainstream credit
is given for his publication on la maladie bleue describing the anatomic underpinning of the defect which
now carries his name. The tetrad that underpins this diagnosis includes right ventricular hypertrophy, a
Ventricular Septal Defect (VSD), overriding aorta and right ventricular outflow tract obstruction as seen
in Fig. 1 [1,2]. It would take more than another half century for the first successful surgical palliation.

In 1944, after suggestions from Helen Taussig and laboratory work by Vivien Thomas (who also
guided him through the first procedure) to develop the procedure, Alfred Blalock performed the first
aortopulmonary shunt that successfully palliated the ‘blue baby syndrome’. The Blalock-Thomas-Taussig
between the subclavian artery and the pulmonary artery was followed by an anastomosis between the
descending aorta and left pulmonary artery that became known as the Potts shunt. In addition to these
developments, the Waterston shunt between the ascending aorta and right pulmonary artery, and more
recently, the central shunt were also developed in aid in the treatment of Tetralogy of Fallot. In the
interim, Sellors et al. and Brock et al. would describe what became known as the Brock procedure which
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consisted of a pulmonary valvotomy and RVOT dilation through a right ventriculotomy without the use of
cardiopulmonary support [3,4]. 10 years after Taussig, Blalock and Thomas’ success, Lillehei et al. performed
the first successful intracardiac repair using cross-circulation [5]. Kirklin at the Mayo Clinic followed a year
later with repair using a cardiopulmonary bypass [6].

Figure 1: Transthoracic echocardiogram of a neonate with Tetralogy of Fallot with moderate pulmonary valve stenosis.
A: Apical 5-chamber view demonstrating the large ventricular septal defect (asterisk) and overriding aorta. B: 2D
modified subcostal view demonstrating the anteriorly deviated conal septum with sub-pulmonary crowding. C: Color
Doppler of the same view demonstrating flow acceleration beginning below the level of the pulmonary valve. RV: Right
ventricle; LV: Left ventricle; PA: Pulmonary artery

The International Working Group for Mapping and Coding of Nomenclatures for Pediatric and
Congenital Cardiac Disease defined Tetralogy of Fallot as a group of malformations with biventricular
atrioventricular alignments or connections characterized by anterosuperior deviation of the conal or outlet
septum or its fibrous remnant, narrowing or atresia of the pulmonary outflow, a maligned ventricular septal
defect, and biventricular origin of the aorta. Hearts with Tetralogy of Fallot will always have a ventricular
septal defect, narrowing or atresia of the pulmonary outflow, and an overriding aorta. Hearts with Tetralogy
of Fallot will most often have right ventricular hypertrophy [6]. This can be seen in Fig. 2. It constitutes 10%
of congenital heart disease and is the most common cyanotic congenital heart disease. It has a prevalence of
340–421 affected per million live births worldwide [7,8].

2 Anatomical Variations
Many attempts have been made at finding a unifying underlying abnormality responsible for the

anomalies found in a tetralogy heart. Van Praagh et al. postulated underdevelopment of the subpulmonary
infundibulum [9]. However, incremental work by Anderson et al. suggested first that anterocephalad devia-
tion of the outlet septum and, subsequently, an associated malformation of the septoparietal trabeculations
producing right ventricular outflow tract obstruction. Malalignment between the septomarginal trabecular
and infundibular septum results in a “ventricular septal defect” with overriding of the aortic valve. Due to
this, the VSD is perpendicular to the plane of the septum. It is usually a large non-restrictive defect with
fibrous continuity between the aortic and tricuspid valves and thus accurately defined as a perimembranous
defect. It results in equalization of ventricular pressures [1,10,11]. In less than 5% of cases, there are additional
muscular VSDs. The aortic valve is posterior and to the right of the pulmonary valve in majority of cases.



Congenit Heart Dis. 2025;19(6) 543

However, in 35% of cases, it is side by side and to the right of the pulmonary valve. The consensus definition
suggests there must be <100% aortic override for a defect to be considered Tetralogy of Fallot. However, there
are others who argue that exclusively right ventricular support of the aorta, a double outlet right ventricle
variation, should not preclude the designation of tetralogy [12].

Figure 2: Computed tomography angiogram (CTA) in a patient with Tetralogy of Fallot and severe pulmonary stenosis.
A: Sagittal view showing the severe sub-pulmonary right ventricular outflow tract obstruction. B: Axial view showing
the branch pulmonary arteries with hypoplasia of the left pulmonary artery. C: 3D rendering demonstrating no coronary
artery crossing the right ventricular outflow tract (RVOT). PA: Pulmonary artery; RPA: Right pulmonary artery. LPA:
Left pulmonary artery

The pulmonary valve is bicuspid in greater than half of patients and close to two thirds have raphes
in an anteroposterior orientation. The valve is tricuspid in a third of cases. The pulmonary annulus is
often hypoplastic and the leaflets are generally dysplastic and thickened with commissural fusion leading to
stenosis. Tetralogy of Fallot may be accompanied by branch pulmonary stenosis, especially at the insertion
of the ductus arteriosus into the left pulmonary artery [13–15].

