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Abstract. – OBJECTIVE: The patients with re-
paired Tetralogy of Fallot (rToF) are a growing 
population due to the improvement of surgical 
management in neonatal age. However, the sig-
nificant pulmonary regurgitation, consequent to 
the repair, is the most frequent sequelae and 
leads to a progressive right ventricle dilation 
over time. The latter, in turn, is responsible for 
the possible dysfunction of right and/or left ven-
tricle and an increased risk of dangerous ven-
tricular arrhythmias. Therefore, right ventricle 
monitoring is necessary for rToF patients and a 
3D method is required due to its three anatomi-
cal and functional subunits. Magnetic resonance 
imaging (MRI) has become the 3D modality of 
choice in the evaluation of both cardiac anatomy 
and ventricular volumes in rToF patients since it 
is able to evaluate both the pathophysiology and 
anatomy, it is free of radiation and, when strict-
ly necessary, it uses a non-iodinated contrast 
agent. Cardiac CT should be considered in the 
evaluation of the sequelae in rToF only in select-
ed cases, given that it implies a radiation dose 
and iodinated contrast, in addition to not evalu-
ating the pathophysiology as MRI. 
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Abbreviations

ToF: Tetralogy of Fallot; RV: Right ventricle; CT: Com-
puted tomography; MRI: Magnetic resonance imaging; 
CHD: Congenital heart disease; rToF: Repaired Tetralo-
gy of Fallot; 3D: Three-dimensional; RVOT: Right ven-
tri-cle outflow tract; LGE: Late gadolinium enhancement; 
PVR: Pulmonary valve replacement; LV: Left ventricle; 
SSFP: Steady-state free precession; PC: Phase-contrast; 
PT: Pulmonary trunk; CNR: Contrast-to-noise ratio; 
TSE: Turbo spin echo; CE-MRA: Contrast-enhanced 
3D magnetic resonance angiography; ECV: Myocardial 
extracellular volume; WSS: Wall shear stress; LPA: Left 
pulmonary artery; MPA: Main pulmonary artery; CAD: 
Computed-aided design

Introduction

Tetralogy of Fallot (ToF) is the most common 
cyanotic congenital heart disease (CHD) with an 
incidence of approximately 1/3600 live births, ac-
counting for 5-7% of all CHD1. Surgical correction 
involves closing the ventricular septal defect and 
broadening the pulmonary outflow tract. As the 
surgical treatment of ToF has evolved consider-
ably since the first systemic artery to pulmonary 
shunt of Blalock-Taussig, early surgical mortality 
also decreased from 50% in the late 1950s to less 
than 2% recently2. Timing and the type of surgical 
technique and its effect on the long-term progno-
sis are determined by the level of the obstruction 
of the pulmonary outflow tract and the patient’s 
clinical conditions3. With the improvement of sur-
gical techniques, the long-term prognosis of ToF 
has been modified, increasing the number of adults 
with repaired ToF (rToF), who are now more than 
those under 18 years of age4. Therefore, regular 
and detailed imaging evaluation of patients with 
ToF during follow-up is fundamental to prevent 
long and mid-term adverse clinical outcomes5. 
Transthoracic echocardiography is the first line of 
cardiovascular imaging modality, especially for 
young infants, providing a good assessment of the 
pre and postoperative cardiac anatomy. Howev-
er, this method has its limitations due to the poor 
acoustic window and technical limitations in the 
evaluation of three-dimensional (3D) right ventric-
ular shape6. Owing to variable ultrasound tissue 
interaction, the image resolution of convention-
al two-dimensional techniques is not adequate to 
an accurate evaluation of all three anatomical and 
functional subunits of the right ventricle (the inlet, 
the apical trabecular and the outlet, also called in-
fundibulum). It is fundamental to assess accurate-
ly the right ventricular volume and function along 
with the integrity of the right ventricular outflow 
tract and the pulmonary arteries in rToF patients. 
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Therefore, in the 3D evaluation of both cardiac 
anatomy and ventricular volumes in rToF patients, 
the use of other imaging modalities, such as mag-
netic resonance imaging (MRI) and computed 
tomography (CT), is mandatory. Cardiac catheter-
ization nowadays is rarely undertaken, except only 
to estimate right ventricular pressure and perform 
interventional procedures. The goal of this review 
is to elucidate the information obtained from CT 
and/or MRI, useful in the clinical follow-up of rToF 
patients, with attention in deciding timing and type 
of pulmonary valve replacement. The decision to 
use the best non-invasive imaging in consideration 
of the age interval and the clinical-diagnostic ap-
proach represents a unique challenge for cardiol-
ogists and radiologists, for a patient-specific eval-
uation.

