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Abstract

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect, affecting 3 in
10,000 live births. Surgical correction in early childhood is associated with good outcomes,
but lifelong follow-up is necessary to identify the long-term sequelae that may occur. This
article will cover the diagnosis of TOF in childhood, the objectives of surveillance through
adulthood and the value of multi-modality imaging in identifying and guiding timely surgical

and percutaneous interventions.
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Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic
heart defect affecting 3 per 10,000 live births (1, 2, 3).
The four hallmark features of the malformation (Fig. 1)
are subpulmonary (and pulmonary) stenosis, ventricular
septal defect (VSD), aortic override and right ventricular
(RV) hypertrophy.

TOF encompasses a large spectrum of anatomical
presentations, ranging from VSD with limited aortic
overriding and mild pulmonary obstruction at one end
of the spectrum to a critical form of VSD with pulmonary
atresia (4) at the other end. It can also be associated with
additional lesions such as common atrioventricular septal
defect, being included in the spectrum of double-outlet
RV when the aortic override is severe or present with a
variant form such as TOF with absent pulmonary valve.

The Congenital Heart Surgeons’ Society has
recommended a nomenclature to classify TOF into three
subtypes:

— TOF with varying degrees of pulmonary stenosis.
— TOF with common atrio-ventricular canal (AVSD).
— TOF with absent pulmonary valve.

Morphology
Cono-truncal anatomy

The main phenotypic feature of TOF is an antero-
cephalad deviation of the muscular outlet septum. This
leads to narrowing of the right ventricular outflow tract
(RVOT) including infundibular stenosis in almost all
cases and an abnormal pulmonary valve, which is often
small and bicuspid. This is associated with various degrees
of main and branch pulmonary artery hypoplasia. The
evaluation of the pulmonary artery branch size is of
critical importance for the surgical repair. It is usually
assessed by non-invasive imaging using transthoracic
echocardiography and cross-sectional imaging (see
below) to establish the absolute measurements and the
Nakata index (defined as the area of the right and left
pulmonary arteries at the hilum in the cranio-caudal
axis before the origin of the first branch divided by body
surface area). A Nakata index >100 mm2/m?2 is associated
with better survival after complete repair compared to
smaller indices (5). A disconnected pulmonary artery
may be present. This mainly affects the left pulmonary
artery that is usually connected to the ductus arteriosus.
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Tetralogy of Fallot

Figure 1

(A) Classical tetralogy of Fallot with obstructive infundibular, valvular and pulmonary components. (B) The photograph, taken from the apex of the
morphologically right ventricle looking towards the base, and the computed tomography of the anatomic model (C), show the phenotypic features of
tetralogy of Fallot: antero-superior displacement of the conal septum causing moderate stenosis of the right ventricular outflow tract, and a VSD due to
the misalignment of the outlet septum. The heart has been sectioned to replicate the oblique subcostal echocardiographic cut (Fig. 5). AoV, aortic valve;
PV, pulmonary valve; RV, right ventricle; SB, septal band; SPT, septo parietal trabeculations; TV, tricuspid valve; VIF, ventriculo infundibular fold; VSD,

ventrciular septal defect.

A disconnected right pulmonary artery is rare, but if
present, would usually arise from the ascending aorta.
Mid-cavity right ventricular obstruction, secondary
to hypertrophy of the moderator band and apical
trabeculations may be present, causing what is described
as the ‘double-chambered right ventricle’ in some cases.

Ventricular septal defect

The VSD is usually in the perimembranous region (80%).
Rarely, it can be juxta-arterial (or doubly committed), with
its cephalad margin formed by the aortic and pulmonary
valves. The VSD is usually single and non-restrictive. In
rare cases, the VSD can be restrictive because of overlying
accessory tricuspid valve tissue.

Coronary artery anatomy

A clockwise rotation of the aortic root is usually
encountered in TOF leading to a rotated origin of the
coronary arteries. Anomalies of the origin of the coronary
arteries are reported in approximately 5% of cases, the
most common being a left anterior descending artery
arising from the right coronary artery and crossing
anterior to the RVOT (6) (Fig. 2). This abnormal pattern is
of critical importance for surgical repair as it may require
the use of a right ventricular-to-pulmonary arterial
(RV-PA) conduit. Others anomalies include the presence

of a dual LAD in 1.8%, a single RCA in 0.3%, and a
coronary-to-pulmonary fistula in 0.2% (7).

Aortic arch anomalies

A right aortic arch has been reported in 25% of TOF
patients and may be associated with an aberrant origin
of the left subclavian artery. Rarely, a double aortic arch
or a cervical arch may be present. This is frequently
encountered in patients with 22q11 deletion syndrome.