There is frequently an atrial septal defect present, a right aortic arch in 15%–25% of patients, absent
pulmonary valve in 3%, and atrioventricular septal defect as seen in Fig. 3, usually of the Rastelli C type in
3%. These are discussed in subsequent sections. Tetralogy of Fallot with pulmonary atresia, grouped with
pulmonary atresia-VSD by the STS and seen in 7% of cases, is beyond the scope of this review. In about
3%–5% of patients, the left anterior descending artery originates from the right coronary artery and crosses
the RVOT just inferior to the pulmonary annulus [16,17]. Tetralogy of Fallot is usually non-syndromic.
However, in about 20% of patients, the defect is associated with genetic syndromes. About 12% have
chromosomal anomalies including Trisomy 21 which is found in 4%–13% of patients, del 22q11 found in a
further 8%–15%, VACTERL and Alagille syndrome. Syndromic patients had worse outcomes after surgical
repair, particularly when they had hypoplastic central pulmonary arteries [18–20].
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Figure 3: Transthoracic echocardiogram showing Tetralogy of Fallot with atrioventricular septal defect

3 Clinical Presentation and Diagnosis
In this era of prenatal screening for congenital heart disease, Tetralogy of Fallot is frequently diagnosed

before birth, with recent cases being prenatally diagnosed 70% of the time [21]. Short- and long-term plans
can then be made for the management of patients after birth. However, in many cases, it is still diagnosed after
birth. The presenting sign is usually cyanosis. Physical exam findings include pallor on the milder end and
cyanosis of the mucus membranes on the more severe end. Due to equalization of pressures in the ventricles,
it is difficult, if not impossible to auscultate a VSD murmur on physical examination. However, a systolic
ejection murmur from pulmonary stenosis is often present.

Most patients present within 3–6 months of life when cyanosis is discovered at well baby visits or
when they develop cyanotic, so called, “tet spells”. Patients who present earlier than this usually have fixed
hypoplastic pulmonary annuli or valves leading to right to left shunting. The degree of right to left shunting
is directly correlated with the degree of cyanosis and distress. With the right substrate, Tetralogy of Fallot
patients can have profound cyanotic episodes. These episodes are accompanied by extreme desaturation,
agitation and rapid shallow breathing. They can result in limpness and loss of consciousness. Babies and
infants assume the knee to chest position in an attempt to increase systemic resistance and pulmonary blood
flow. Tet spells are believed to be caused by infundibular muscle spasm resulting in dynamic right ventricular
outflow tract obstruction and right to left shunting. They are unusual in patients with absent valve syndrome.
The murmur of pulmonary stenosis softens or disappears during spells.

In the older child, exertional dyspnea is the main presenting symptom. As infundibular stenosis
worsens, exertional dyspnea and cyanosis increases in severity. To change relative resistances, children
assume the characteristic squatting position. In the rest of the world, there are still large numbers of Tetralogy
of Fallot patients who arrive to adulthood unrepaired. These patients present with heart failure, atrial and
ventricular arrhythmias, and infective endocarditis [22].

Findings on diagnostic testing are indicative of right ventricular hypertrophy which leads to an elevated
cardiac apex, an enlarged aorta, a right sided arch in a quarter of patients and a small main PA. Electrocar-
diography, an example of which is shown in Fig. 4, shows RV hypertrophy and right axis deviation. Oligemia
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of the lung fields and a classic boot shaped appearance of the heart are seen on chest x-ray. In the past, cardiac
catheterization was a staple of diagnosis. However, this modality has little utility in current identification of
tetralogy and is only deployed for delineation of pulmonary and aortopulmonary collateral anatomy in the
management of patients with tetralogy, pulmonary atresia and major aortopulmonary collaterals.

Figure 4: Fetal echocardiogram demonstrating Tetralogy of Fallot. A: Angling anteriorly from 4-chamber view to
demonstrate the large VSD (asterisk) and overriding aorta (Ao). B: 3-vessel trachea view demonstrating size discrepancy
between aorta and pulmonary artery, a hallmark feature of TOF, and confluent mildly hypoplastic branch pulmonary
arteries. LV: Left ventricle; RV: Right ventricle; LPA: left pulmonary artery; RPA: Right pulmonary artery; MPA: Main
pulmonary artery

Echocardiography is now the mainstay of diagnosis. High resolution echocardiography is employed to
identify and characterize the number and size of VSDs, the subvalvar, valvar, and supravalvar anatomy. This
anatomy includes the muscle bundles creating obstruction of the RVOT, pulmonary arterial anatomy, and
coronary anatomy including branches crossing the infundibulum. CT angiography has evolved significantly
and 2D and 3D CT can be performed in limited circumstances to further characterize coronary, pulmonary
and AP collateral anatomy. MRI has no role in the management of unrepaired Tetralogy of Fallot. However,
it has played an increasing role in the long term follow up of repaired tetralogy patients to determine
RV volumes, pulmonary insufficiency and other indices and is now the standard for guideline-based
reintervention on patients with repaired tetralogy [23,24].

4 Treatment

4.1 Medical Management
The medical management of unrepaired Tetralogy of Fallot is mostly limited to emergency situations.