Anatomical Description
Tetralogy of Fallot often consists in an associa-

tion of obstruction of the pulmonary outflow tract, 
an overriding aorta, a ventricular septal defect due 
to misalignment and right ventricular hypertrophy. 
Stenosis of the infundibulum is an integral part of 
the condition and has a dynamic component. The 
pulmonary valve can display a broad spectrum of 
abnormalities, ranging from mild to severe obstruc-
tion of the right ventricle outflow tract (RVOT) up 
to pulmonary valve atresia. Finally, pulmonary 
branches can also present various degrees of steno-
sis/hypoplasia at different levels.

Surgical Approach
The timing and type of first surgery, follow-up 

and pulmonary valve replacement depend on the 
level of pulmonary outflow tract obstruction and 
the degree of stenosis/hypoplasia of pulmonary 
arteries. In addition to the above variables, the 
abnormalities often associated with ToF, such as 
coronary artery abnormalities or atrioventricular 
septal defects should be considered.

The surgical correction involves closing the 
ventricular septal defect and broadening the pul-
monary outflow tract using a trans-annular or 
infundibular patch with pulmonary valvuloplas-
ty. In the presence of coronary artery abnormal-
ities, a conduit between the right ventricle and 
the pulmonary arteries (RV-PA conduit) might be 
required. A palliative procedure (e.g., a modified 
Blalock-Taussig shunt which involves inserting 
a 3.5 to 5 mm prosthetic tube between the bra-
chiocephalic trunk or subclavian artery and the 
ipsilateral pulmonary artery) is needed in patients 
with severely hypoplastic pulmonary arteries. 

Postoperative Sequelae 
and Residual Lesions

The most common late postoperative sequelae 
and residual lesions include pulmonary regurgita-
tion, right ventricular dilation and failure, resid-
ual main and branch pulmonary artery stenosis, 
tricuspid regurgitation, right ventricular outflow 
tract aneurysm and dyskinesis, conduit failure, 
left pulmonary artery kinking and residual or re-
current ventricular septal defect. 

Imaging: MRI or CT?
MRI has been recognized as a more reliable 

tool, because of its independence from the acoustic 
window, lack of ionizing radiation, non-invasive 
2D and 3D evaluation of right ventricle and great 
vessel, as well as its reproducibility in the longitu-
dinal follow-up of rToF patients7-9. MRI is the only 
modality able to elucidate both the morphology 
and pathophysiology of congenital heart diseas-
es6. In rToF patients, it allows the quantitative and 
qualitative assessment of the three RV-portions, 
including the most accurate measurement of RV 
volume that is often increased in these patients 
due to significant chronic pulmonary regurgita-
tion10. With this method it is possible to achieve 
a good intra- and interobserver reproducibility of 
right ventricle size and function measurements11. 
In addition, MRI provides useful information 
on the regional RV function, having the unique 
possibility to compare a regional dysfunction, for 
example an akinetic region due to the patch, with 
the presence of scars by using LGE12. Moreover, 
it offers a more accurate method for the noninva-
sive quantification of blood flow in rToF, useful 
to quantify pulmonary regurgitation, differential 
pulmonary branches blood flow, the magnitude of 
cardiac shunts and pressure gradients across nar-
row segments13. Finally, MRI allows the three-di-
mensional evaluation of thoracic vessel anatomy 
(pulmonary trunk, pulmonary artery branches, 
aorta) using different sequences, some of which 
not requiring the administration of contrast agents 
differently from CT (such as 3D SSFP navigator 
and 3D TSE)14-16. On the other hand, CT is pre-
ferred to MRI to obtain anatomical information 
of the tracheobronchial tree, owing to its higher 
spatial resolution or in case of endovascular stents 
or stent-mounted valves, for its independence 
from metallic artifacts17. Furthermore, CT is pre-
ferred when a fast excellent anatomical evaluation 
of the heart in infants and non-collaborative chil-
dren is required, especially to assess the course of 
the coronary arteries. The new dual-source mul-
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tidetector CT scanners18,19 can take an image of 
the chest in less than 1 sec, eliminating the need 
for a breath-hold in infants and children, as well 
as sedation, with a small radiation dose delivered. 
On the contrary, despite all its advantages and 
technological advances, MRI requires a long scan 
time and a perfect breath hold collaboration for 
the majority of the images acquired, needing gen-
eral anesthesia in infants and young children. In 
addition, even though CT has less temporal reso-
lution than MRI20, it should be taken into consid-
eration for the assessment of the ventricular vol-
ume and function in the presence of PMK/ICD or 
claustrophobia. To sum up, CT use is restricted 
to a few selected cases, since its usage implies a 
certain radiation dose and potentially dangerous 
reactions to iodinated contrast agents, so harmful 
in young pediatric populations. In synthesis, MRI 
is used in rToF patients to:
1. Assess quantitatively right and left ventricle 

volumes, mass, stroke volumes and ejection 
fraction;

2. Evaluate regional wall motion abnormalities;
3. Image the anatomy of the right ventricle out-

flow tract, pulmonary arteries and aorta;
4. Quantify atrioventricular and semilunar valve 

regurgitation, cardiac output, and pulmo-
nary-to-systemic flow ratio;