Variant forms and associated lesions

TOF with absent pulmonary valve syndrome

TOF with absent pulmonary valve has been reported in
3-6% of all TOF (8). This anatomic form is characterized
by typical anterior malalignment of the outlet septum
associated with the usual overriding of the aorta. The
particularity of this variant is an abnormal pulmonary
valve characterized by a hypoplastic annulus and absent
or rudimentary pulmonary valve leaflets leading to both
stenosis and severe regurgitation. This physiology leads
to a progressive dilatation of the pulmonary artery
branches that can be associated with various degree of
tracheomalacia and bronchomalacia with possible airway
compression (Figs 3 and 4). The prognosis of TOF with
absent pulmonary valve is much more severe than the
usual form of TOF.
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TOF with atrioventricular septal defect
Atrioventricular septal defect in association with TOF
has been reported in 1.7% (8) of all TOF and is typically
associated with chromosomal abnormalities, especially
Trisomy 21 (Fig. 5).

Imaging of preoperative TOF
Echocardiography

Fetal echocardiography

Fetal echocardiography performed from 13 to 14 weeks
of gestation can usually make the diagnosis of TOF,
showing a large VSD with overriding of the aorta and
antero-cephalad deviation of the outlet septum and
small pulmonary arteries. The evolution of the RVOT
obstruction can be monitored by serial echocardiograms
throughout gestation (9). In patients with TOF with absent
pulmonary valve, severe forms may lead to hydrops fetalis
or fetal death.

Transthoracic echocardiography

Echocardiography is the main modality for diagnosis and
follow-up of TOF. Once TOF is suspected in the neonate,
a detailed echocardiographic evaluation is undertaken,
including 2D, color and spectral Doppler imaging.
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Figure 2

Coronary artery arrangement in patients with
TOF. Parasternal short-axis echo image (A) and CT
angiogram (B) showing an aberrant left main (LM)
coronary artery arising from the right coronary
artery (RCA) and crossing the RVOT, as well as a
large conal branch in a patient with TOF. Ao,
aorta; MPA, main pulmonary artery.

A comprehensive and detailed description using the
segmental approach is performed in a systematic manner
by the echocardiographer (6).

The goals of the initial evaluation can be summarized
as follows:

— Presence or absence of thymus.

— Visceral and atrial situs.

— Pulmonary and systemic venous connection and any
type of atrial septal defects.

— AV valves morphology and function (look for AVSD
anatomy).

- VSD morphology and shunting direction.

— LV and RV size, morphology and function.

— Cono-truncal anatomy and degree of stenosis of the
RV outflow tract.

— Pulmonary annulus size and valve morphology.

— Main pulmonary and pulmonary artery branch size. Rule
out abnormality of origin or course of a pulmonary artery
(sling or disconnected LPA following PDA closure).

— Aortic arch sidedness and branching pattern.

— PDA origin and patency or aorto-pulmonary collaterals.

— Coronary artery anatomy.

Subcostal long axis view

A sweep of the transducer from this view can easily
assess the systemic and venous connections to the heart,

ITV VAo / CARDIO ENFANT* / 8V3 U

; _Absent pulmonary.valye

dilated MPA

Figure 3

TOF with absent pulmonary valve and
hypoplastic annulus: free pulmonary
regurgitation (left panel); color Doppler
flow acceleration in systole (right panel) and
dilated MPA. MPA, main pulmonary artery.
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Right bronchial stenosis

the atrial septum and the normal atrioventricular and
The VSD, with the
overriding aorta and the RVOT obstruction caused by the
antero-cephalad deviation of the outlet septum can also
be identified. The right pulmonary artery can usually be
assessed from this view, the left pulmonary artery being
more difficult to see given its orientation.

ventriculo-arterial connections.

Subcostal short-axis view

The subcostal short-axis view is classically used for
viewing the antero-cephalad deviation of the outlet
septum and the level of the RVOT obstruction. This view
also preferentially shows the interatrial septum and the
potential presence of ASD and the type of VSD. LV and
RV function are also easily identifiable. The tricuspid and
the mitral valves can be viewed ‘en face’ and particular
attention should be given to not miss a cleft or an
associated AVSD (Fig. 6).

Apical views

The apical four- and five-chamber views classically
demonstrate the mitral and tricuspid valve morphology,
the biventricular function and the VSD. The entire septum
should be interrogated for additional muscular VSDs.

Parasternal long axis view

The parasternal long axis view usually demonstrates the
type of VSD and the degree of overriding of the aorta.
In TOF the aorta overrides the VSD by less than 50% of
the aortic diameter, while in DORV the override is more
than 50%. The presence of aorto-mitral continuity
also distinguishes TOF from a DORV. An anterior
sweep of the transducer allows the evaluation of the
RVOT and the pulmonary valve to assess the potential
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Figure 4

Repaired TOF with absent pulmonary valve.
Aneurysmal dilatation of the branch pulmonary
arteries with the RPA causing right bronchial
narrowing. LPA, left pulmonary artery; RPA, right
pulmonary artery.

level of stenosis and the size of the pulmonary valve
annulus (Fig. 7).