In the neonatal period, prostaglandin E1 infusion to reopen a closed ductus can be an important step in the
resuscitation of a cyanotic, ductal dependent child. An example of an opened ductus can be seen in Fig. 5.
Once past the neonatal stage with acceptable systemic saturations, most specialists recommend careful
monitoring in the outpatient setting until the patient is ready for surgical repair. In the presence of a tet
spell, the physiological underpinning of management is improving pulmonary blood flow. This is done by
manipulating systemic and pulmonary resistance, increasing stroke volume, and decreasing the dynamic
RVOT obstruction.
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Figure 5: Tetralogy of Fallot with pulmonary atresia and confluent branch pulmonary arteries supplied by ductus
arteriosus. A: Color compare transthoracic echocardiographic parasternal long axis view showing the large ventricular
septal defect (asterisk) and overriding aorta. B: Color compare transthoracic echocardiographic parasternal short axis
showing atretic pulmonary valve (arrow) with branch pulmonary arteries supplied by a ductus arteriosus (red flow).
C: Anterior-posterior angiogram in the aorta demonstrating a stented patent ductus arteriosus supplying flow into the
branch pulmonary arteries in the same patient. RV: Right ventricle; LV: Left ventricle; RPA: Right pulmonary artery;
LPA: Left pulmonary artery

The first step is to sedate the agitated child to decrease systemic oxygen demand. Morphine, the mainstay
of sedation, is additionally thought to mitigate infundibular spasm. Concurrently, oxygen is administered
to the patient both to improve pulmonary venous saturation and decrease pulmonary vascular resistance.
Stroke volume is augmented by fluid boluses that increase ventricular preload, and by beta blockade, usually
with propranolol. The latter decreases chronotropy and thus infundibular spasm and increases diastolic
filling time by decreasing heart rate. The final step in medical management is administration of a peripheral
vasoconstrictor such as phenylephrine which raises systemic vascular resistance and decreases the right to
left shunt at the VSD thus improving oxygenation [25,26]. An adjunctive measure is to place the child in the
knee to chest position.

The frequency and severity of tet spells in the child determine next management steps which include
outpatient management with beta blockade for tet spell prevention in stable patients, surgical or interven-
tional palliation in patients who are unstable but high risk for complete repair, and complete repair of patients
at low surgical risk. It is worth noting that the preoperative use of propranolol results in increased inotropic
and pacing requirements postoperatively. However, this does not seem to have any impact on total hospital
stay, morbidity or mortality [27].

4.2 Indications for Intervention
Increasing hypoxemia with systemic saturations below 75%–80% is the usual indication for intervention

in the tetralogy patient, frequent or severe tet spells is another. However, most patients do not require
any intervention in the neonatal stage as their systemic oxygen saturations are acceptable. Whatever the
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case, regardless of symptoms, most recommend complete repair by age 1 and in many institutions, repair is
completed between ages 3 and 6 months.

In adequately sized infants, complete repair is the preferred path when indications are met and adequate
pulmonary arterial tree exists. In the absence of the latter, many palliative options exist to allow central
pulmonary arterial growth prior to repair. However, controversy arises when patients present in the neonatal
stage or early infancy cyanotic. The prevailing management in previous eras was a palliative procedure,
usually, a systemic to pulmonary artery shunt with staged repair. However, this obligates a period of relative
cyanosis which may affect neurodevelopmental outcomes. In addition, shunts could distort pulmonary
arteries, affecting development and retain the obstructive RVOT leading to maladaptive RV hypertrophy.

With increasing dexterity at neonatal repair, tetralogy repair in the neonatal period has been advocated,
and performed at certain centers with low mortality comparable to shunted patients. This was achieved
at the compromise of higher rate of repeat interventions, longer initial hospital and ICU stays, and high
rates of transannular patch use for repairs in the neonatal groups nearing 100% [28,29]. It is with this high
rate of transannular patching that proponents of staged repair and increased postoperative complications in
the neonatal group contend. They argue that the long-term effects of free pulmonary insufficiency caused
by transannular patching and long ventriculotomies include arrhythmias, sudden death, right ventricular
dilation, and dysfunction [30–33]. To this group, it is preferable to substitute a brief period of cyanosis and
a second hospitalization with reoperative sternotomy for the improved comorbidity profile and probability
of pulmonary valvular salvage and growth in some series [34].

It does not appear that this decision will get any clearer soon. Two recent reports present conflicting
results. Smith et al. looking at the long-term outcomes of tetralogy repair found increased early and late
mortality risks with staged repair, and non-valve sparing repair (HR of 2.68 and 3.76, respectively). Savla
et al. on the other hand examined 2363 patients who underwent staged or complete repair in the neonatal
period and found significantly higher risks of mortality at all time points within 2 years of repair in the
complete repair group [35,36]. The choice of approach is likely to be determined by center experience and
resource availability. Although high volume centers may be able to perform complete neonatal repair with
excellent results, perhaps the better part of valor for smaller centers and the developing world is to adopt
staged palliation which has equally and perhaps better outcomes.

Cyanotic TOF patients can undergo a neonatal repair if their birth weight >4 kg and imaging show
good pulmonary arteries (PAs). Symptomatic neonates with high-risk features such as prematurity, low
birth weight or small PAs are managed with palliative or staged approach. Palliation intervention options
include modified Blalock-Thomas-Taussig (BTT) shunts, ductal stenting, or right ventricular outflow tract
(RVOT) stent palliation followed by surgical repair. Complete surgical repair involves a ventricular septal
defect (VSD) patch with either the transannular patch approach, a valvular conduit, or an annulus-preserving
repair. In asymptomatic TOF neonates’ surgery is preferred at 3–6 months of age (Fig. 6).

4.3 Palliative Repair: Surgery vs. Stent
Several palliative repair options exist for the management of Tetralogy of Fallot. The intent of these

options is to provide consistent pulmonary blood flow, encourage central pulmonary arterial growth and
allow for somatic growth prior to complete repair. The most commonly employed shunt is the modified
Blalock-Thomas-Taussig shunt sewn between the innominate artery and ipsilateral pulmonary artery.
Central shunts between the ascending aorta and the main pulmonary artery are increasing in popularity due
to their relative ease of creation, though adoption is likely limited by the frequent need for cardiopulmonary
bypass. In infrequent situations, a transannular patch is performed to allow prograde flow with the obvious
downside of sacrificing the pulmonary valves [37].
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Figure 6: A schematic representation of Tetralogy of Fallot surgical management

Nonsurgical palliation has gained in popularity in the current era with transcatheter pulmonary
valvotomy, right ventricular outflow tract and ductal stenting obviating the need for sternotomy or surgery
in higher risk patients [38,39]. RVOT stenting allows antegrade flow without the deleterious effects of
systemic steal and branch pulmonary arterial distortion that can occur with systemic to pulmonary artery
shunting or ductal stenting. However, it does prevent any option of saving the pulmonary valve and lines the
RVOT with significant metal burden that may make subsequent surgery challenging and prolong operative
times [40]. There is at least one report suggesting better branch PA growth with RVOT stenting when
compared to surgical shunting [41]. When compared to complete repair early in life, however, adjusted
analysis showed no difference in branch PA growth or catheter interventions. There was also no significant
difference in mortality, pulmonary insufficiency, or somatic growth [42]. It seems reasonable that particularly
in symptomatic low weight babies with small branch pulmonary arteries, endovascular stenting is a viable
option for palliation [43]. In addition to RVOT stenting, ductal stenting also plays an important role in
the managing Tetralogy of Fallot patients. Early reports of ductal stenting reported poor outcomes with
high mortality and complication rates; however, continuous improvement of technology and techniques
have led to dramatically improved outcomes [44,45]. Currently, ductal stenting has superior outcomes when
compared to surgical shunt placement in both length of hospital stays and mortality but is also associated
with higher rates of reintervention [46].

4.4 Complete Surgical Repair
Deliberate preoperative planning is necessary for the management of the patient with Tetralogy of Fallot.

This is because a relatively stable patient can rapidly decompensate with profound desaturation and spells
at any point of the operative course prior to institution of cardiopulmonary bypass and complete repair.
It is essential that the patient’s fluids, ventilation and oxygenation be optimized and vasopressors remain
at hand to ensure systemic and pulmonary blood flow are balanced. The greatest risk of decompensation
arises at induction. Alternatives to inhalational agents, which can cause extensive vasodilation, are preferred.
Ketamine is a useful induction agent in this instance. However, decompensation can also occur with
dissection and manipulation of the pulmonary arteries. Therefore, we generally recommend early institution
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of bypass in tetralogy patients. In patients with prior shunts, it is important to obtain control of the shunt
and occlude it on initiation of bypass.

The goals of surgical repair include creating an unobstructed right ventricular outflow tract, closing
the ventricular septal defect, and augmenting the pulmonary arteries where necessary. It is our practice
to perform intraoperative transesophageal echocardiogram before and after repair. Important findings to
note are character and extent of RVOT obstruction, pulmonary annular size, coronary branching pattern,
additional muscular VSDs, and biventricular function. After median sternotomy and resection of thymus,
if present, external cardiac inspection is performed evaluating the main PA and infundibulum. Any
crossing coronary arterial branch that may preclude infundibular incision is noted. Systemic heparin is then
administered, and cardiopulmonary bypass initiated through an aortic and bicaval venous configuration.
Cooling is initiated with a goal temperature of 32 degrees Celsius. The main pulmonary artery is then
dissected free of the aorta and the branch pulmonary arteries dissected for a short segment to allow occlusion
with aneurysm clips. The cavae are snared and antegrade cardioplegia administered. Topical cooling with ice
slush can be used to provide further myocardial protection.

A right atriotomy is then performed and a left ventricular vent placed across the frequently present
PFO. Intracardiac inspection is performed to identify the VSD in its perimembranous position posterior to
the anteroseptal commissure of the tricuspid valve. It is important to examine the full extent of the VSD,
particularly its anterio-superior extent prior to any attempts at repair as this is the most common area to
leave residual VSDs. The RVOT is then inspected, and any obvious obstructing muscle bundles incised.
Our practice is to probe trabeculations with a right angle to ensure they are entirely within the RVOT
before incising with a 15-blade. This protects against exiting the RV free wall or creating muscular VSDs.
All obstructing bundles must be incised or resected. However, caution is to be used on the anterior limb of
the septal band and the conus where the VSD patch is to be anchored as incisions into the endocardium
weaken the muscle. Care must also be taken when incising muscles on the free wall to ensure the RV free
wall is not thinned too aggressively, and importantly, epicardial coronary arteries are not incised as this can
be catastrophic.

In many cases, RV muscle bundle resection can be achieved entirely through the tricuspid valve and
complete repair performed without a right ventricular incision or with limited incision into the infundibu-
lum. However, when this is insufficient to relieve obstruction, an incision is made in the infundibulum just
inferior to the pulmonary valve. This incision is extended below the level of the sub-pulmonary conus and
further muscle resection performed as necessary to create an unobstructed pathway. The pulmonary valve
is then sized to determine adequacy of the valve for a full cardiac output. Generally, a pulmonary valve z-
score greater than −2.5 is considered adequate for valve sparing repair provided the valve leaflets are free
and mobile [14,47,48]. Gentle dilation of the pulmonary valve and annulus can be performed with graded
Hagar dilators. Valvotomy can also be performed with incision of fused commissures. If necessary, a counter
incision is made on the main PA to perform valvotomy and augment the PA. If the valve cannot be spared,
the ventricular incision is carried across the valve into the pulmonary artery.