Parasternal short-axis view

This view provides additional information about the
VSD margins and the RVOT anatomy. The pulmonary
valve morphology and its size can be assessed as well as
the main PA diameter. The coronary artery anatomy is
preferentially visualized from this view. An optimization
of the color Doppler settings (lowering the Nyquist limit)
is helpful to enhance the flow velocity in the coronary
arteries. An abnormal origin of the LAD artery arising
from the right coronary artery and crossing anterior to the
right ventricular outflow tract, or presence of dual LAD

Deviated
Outlet
Septum

Figure 5

TOF-AVSD. Subcostal short-axis images at the level of the AV valve valve
showing an en face view of the common AV valve (SBL, superior bridging
leaflet, IBL, inferior bridging leaflet, LML, left mural leaflet are seen) and
the deviation of the outlet septum.
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Tetralogy of Fallot

coronary arteries or a major infundibular branch should
be sought (Fig. 2).

Suprasternal view

This view demonstrates the aortic arch sidedness
and the aortic branching pattern. Establishing aortic
side and branching pattern is important in patients
with severe TOF, especially in those referred for

Figure 6

Subcostal view. Subcostal short-axis view
showing the overriding aorta and non-restrictive
VSD with laminar flow on color flow mapping (A).
Modified anterior oblique subcostal view shows
the length of RVOT, pulmonary valve and branch
pulmonary arteries in detail. Flow turbulence on
color flow mapping confirms infundibular
obstruction. Ao, aorta; LPA, left pulmonary
artery; LV, let ventricle; RA, right atrium; RV, right
ventricle; RVOT, right ventricular outflow tract;
VSD, ventricular septal defect.

palliative shunt such as a modified Blalock-Taussig
shunt, as the shunt is performed on the opposite
side of the arch sidedness (i.e. right shunt in a left
sided arch).

Any other vascular ring or aortic arch malformation
(cervical arch) can be assessed from this view as well as
retroaortic innominate vein or left superior vena cava
draining into the coronary sinus.

ITV VAo / CARDIO ENFANT" / 8V3

20 ips /120 mm
87 bpm / Débit gén

H6.0MHz / 1
TEQ: 3 / Offset: 0 dB
PD:70.dB
—Couleur-—-
VDC / 3.5MHz
-4 dB

Figure 7

Parasternal long axis view. Parasternal long axis
view showing a non-restrictive VSD (A) with right
to left shunting and a restrictive VSD (B) with
tricuspid leaflet tissue seen in the 2D imaging
within the VSD. Ao, aorta; LV, left ventricle; RV,
right ventricle; TV, tricuspid valve; VSD, ventricular
septal defect.
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Cardiovascular magnetic resonance imaging

In the preoperative TOF patient, if echocardiography
has not permitted an exhaustive evaluation of the
intracardiac and extra-cardiac structures, cardiovascular
magnetic resonance (CMR) represents an alternative
to provide the missing information for diagnosis and
surgical planning. Different sequences are recommended
for imaging different conditions (10), but CMR protocols
usually include:

— Anatomical assessment of the heart and the vessels
using spin echo imaging.

— Dynamic (cine) assessment of the cardiac chambers
and of left and right ventricular outflow tracts in two
orthogonal planes. Additional acquisitions can be
performed for pulmonary artery branches or aortic
assessment.

— MR angiography of the pulmonary artery branches
and the aorta.

The main drawbacks of CMR are the lack of availability and
technical aspects that require breath-holding or acquisition
over multiple cardiac cycles for cine imaging and lower
spatial and temporal in contrast to other imaging modalities.
Cardiac MRI studies often require general anesthesia in
infants and young children (10). CMR may be useful in
selected young children with lesions such as aortic arch
anomalies and disconnected branch pulmonary arteries to
delineate full extra-cardiac anatomy pre surgery.

Computed tomography

Recent advances in acquisition techniques
radiation exposure reduction make CT a real alternative
to CMR in addition to the first-line echocardiographic
evaluation. CT has an excellent spatial resolution (<0.5mm)
and the acquisition time currently lasts only a few seconds.
Its main drawback is the use of ionizing radiation, which
raises concerns especially in the pediatric population. High
lifetime cumulative doses from X-rays, cardiac CT, diagnostic
and interventional cardiac catheterization in these patients
should be borne in mind when considering the use of serial
cardiac CT (11). In recent years, a number of dose-reduction
techniques have been instituted, with preservation of image
quality. With prospective systolic gating, delivered doses in a
pediatric population can range between 0.6mSv and 1.1mSv
(12) (compared to approximately 0.1 mSv for a chest X-ray)
to image the coronary arteries and define thoracic vascular
anatomy. This can be helpful for surgical planning in the
most severe forms of TOF including TOF with pulmonary

including
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atresia or, at the other end of the spectrum, TOF with absent
pulmonary valve. Cardiac CT may offer an alternative for
anatomic evaluation, meaning that cardiac catheterization
can be reserved for cases requiring catheter intervention.