Attention is then turned to closure of the VSD. It is perfectly acceptable to close the VSD through
the ventricular incision and we do this frequently. This is the classic approach to repair and provides good
visualization of the VSD. It generally requires a longer ventriculotomy leading to concerns about immediate
postoperative diastolic dysfunction and long term right ventricular dysfunction and arrhythmia burden.
However, the transatrial approach also presents challenges in visualization, postoperative tricuspid valvar
dysfunction, and recurrent RVOT obstruction. There have been conflicting data on complications and
morbidity after either approach but there is no mortality difference on long term follow up. The main study
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finding superiority of the transatrial approach was in an older cohort of patients [49–52]. Regardless, the
trend is towards a transatrial approach to minimize extent of ventriculotomy.

For this approach, three atrial retraction stitches are placed, one at the superior apex, one just off the
inferior apex of the anterior edge and one just anterior to the crista terminalis. Stay sutures are then placed
in the tricuspid valve leaflets as needed to expose the VSD. Generally, a stay suture is required in each of the
anterior and septal leaflets and at the anteroseptal commissure. Chordae tendineae guarding the VSD are
retracted. A vein retractor can provide additional exposure. The size of the VSD is measured and a patch of
bovine pericardium is brought to the table and shaped accordingly. The patch is placed in running fashion. A
suture of appropriate size, 5–0 or 6–0 is chosen with a curved needle. Suturing is begun at or just inferior to
the junction of the limbs of the septal band and taken anterosuperiorly with each bite exposing the next. Care
is taken to ensure the bites are close to the aortic annulus to prevent any residual VSDs across trabeculations.
At the superior aspect when aortic and tricuspid continuity is observed, the needle is passed through the
tricuspid leaflet. The inferior edge of the VSD is then run in continuous fashion taking thin bites remote from
the edge of the defect to avoid conduction tissue. At junction of the septal leaflet and ventricular septum
remote from the VSD edge, the needle is reversed through the patch, septal muscle and externalized on the
atrial side of the leaflet. Using a strip of pericardium as pledget and only sewing in valve tissue to avoid the
AV nodal tissue the septal leaflet is then attached to the patch using a horizontal mattress running technique
until the anterosuperior edge of the previously sewn patch is reached. The suture is tied to complete the
VSD repair.

The right ventricular outflow is then reconstructed as needed with a transannular patch, isolated
infundibular patch, or infundibular and main pulmonary arterial patches. In cases where a crossing coronary
artery precludes patch enlargement of the RVOT, an RV to PA conduit is often required although there have
been innovations in valveless augmentation utilizing an anterior pulmonary arterial flap. The tricuspid valve
is then tested. If there is significant regurgitation, an anteroseptal commissuroplasty is usually all that is
required to repair the valve. The patient is rewarmed, deairing maneuvers are performed and the PFO closed
primarily. In younger patients with long ventriculotomies, consideration should be made to leaving a partial
PFO of 3–4 mm to enable right to left shunting in the presence of RV diastolic dysfunction. The heart is
reperfused, ventilation resumed, and cardiopulmonary bypass weaned in standard fashion.

A completion transesophageal echocardiogram is performed to examine residual lesions. Residual VSDs
greater than 2–3 mm should be closed as these are unlikely to close in follow up of patients with tetralogy
repair [53]. In the presence of optimized pulmonary ventilation and medically optimized pulmonary vascular
resistance and equivocal lesions such as residual obstruction, a right ventricular to left ventricular (RV/LV)
systolic pressure ratio of greater than 2/3 is generally an indication for further intervention which may include
muscle bundle resection, transannular patch creation, extension of right ventriculotomy or patching of
discrete branch pulmonary stenosis. In the absence of any addressable lesion, it can usually be safely assumed
in the infant that pulmonary vascular reactivity or dynamic obstruction are the etiologies of increased
ventricular pressure. The patient is transferred to the intensive care unit for further management. In the
absence of fixed obstruction, these patients develop significant improvement in right ventricular pressure
and have no long-term mortality effects [54,55]. A pre- and postoperative TEE can be seen in Fig. 7.
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Figure 7: Transesophageal echocardiography (TEE) in a patient with Tetralogy of Fallot. A: Pre-operative TEE mid-
esophageal right ventricular (RV) outflow tract view showing the anteriorly deviated conal septum (asterisk) with the
large ventricular septal defect (VSD,ˆ) and severe sub-pulmonary right ventricular outflow tract obstruction. B: Post-
operative TEE after complete repair demonstrating patch closure of VSD (asterisk) and unobstructed right ventricular
outflow tract (RVOT)

5 Outcomes
With improvements in surgical technique and perioperative management, Tetralogy of Fallot repair is

now performed with excellent outcomes. In the current era, operative mortality is low at 0%–5%. A recent
meta-analysis of 143 papers comprising 21,427 patients yielded a pooled operative mortality of 2.84% and
a long-term mortality risk of 0.42% per year. Freedom from reintervention was 90% at 5 years with RVOT
reintervention rate of 12% at 10 years (4.2% for PI, 7.6% for RVOT obstruction) [56]. This is consistent with
the Society of Thoracic Surgeons discharge mortality of 1.3% over the study period of 2002–2007 investigated
by Al Habib et al. They also found neonatal primary repair mortality of 7.8% and neonatal palliation mortality
of 6.2% [37]. Conflicting data exist regarding staged and complete repair with recent large population studies
showing statistically and clinically significant survival benefits to both primary repair and staged palliation.
Other predictors of mortality include non-valve sparing operation, repair in earlier eras and presence of a
genetic abnormality [35,36].

Both transatrial/transpulmonary and transventricular approaches to repair yield similar outcomes.
However, there is significantly higher rate of reoperation for RVOT obstruction in the transa-
trial/transpulmonary group when compared to the transventricular approach with 10 years freedom from
reoperation from RVOTO of 98% vs. 75%. RVOTO is the most common indication for reoperation in all
patients after Tetralogy of Fallot repair. Significant pulmonary regurgitation was found in greater than 40% of
patients with transventricular approach. However, at 10 years, less than 5% of these patients met indications
for intervention. Early evaluation of myocardial function showed improved wall motion and greater ejection
fraction in the transatrial group [49,57].

In longitudinal studies of patients after Tetralogy of Fallot, 4%–15% had ventricular tachycardia with 2%
rate of sudden cardiac death. The etiology is thought to be the reentry circuits in the surgical ventriculotomy
scars and further scarring from right ventricular dilation. Patients with transannular patches and moderate
or severe PI had higher risk of ventricular tachycardia and sudden death than those without. Other predictors
of VT and sudden death included older age at repair and QRS > 180 ms. In contradistinction, tricuspid
regurgitation was the most common lesion in patients with atrial arrhythmias [58,59]. However, another
study from Japan found a ventricular tachycardia risk of 3% in patients with transatrial approach to tetralogy
repair [60].



552 Congenit Heart Dis. 2025;19(6)

Despite the focus on ventricular tachycardia, atrial arrhythmias, present in 20% of patients, are the
major causes of morbidity in patients after repair. Junctional ectopic tachycardia (JET) is the most common
arrhythmia after tetralogy repair with a higher prevalence in the transatrial/transpulmonary approach.
Incidence as high as 12% has been reported. JET can be managed with cooling, electrolyte replacement
and, in the failure of these therapies, amiodarone bolus and infusion. Excessive traction on the right atrium
and sinoatrial node during repair is a possible etiology of JET. Late arrhythmias are uncommon earlier
than 10 postoperative years and include atrial fibrillation and flutter. However, when they do occur, they
are independent predictors of death. Ablation has been increasingly performed in patients and is shown to
improve functional outcomes. However, there is no significant long term follow up of these patients [61–63].

6 Long Term Complications
Long term complications of Tetralogy of Fallot repair include right ventricular dilation and dysfunction

from chronic volume overload, ascending aortic dilation, and ventricular dysrhythmias. Aortic root dilation
has been reported in as high as 30% of patients after repair of Tetralogy of Fallot with a higher prevalence
in patients with absent pulmonary valves. Progressive dilation is associated with male sex, right aortic arch,
and longer interval from palliation to repair. The last factor is consistent with the thinking that progressive
aortic root dilation is exacerbated by volume overload from shunted physiology. Aortic regurgitation can be
a sequela of root dilation in Tetralogy of Fallot with pulmonary stenosis; however, it is usually mild. Aortic
dissections have been reported but are rare. When aortic dilation is discovered, monitoring is warranted, and
repair performed when indications for aortic replacement are met according to guidelines [64–66].

Pulmonary valve replacement is the most common late indication for reoperation on Tetralogy of
Fallot patients after repair with reported risk of PVR of 0.8% per year [67]. The combination of chronic
pulmonary stenosis and volume overload leads to right ventricular maladaptation manifesting as dilation,
hypertrophy, and dysfunction which is exacerbated by secondary tricuspid regurgitation. With pulmonary
valve replacement there is potential for ventricular remodeling and improvement in heart failure symptoms.
However, no patients achieved normal RV end-diastolic volume if their preoperative global RV end-diastolic
volume index before PVR was >160–170 mL/m2 or RV end-systolic volume index was >82–85 mL/m2 [68,69].
A large meta-analysis found decreases in QRS duration, improvement in left ventricular function and
symptoms. Paradoxically, there was no obvious improvement in right ventricular function [70].

Pulmonary valve replacement is recommended for relief of symptoms not otherwise explained in
patients with repaired tetralogy and moderate or greater pulmonary regurgitation, ventricular enlargement,
or dysfunction, in conjunction with other cardiac surgical procedures and in addition to arrhythmia
management for ventricular tachycardia. Any two of mild or moderate RV or LV systolic dysfunction, severe
RV dilation with RV end-diastolic volume index before PVR >160 mL/m2 or RV end-systolic volume index
>80 mL/m2 or RV end diastolic volume greater than 2 times LV end diastolic volume, right ventricular systolic
pressure greater than two-thirds systemic pressure, and progressive reduction in exercise tolerance. Before
patients undergo intervention, catheterization or imaging is warranted to delineate coronary anatomy [24].