Angiography

Angiography had been, for decades, the imaging gold
standard for the preoperative assessment of TOF. Advances
in cross-sectional imaging currently allow non-invasive
definition of the anatomic details of intracardiac and
extra-cardiac structures, including pulmonary branch
anatomy or coronary artery pattern. X-ray angiography
remains an alternative imaging modality when it supports
percutaneous interventions.

Surgical repair of TOF

The first palliation for TOF was performed in 1945 and
is named after the surgeon (Blalock) and cardiologist
(Taussig) who first described it. This was a systemic-to-
pulmonary artery shunt and involved the anastomosis
of the right subclavian end-side to the right pulmonary
artery: The Blalock-Taussig (BT) shunt (13). Presently,
only a minority of patients require an initial palliative
procedure to increase pulmonary blood flow or to allow
for growth of the main and branched pulmonary arteries.
Current palliation, if necessary, is in the form of systemic-
pulmonary artery shunts and more recently by stenting
of the RVOT (14).

The first complete repair of TOF was performed by
Lillehei in 1954 (15). Corrective surgery involves patch
closure of the VSD, leaving the aorta committed to the
left ventricle and provides relief to the right ventricular
outflow tract, pulmonary valve or branch pulmonary
artery obstruction. The relief of the RVOTO is usually
at the expense of leaving behind a degree of pulmonary
regurgitation, particularly if a trans-annular patch is used.
Patients with anomalous coronary arteries and/or absent
pulmonary valve will require RV-PA conduits at the time
of the first corrective surgical procedure, with the need for
subsequent revisions.

Long-term follow-up after surgical
repair of TOF

Repaired TOF is associated with good long-term outcomes
with a long-term survival of 90% (16). There are though,
a recognized number of long-term hemodynamic,
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electrical and anatomical sequelae. All patients with
repaired TOF need lifelong clinical reviews and serial,
often multi-modality, cross-sectional imaging to allow for
timely management of the long-term sequelae, discussed
in the following sections.

Pulmonary regurgitation

Pulmonary regurgitation is the most frequently
encountered hemodynamic lesion following surgical repair
of TOFE. It can range from mild to severe and is described
as free pulmonary regurgitation when there is no effective
valve function, seen with the placement of a trans-annular
patch. Pulmonary regurgitation leads to progressive right
ventricular dilatation and possible late dysfunction. This
is usually a well-tolerated lesion and most patients remain
symptom free for decades, but the majority with a severe
lesion will require pulmonary valve replacement, often in
the third decade of life. Pulmonary valve replacement is, at
present, the most frequently performed procedure in adult
patients with congenital heart disease. Table 1 describes
the objectives of imaging and the relative value of the
different imaging modalities in evaluating a patient with
pulmonary regurgitation (Fig. 8).

Residual right ventricular outflow tract
obstruction, pulmonary valve and branch
pulmonary artery stenosis

Residual or progressive obstruction to the blood flow from
the right ventricle to the branch pulmonary arteries can be
encountered and can be related to the original morphology
(e.g. the original size of the branch pulmonary arteries).
It can be seen at multiple levels, including residual
infundibular obstruction, small pulmonary annulus,
degeneration and progressive obstruction in replaced
pulmonary valves and conduits and branch pulmonary
artery stenosis. The objectives from imaging are the
identification of the severity and level(s) of obstruction
and the effects on the right ventricle and the relative
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merits of the different imaging modalities in this setting
are described in Table 2 (Fig. 9).

Right ventricular enlargement and dysfunction

Pulmonary regurgitation represents a chronic volume
overload on the right ventricle that leads to progressive
rightventricular dilatation. Residual obstruction represents
a chronic pressure overload and leads to right ventricular
hypertrophy. Both lesions, if severe and un-addressed
in a timely manner, can cause right ventricular systolic
dysfunction. The diastolic function of the right ventricle is
also often affected by the original lesion, cardiopulmonary
bypass and post-repair hemodynamic lesions. A restrictive
RV physiology represents the physiological manifestations
detected with Doppler of a non-compliant right ventricle.
It is often seen in the presence of RV obstruction, but
may co-exist with pulmonary regurgitation. This can
limit the degree of pulmonary regurgitation due to early
equalization between the PA and RV pressures and may
limit RV enlargement (Figs 10 and 11).