Surgical management in the absence of a right ventricular to pulmonary artery conduit involves
placement of a prosthetic valve in the pulmonary annulus with cardiopulmonary bypass. Techniques involve
circumferential running stitch and interrupted mattress stitches with the valve tilted in the plane of the
pulmonary artery. In many instances, an RVOT patch is required to complete the anterior third of the valve
annulus. This patch is also used to enlarge the RVOT and main PA. Additional procedures such as branch
pulmonary arterial augmentation are performed at this time. Since valve replacement has not been shown
to decrease risk of ventricular arrhythmias or sudden cardiac death, tachyarrhythmia ablation and ICD
insertion are performed as indicated.
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In recent years, endovascular, transcatheter pulmonary valve replacement has been developed and
used to good effect in management of post repair patients with RV to PA conduits. The technique was
introduced by Bonhoeffer and there has since been the development of many valves including the Melody
Valve from Medtronic with a post market freedom from valve reintervention and explantation of 76% and
92%, respectively, and the SAPIEN XT Valve (Edwards Lifesciences) with freedom from reintervention of
94% at 3 years. These valves are available for RVOT diameter >16 mm. The maximum valve diameter on the
market is 29 mm. Additional devices include the Medtronic Harmony Valve and the Edwards Lifesciences
SAPIEN S3 and Alterra Prestent. This Prestent can be used to accommodate a larger (>30 mm) RVOT
diameter then preexisting devices and broadens the population that can be treated with transcatheter valves.
Complications from transcatheter valve replacements include an up to 30% stent fracture risk, 5% risk of
coronary compression and of endocarditis of 2% per patient year [71–73].

7 TOF Absent PV
Tetralogy with absent pulmonary valve is a rare form of Tetralogy (<5% of cases) in which a pulmonary

annular ring creates fixed obstruction to right ventricular outflow. It is believed that the absence of a valve
leads to back-and-forth flow from the right ventricle into the pulmonary artery leading to aneurysmal
dilation of the main PA and branch pulmonary arteries sometimes extending to the hilum as seen in Fig. 8.
Z-scores of the arteries are frequently greater than +2 or 3. The pulmonary vessels show a wide spectrum of
anatomical variation. In milder cases, a patent Ductus Arteriosus (PDA) is present alongside well-developed
pulmonary arteries. However, in most cases no PDA is present resulting in diminutive or missing vessels
with Pulmonary circulation supported via major aorto-pulmonary collateral arteries (MAPCAs) originating
from the aorta as seen in Fig. 9. Although the right ventricle is hypertrophied there is usually no dynamic
sub-annular obstruction as the infundibulum frequently is dilated without stenosis. Associated abnormalities
include tracheo- and bronchomalacia leading to respiratory abnormalities including hyper inflated lungs
and air trapping [74]. Patients present in two groups, those with early symptoms, and those without. Early
presenters have cyanosis mostly driven by respiratory distress and regularly need mechanical ventilation and
urgent surgery. In some instances, mechanical ventilation can be augmented (or avoided) with placing the
baby prone to relieve obstruction.

Late presenters are managed like patients with Tetralogy of Fallot and pulmonary stenosis and are fully
repaired before one year of age. This invariably involves closure of the VSD. The approach to management of
the pulmonary arteries however varies significantly. With mild respiratory symptoms and mild aneurysmal
dilation of the pulmonary arteries, transannular patching has been described to relieve pulmonary obstruc-
tion while others have inserted competent pulmonary valves. However, when there is severe aneurysmal
dilation, bronchial compression and severe respiratory symptoms, efforts to reduce the size of the PAs
and relieve compression are warranted. The most extensive approach is resection of the central pulmonary
arteries and replacement with a branched pulmonary artery homograft extending to each hilum. Others
perform anterior resection of the branch pulmonary arteries and posterior plication to stiffen the tissue in
proximity to the airway to decrease arterial size. Homograft replacement of the main PA is then performed.
These latter approaches consign the patient to short term reoperative surgery to replace the conduit [75,76].
As a last resort, a Lecompte maneuver can be performed to translocate the PAs from the airways.

Operative mortality in the current era is less than 5% with good mid- and long-term outcomes of 80%–
95% survival at 5 and 10 years. Freedom from RVOT reoperation varies by age at repair and surgical technique
with younger age at surgery correlating with higher rates of reoperation. Even so, freedom from reoperation
at 10 years averages 70%–90% [77–80].
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Figure 8: Fetal echocardiogram demonstrating Tetralogy of Fallot with absent pulmonary valves. A: Severe dilated
branch pulmonary arteries (asterisks) with a rudimentary pulmonary valve (arrow). B: Color compare showing severe
regurgitation through the rudimentary pulmonary valve (arrow)

Figure 9: Tetralogy of Fallot with pulmonary atresia and pulmonary blood flow supplied by major aortopulmonary
collateral arteries (MAPCAs). A: Transthoracic echocardiogram subcostal long axis view demonstrating large ven-
tricular septal defect (asterisk) and overriding aorta. B: Transthoracic echocardiogram parasternal short axis view
demonstrating pulmonary atresia with absent pulmonary artery segment and severely hypoplastic branch pulmonary
arteries supplied by MAPCAs. C: Angiogram in the descending aorta demonstrating the MAPCAs (asterisks). RV: Right
ventricle; LV: Left ventricle; RPA: Right pulmonary artery; LPA: Left pulmonary artery

8 TOF/AVSD
TOF/AVSD is found in less than 5% of patients with Tetralogy of Fallot and is associated with Trisomy

21 in the majority of patients [81–84]. The Rastelli C AVSD with no attachment of the superior bridging leaflet
to the septal crest is most frequently associated with Tetralogy of Fallot. Every attempt should be made to
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screen for this additional lesion on preoperative echocardiography as it changes management significantly.
The ventricular septal defect in this case is large, extending to the inlet with anterior malalignment of the
septum requiring a large, asymmetric patch for closure. The former feature increases the risk of biventricular
outflow tract obstruction while the latter makes visualization of the anterosuperior aspect of the VSD from
the right atrium exceedingly difficult often necessitating a ventriculotomy. Pulmonary valves are frequently
dysplastic [85]. Perhaps because of this constellation of features, however, presentation in neonatal or early
infancy with cyanosis is rare.