Tricuspid regurgitation

Tricuspid regurgitation can be seen with progressive right
ventricular enlargement that leads to annular dilatation,
but leaflet abnormalities can also be encountered and may
be related to the tethering in the region of the VSD patch.
A careful evaluation of the severity and mechanism of
tricuspid regurgitation is needed. Consideration should be
given to the need for tricuspid valve repair or replacement
at the time of pulmonary valve surgery.

Aortic root dilatation and aortic regurgitation

Although aortic root enlargement is frequently seen and
a root measuring >40mm affects a third of patients (17),
progressive dilatation or dilatation that requires primary
aortic root replacement is rare. Annular dilatation can

Table 1 Objectives and relative value of multi-modality imaging in the assessment of pulmonary regurgitation in repaired ToF.

Echocardiography CMR Cardiac CT Cardiac catheterization and angiography

Presence and severity of pulmonary regurgitation 4
Quantify RV dilatation and function Va4
Assess associated valve lesions L4
Planning percutaneous interventions v

24 v
24 v/ v
4 v
4 Y L4

*This is usually reserved for patients with limited echo windows and a contra-indication to cardiac MRI.

CMR, cardiac magnetic resonance; CT, computed tomography.
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Figure 8

Severe pulmonary regurgitation in a patient with repaired TOF. Parasternal short-axis window showing the main (MPA) and branch pulmonary arteries
on 2D imaging (A) with pulmonary regurgitation on color flow mapping occupying the width of the MPA and originating from the two branches (B), with a
short pressure half time (65 ms) on spectral Doppler imaging (C). LPA, left pulmonary artery; MPA, main pulmonary artery; RPA, right pulmonary artery.

lead to aortic regurgitation, and this can rarely become a
progressive lesion that requires surgical intervention.

Left ventricular dysfunction

Left ventricular systolic and diastolic dysfunction can be
seen in patients with repaired TOF and is well described
in older patients who underwent late repair. Causes for
left ventricular dysfunction include ventriculo-ventricular
interaction, cyanosis with late repair, ventriculotomy
performed in earlier surgery, concomitant coronary artery
disease in an aging patient population and secondary
to sustained, uncontrolled atrial arrhythmia which are
frequently seen. Left ventricular function is an important
predictor of arrhythmia and survival.

Arrhythmia and aborted sudden death

Atrial arrhythmias in patients with
repaired TOF and are secondary to atrial scar and atrial
stretch with elevated pressures. Ventricular arrhythmia
including ventricular tachycardia, ventricular fibrillation
and sudden death are well described (18). Imaging
can help identify correctable hemodynamic lesions,
evaluate biventricular function and image areas of scar.

are common

This can help guide therapeutic interventions with
fusion of CMR images with electro-anatomical maps
(Fig. 12). With aborted sudden death, implantable
defibrillators (ICD) are used which impact the future
choice of imaging modality. CMR was conventionally
contraindicated in the presence of implantable cardiac
devices, but MRI conditional devices are now widely
used in patients with repaired congenital heart disease,
although the artifact generated may lead to non-
diagnostic image quality. Transvenous ICD leads can
affect tricuspid valve function. The objectives and
different modalities of imaging with respect to the
assessment of the risk of occurrence or recurrence of
cardiac arrhythmia are shown in Table 3.

Multi-modality imaging after TOF repair
Echocardiography
Serial echocardiograms are recommended and should be

performed at routine intervals.

Subcostal view
This may provide limited views in adult patients.
Visualizing the IVC as well as assessing hepatic vein flow

Table 2 Objectives and relative value of multi-modality imaging in the assessment of right ventricular outflow tract, pulmonary
valve, main and branch pulmonary artery obstruction in repaired ToF.

Echocardiography CMR Cardiac CT Cardiac catheterization and angiography
Severity of RVOTO 44 L4 v 4
Level of RVOTO 4 L4 4 v
Quantify RV function V4 Y v v
Assess associated valve lesions Y 4 v/
Planning percutaneous interventions v 4 L4 54

CMR, cardiac magnetic resonance; CT, computed tomography; RV, right ventricle; RVOTO, right ventricular outflow tract obstruction.
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Figure 9

Multi-level RV outflow tract assessment by CW Doppler. Spectral Doppler
showing severe obstruction (peak velocity 5.2 m/s, peak gradient

108 mmHg) across RV infundibulum (Dagger shaped envelope)

and pulmonary valve (symmetrical envelope). CW, continuous wave;

RV, right ventricle.

gives an indication of right atrial pressure, tricuspid valve
function and diastolic right ventricular function.

Parasternal long axis view

The RV free wall is visualized and RV hypertrophy is
readily identifiable. A visual assessment of RV free wall
function and RV size can be made. The VSD patch can
be visualized and assessed for residual VSDs. The aortic
root and ascending aorta can be assessed. Moving up
one intercostal space will bring more of the ascending
aorta into view. Inferior angulation of the probe brings
the tricuspid valve into view and superior angulation
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brings the pulmonary valve and main pulmonary artery
into view.

Parasternal short-axis view

This is the best view for the analysis of the pulmonary
valve, but modified views may be needed particularly for
conduits that are in very anterior positions. 2D imaging
evaluates the size of the RV, RV outflow tract (RVOTI,
RVOT2), size of the pulmonary valve annulus, mobility
of the pulmonary valve leaflets and size of the main
pulmonary artery and its branches. The RV dilatation
may be more evident in this view given the anterior
dilatation that occurs in repaired TOF, especially with
the use of a trans-annular patch during surgical repair.
Detailed evaluation of the branch pulmonary arteries
is often limited in adult patients. Color flow mapping
readily identifies pulmonary regurgitation and RVOT
obstruction if present. Pulsed-wave and continuous wave
Doppler interrogation of the RV outflow tract, pulmonary
valve and MPA can grade severity of both pulmonary
regurgitation and stenosis. In the presence of multi-
level RVOTO, an estimate of RV pressure is best derived
from the TV regurgitant jet if present. Severe pulmonary
regurgitation is identified using the criteria in Table 4.
Restrictive right ventricular physiology is diagnosed when
there is pre-systolic forward flow through the pulmonary
valve seen on the RVOT/PV spectral Doppler trace with
atrial contraction, described as an ‘a wave’.

Apical view

This is the view that allows the most comprehensive
assessment of chamber sizes and both right and left
ventricular function. Measurements should be made in line

Figure 10

Dilated right ventricle in a patient with repaired
TOF and severe pulmonary regurgitation. Apical
four chamber view in a patient with repaired TOF
and severe pulmonary regurgitation before
pulmonary valve replacement surgery, showing
dilated right ventricle: RvD1 58 mm and right
atrium, (A) and mildly reduced indices of basal
longitudinal function, TAPSE 16 mm (B) and
tricuspid annular TDI showing an S’ of 9 cm/s (C).
RVD, right ventricle dimension; TAPSE, tricuspid
annular systolic plane excursion; TDI, tissue
Doppler imaging.
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with published recommendations and guidelines (19), but
this should be coupled with an appreciation of the lack of
data to support the reproducibility of the measurements
and their correlation with CMR quantification, which
remains the gold standard. 2D end-diastolic measures
of RV size include basal (RVD1) and mid-cavity (RVD2)
dimensions as well as RV length, and end-systolic right
atrial area. RV hypertrophy and abnormalities of septal
motion can be used as indirect indicators of RV pressure,
but the almost uniform presence of right bundle branch
block in these patients makes the reliance on septal
motion to evaluate RV pressure of limited clinical utility.

Figure 11

‘Restrictive RV’ physiology on spectral Doppler.
Spectral Doppler across the pulmonary valve in a
patient with previous TOF repair showing the
characteristic ‘A’ wave (red arrow) in a patient with
a restrictive RV. This pre-systolic forward flow in
the pulmonary artery is caused by the pressure
generated by right atrial contraction (dashed line
indicating end of atrial contraction) transmitted
through the right ventricle to the RVOT and
causing pre-systolic opening of the pulmonary
valve. RV, right ventricle; RVOT, right ventricular
outflow tract.

An evaluation of right ventricular or pulmonary
artery pressure can be made from this view in the
presence of tricuspid regurgitation. Doppler alignment
with the TR jet is often possible and couple with
an estimate of RA pressure (usually using the IVC
size and reactivity, the modified Bernoulli equation
can be used).

Global and regional indices of RV systolic function
should be measured serially and include the following
quantitative measures (cut-off normal values, derived
from non-congenital heart disease-based normative data
in adults are detailed in Table 5 (19)):

Figure 12

Examples of scar distributions on high-resolution
LGE images in patients with repaired TOF. LGE
data from three patients are shown (A, B and Q).
Trans-axial LGE images are shown in the left
column, yellow and green arrows indicating RVOT
and septal scars, respectively. In the right column,
the corresponding scar distributions are displayed
in RVOT and septal views (left and right images,
respectively). LGE, late gadolinium enhancement;
RVOT, right ventricular outflow tract.

© 2019 The authors
Published by Bioscientifica Ltd

https://erp.bioscientifica.com
https://doi.org/10.1530/ERP-18-0049

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
International License.