Different approaches have been suggested for the surgical management of the TOF/AVSD includ-
ing transatrial-transpulmonary repair with minimal infundibular incision, transannular patch insertion,
combined right atrial and right ventricular approach, and a double patch vs. single patch closure of the
AV septal defect [83,86,87]. The debate on definitive one stage repair vs. staged repair after systemic to
pulmonary artery shunting in tetralogy patients extends to this anatomic subtype as well. While some
reports [86,88] found significantly worse outcomes, including ICU stays, ventilator support, inotropic scores,
and incidence of reoperation, in patients undergoing shunt palliation prior to repair when compared to
definitive primary repair, primary repair was performed in an older cohort of patients when compared
to shunted patients. The driver of worse outcomes is thought to be volume overloading of the ventricles
from increased pulmonary flow with surgical shunting. Others found equivalent outcomes between the
two management paradigms [83,89]. However, both camps conclude that primary repair is the preferable
approach. Further, a meta-analysis showed no mortality differences but found increased RVOT interventions
in patients who underwent staged repair [84]. A recent single center study found no differences in mortality
or reoperative risks in their staged vs. primary repair patients at 10 years postoperatively [90]. However, a
limitation of these studies is that consideration is not made of patients who died while awaiting definitive
repair instead of being shunted. As in other tetralogy, patients with small pulmonary arteries and cyanosis
at an early age may benefit from early shunting [89].

Operative mortality has improved in the current era to less than 5% with 5-year survival of >80%–90%
in most series and freedom from reoperation greater than 70%. Indications for reoperation include Atrial
Ventricular Valve regurgitation, recurrent RVOT obstruction and pulmonary valve replacement. Patients
with right ventriculotomies experienced higher rates of arrhythmias [84,88,91].

9 Future Directions
The current standard-of-care has provided excellent results with low mortality through both primary

repair and staged palliation repair. Current guidelines based upon the AATS consensus statement have given
a significantly clarified ideal operative period [92,93]. The development of clear guidelines in the timing
of intervention is a major advancement that will reduce institutional variance in treatment and improve
outcomes. In addition to more evidence driven decision making in deciding between staged palliation
and early definitive repair, percutaneous options for repairing parts of the malformation and assisting in
palliation will continue to prove as a vital tool in treating Tetralogy of Fallot. These lower risk treatments serve
not only the pediatric population but are also indispensable in the treatment of the adult Tetralogy of Fallot
population with use in transcatheter pulmonary valve replacements as well as in the stenting of conduits to
reverse the development of stenosis [94]. In addition to advancements in treatment options, advancements
in the early screening and diagnosis of Tetralogy of Fallot will allow clinicians more time and information
to aid in decision making, including new understanding in variations in anatomic variations in patients
with Tetralogy of Fallot that may lead to higher rates of fetal detection [95]. These screening programs are
also vital for ensuring that cases of TOF do not go undiagnosed and receive the treatment needed. The
care of adults with Tetralogy of Fallot requires a specialized approach as this population can offer unique
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challenges to clinicians, with varied techniques needed for accurate assessment of hypertrophic conditions
and new predictive indicators for long term complications such as the development of arrhythmias [96,97].
Developments in the understanding of the basic science have also been underway, including insights into
the gene regulation differences in control patients compared to those with Tetralogy of Fallot [98]. The
combination of improved techniques and technology to treat patients, higher rates of prenatal diagnosis, and
an advancement in the basic science involved in Tetralogy of Fallot will hopefully lead to a continuation in
the improvement of outcomes that have been experienced in recent years.

10 Key Points
Anatomy: Tetralogy of Fallot includes right ventricular hypertrophy, a ventricular septal defect (VSD),

overriding aorta and right ventricular outflow tract obstruction. In addition to these common findings,
variations consisting of atrial septal defects, atrioventricular defects, absent pulmonary valves, or MAPCAs
are also commonly found.

Diagnosis: Prenatal Echocardiography is the main modality of diagnosis. Many cases diagnosed after
birth present with cyanosis in the neonatal period “Blue Baby syndrome” presenting with Tet spells.
Echocardiography is the primary diagnostic method with CT angiography for surgical approach.

Medical Management: Management consists of administration of Prostaglandin E1 in ductal dependent
children followed by careful outpatient monitoring until surgical intervention is available.

Surgical Intervention: Surgical intervention consists of either a staged palliative to repair approach or
a primary complete repair. Palliation is performed in patients who are poor candidates for primary repair,
and frequently includes percutaneous placement of RVOT stents.

Outcomes: Patients undergoing surgical intervention for complete repair experiences favorable out-
comes with freedom from reintervention rates of 70%–90% depending on age at intervention and specific
anatomical variation. Common complications include dilation and dysfunction of the Right Ventricle along
with arrhythmias.
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Abbreviation
Ao Aorta
AVSD Atrioventricular Septal Defect
ASD Atrial Septal Defect
HR Hazard Ratio
MAPCAs Major Aorta-pulmonary Collateral Arteries
PA Pulmonary Artery
PFO Patent Foramen Ovale
RV Right Ventricle
RVOT Right Ventricular Outflow Tract
STS Society of Thoracic Surgeons
TOF Tetralogy of Fallot
VSD Ventricular Septal Defect
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