©0e)


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/ERP-18-0049
https://erp.bioscientifica.com

echoresearch
:; and practice

R Bedair and X Iriart Tetralogy of Fallot

6:1 | R19

Table 3 Objectives and relative value of multi-modality imaging in the assessment of arrhythmia risk in repaired ToF.

Cardiac catheterization, angiography

Echocardiography CMR Cardiac CT and electro-anatomical mapping
Identification of (reversible) hemodynamic Y Y v
lesions
Quantification of chamber size and Y o4 v v/
ventricular function
Imaging of myocardial scar SIF I

*Fusion imaging with electro-anatomical mapping.

a. TAPSE - tricuspid annular systolic planar excursion:
M-mode assessment of the degree of excursion of the
tricupisd annulus is a measure of basal RV longitudinal
function. In patients with TOF it may not correlate
with measures of global and regional function in other
areas (20).

b. Tissue Doppler imaging of the tricuspid annulus:
The velocity of the S wave on the TDI of the
tricuspid annulus is similar to TAPSE in that it
assesses the basal RV longitudinal function. This
correlates with RVEF on CMR if the outflow tract
function is preserved but less so in the presence of
RVOT dyskinesia (21).

c. RV fractional area change: Calculation of the RV FAC
involves tracing around the RV endocardial border
in diastole and systole, excluding trabeculations,
moderator band and papillary muscles and calculating
the relative change. It requires good endocardial
definition and the presence of prominent RV
trabeculations may make finding the endocardial
border more challenging. Although RV FAC correlates
with RVEF on CMR, this is not validated in patients
with TOF with low correlations with CMR measures of
RV function (22).

d. RV global longitudinal and regional strain: This is
an angle-independent measure of RV function and
is of established prognostic value in non-congenital
patients, but data specific to patient with repaired TOF
is still sparse (23) (Fig. 13).

Table 4 Criteria for moderate-severe pulmonary
regurgitation.

e. 3D RVEF: 3D echo has been validated against CMR and
provides the best echocardiographic index of overall
RV systolic function, but tends to under-estimate RV
volumes when compared to CMR, on which a lot of
the decision making for pulmonary valve intervention
is based (Fig. 14).

All these indices (except for 3D RVEF) have inherent
limitations given the complex geometry of the right ventricle
in patients with repaired TOF. TAPSE — TDI correlating least
and 3D RVEF and GLS correlating best with CMR-derived
RVEE. There is also a lack of normal values for patients with
repaired TOF, and variable results of studies that assess the
correlation with CMR-derived measures of RV function,
which is the gold standard (24, 25). Normal and abnormal
values are described in the chamber quantification guidelines
and can be used but a serial change is more meaningful for
the clinical care of the individual patient.

Cardiovascular magnetic resonance (CMR)

CMR is the gold standard for the evaluation of both the
severity of pulmonary regurgitation and the size and
function of the right ventricle (Figs 15 and 16). The
branch pulmonary arteries are often not well imaged on
echocardiography in adults and must be evaluated with
CMR scan in all patients, but in particular those with
previous systemic-pulmonary artery shunts, previous
branch pulmonary artery reconstruction or intervention,

Table 5 Normal and abnormal valves for measures of RV
function in adult patients (ASE/ESC recommendations) (13).

Parameter Abnormality threshold
Pulmonary regurgitation PHT <100 ms
Jet:Annulus width ratio 0.5

Diastolic flow reversal from the branch From branch PAs
pulmonary arteries
Termination of flow in mid-late

diastole

No flow time >80 ms.

PA, pulmonary artery; PHT, pressure half time.

Parameter Abnormality threshold
TAPSE (mm) <17

RV FAC (%) <35

RV free wall 2D strain (%) >-20

RV 3D EF (%) <45

Pulsed Doppler S wave (cm/s) <9.5

EF, ejection fraction; FAC, fractional area change; RV, right ventricle; TAPSE,
tricuspid annular plane systolic excursion.
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with split pulmonary artery flow assessments aiding
clinic decision making for branch pulmonary artery
interventions. Scar imaging with gadolinium is part of
routine clinical practice, and research is underway to
evaluate scar-directed ablation procedures (Fig. 12). In the
absence of favorable echocardiographic windows, CMR
provides a comprehensive evaluation of biventricular size
and function, valve function, morphology of the RVOT
and branch PAs and the aortic root dimensions. MRI
conditional cardiac devices, stent material and struts of
bio-prosthetic and mechanical valves lead to artifact and
limitations in imaging.

The indications for and timing of pulmonary valve
replacement in patients with a dysfunctional pulmonary
valve, especially those with pulmonary regurgitation is one
of the most debated issues among congenital heart disease
specialists. If patients present with cardiovascular symptoms,

Figure 13

Right ventricular strain assessment. (A) Apical
4-chamber view with semi-automatic detection of
the regions of interest. This method requires the
user to outline the internal border of the
myocardium. The 2D strain algorithm automatically
evaluates the tracking quality at each myocardial
location over time, and provides the tracking quality
of each segment as either ‘acceptable’ (V) or
‘non-acceptable’ (X) in a table just below the image.
(B) RV regional longitudinal peak systolic strain.

(C) Myocardial longitudinal strain curves determined
by speckle tracking imaging. (D) Map of the regional
longitudinal strain.

not otherwise explained, and moderate-to-severe pulmonary
regurgitation, pulmonary valve replacement should be
considered in line with published guidelines (26, 27).

In the absence of symptoms, the timing of pulmonary
valve replacement is often determined using CMR-derived
indices of RV size and function after confirmation of
moderate-to-severe pulmonary regurgitation (regurgitant
fraction >25% by CMR). The CMR indices to consider
include (28, 29, 30):

RV end-diastolic volume index >160mL/m?2.
RV/LV end-diastolic volume ratio >2.

RV end-systolic volume index >80 mL/m?2.
RV ejection fraction <47%.

Large RVOT aneurysm.

AR e

Multiple CMR-based studies have tried to address
the question of optimal timing for pulmonary valve

Figure 14

3D RV assessment. (A) Display from the
four-dimensional RV function analysis program
showing the final stage of contour detection, in
which manual correction of the contours can be
applied in any cross-section or phase of the
cardiac cycle. (B) View of the four-dimensional RV
function mesh showing RV geometry and volume.
RV, right ventricle.
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Trigger Time ms]

Use of cardiac MRI to assess severity of pulmonary regurgitation using phase-contrast imaging. (A) Sagittal view of the right ventricular outflow tract. Line
(red) indicating the plane of imaging for flow in the expected position of the pulmonary valve. (B) Circle indicating assessment of flow in region of interest.
(C) Flow curves from phase-contrast imaging. Pulmonary regurgitation indicated flow below the baseline (arrow). Image courtesy of Dr Michael Yeong.

replacement (30, 31), and the benefits of pulmonary
valve replacement have been shown in a large meta-
analysis of 48 studies, showing improvements in right
ventricular size and function, improvements in left
ventricular function, improvements in symptoms and
positive electrical remodeling in the form of shortened
QRS duration (32). Less definite is the beneficial effect
of pulmonary valve replacement in terms of improving
survival and decreasing sustained ventricular arrhythmia.
An international registry study considering the effects
of pulmonary valve replacement on clinical outcomes
showed no difference in death and sustained ventricular
arrhythmia following pulmonary valve replacement at
5 years of follow-up. Furthermore, this study showed
more adverse events in patients who underwent ‘early’

Figure 16

Cine SSFP short-axis ventricular stack for ventricular volumetric data.
Dilated right ventricle indicated by arrow (white). Image courtesy of
Dr Michael Yeong.

pulmonary valve replacement outside the consensus
indications (33).

Cardiac CT

Cardiac gated CT has high spatial resolution and is
useful in detailing anatomy, which aids planning of
interventional procedures. CT is increasingly used in
patients being evaluated for percutaneous pulmonary
valve implantation to assess the size of the conduits
and proximity to coronary arteries. Patients older than
40 years need coronary artery disease excluded prior to
pulmonary valve replacement surgery and this can be
achieved with CT. Fusion imaging with superimposition
of cardiac CT scans on fluoroscopy at the time of cardiac
catheter intervention can reduce radiation and contrast
doses (34).

Cardiac catheterization and angiography

Cardiac catheterization and angiography as the primary
diagnostic modality for patients with repaired TOF has
been superseded by non-invasive, often superior imaging
with a combination of an echocardiogram and CMR.
It remains part of the diagnostic work-up for patients
being considered for percutaneous pulmonary valve
implantation. This test is valuable in measuring the
right ventricular pressure, identifying the level of the
obstruction in the RVOT through to the branch pulmonary
arteries. Interrogation of the RV outflow tract with a low
pressure soft balloon allows sizing of the outflow tract
with simultaneous coronary interrogation. Evaluating the
coronary arteries and their proximity to the pulmonary
conduit is also one of the purposes of this study (Fig. 17).
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Conclusion

TOF is one of the commonest congenital heart lesions, with
good outcomes from primary surgical repair leading to a
growing population of pediatric and adult patients living
with this condition. All patients require lifelong follow-up
to allow timely identification of the need for further
surgery or intervention. Multi-modality imaging is used
to consider the need for pulmonary valve replacement,
ablation procedures and implantable cardioverter
defibrillator implants, although the indications for
primary, preventive therapy remain the subjects of debate.
The imaging/interventional interface is overlapping in
this patient group with fusion imaging already established
for electrophysiological and interventional procedures.
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