5. Assess myocardial viability (LGE);
6. Visualize coronary artery anatomy.

CT can be alternatively used:
1. When MRI is contraindicated (i.e., claustro-

phobia, PMK/ICD) for the anatomy (intra- and 
extra-cardiac, coronaries), right and left ven-
tricle volumes and ejection fraction and tra-
cheobronchial tree;

2. In the presence of stent or prosthetic valve or 
alleged paravalvular leak for the anatomy; 

3. In infants and non-collaborative children for 
the anatomy and the tracheobronchial tree.

MRI Applications Overview 
in rToF Patients: Cine-Images 

Steady-state free precession (SSFP) cine im-
ages are the most useful sequences for qualitative 
and quantitative assessment of the biventricu-
lar size and function21 in right ventricular dila-
tion and dysfunction of rToF patients22. Indeed, 
chronic pulmonary valve regurgitation, the most 
common cardiovascular sequelae in rToF, pro-
gressively leads to right ventricular enlargement 
(Figure 1) and dysfunction, ventricular arrhyth-
mias, heart failure and death23. MRI has proven 

to be suitable for accurate and reproducible mea-
surement of ventricular size and function11,24, 
fundamental in these patients to monitor RV di-
lation over time. Pulmonary valve replacement 
(PVR) in asymptomatic rToF patients is based 
mainly on the RV size and function25. Therefore, 
the proper documentation of how RV volume di-
lates over time in this cardiac disease is funda-
mental to choose the PVR exact timing before 
right/left ventricle dysfunction and/or ventric-
ular arrhythmias onset. Knauth et al26 found 
that severe RV dilation (end-diastolic volume 
Z-score ≥7 measured by MRI) and ventricular 
dysfunction (LV EF <55% or RV <45%) are in-
dependent predictors of late adverse outcomes 
(death, sustained ventricular tachycardia, heart 
failure) late after rToF. However, in the majority 
of rToF patients, clinical status is not a reliable 
marker of changes in RV dilation and/or func-
tion. Therefore, researchers have attempted to 
establish a threshold of RV end-diastolic volume 
below which postoperative normalization of RV 
size and function can be expected27,28. Cut-off 
values for indexed RV end-diastolic and systolic 
volume, respectively between 150 and 170 ml/
m2 and 80 and 90 ml/m2, have been proposed as 
an indication for PVR in asymptomatic patients 
with rToF27-32. This year, the AHA/ACC guide-
line for the management of adults with congen-
ital heart disease suggests taking into consider-
ation any 2 of the following MRI parameters: 
mild or moderate RV or LV systolic dysfunction 
(RV EF <47% or LV EF <55%), severe RV di-
lation (RVEDVI ≥160 mL/m2, or RVESVI ≥80 
mL/m2, or RVEDV ≥2 x LVEDV), right ventricle 
systolic pressure due to RVOT obstruction ≥2/3 
systemic pressure33-34. 

Figure 1. Right ventricular dilation on 4-chambers view 
(SSFP cine sequence).
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The main problem in this disease is that RV 
dilation over time seems to differ from patient 
to patient, even in the presence of the same he-
modynamically significant pulmonary regurgi-
tation35 as well as the threshold of RV dilatation 
at which the right dysfunction can begin and the 
risk of arrhythmias increases. MRI longitudinal 
studies have pointed out that, in the majority of 
patients, RV growth seems to be very slow over 
time. Only 15% of rToF patients seem to devel-
op a worse and faster RV dilatation, as reported 
by Wald et al36. However, considering that we 
do not know yet in which rToF patients this may 
occur, all of them should undergo seriated MRI 
examinations (every 2 or 3 years) to monitor the 
right ventricular dilation and prevent its subse-
quent dysfunction.

SSFP cine images can also perfectly assess 
the estimated position of the patch on the right 
ventricle, because this area appears as an akinetic 
region, due to the absence of contraction during 
the cardiac cycle37. 

Moreover, SSFP cine sequence can evaluate, in 
case of residual/recurrent RVOT obstruction, the 
narrowing with resultant turbulent flow jet at the 
stenosis level (Figure 2), as well as the hypoplasia/
stenosis of pulmonary arteries. However, especial-
ly in case of RVOT obstruction, the turbulent flow 
jet can reduce image quality, requiring an addition-
al sequence, such as gradient echo sequence. The 
latter, being less sensitive to turbulence artifacts, 
allows visualizing the anatomy of RVOT obstruc-
tion in 2D cine better than SSFP ones.

Phase Contrast MR Imaging 
for Blood Flow Quantification
in Valves and Pulmonary Arteries

Phase-contrast (PC) sequence is useful to quan-
tify regurgitant volumes of main vessels, such as 
the aorta and the pulmonary artery, to estimate 
the distribution of the flow to the pulmonary arter-
ies and to quantify the severity of cardiac shunts. 
The principal pitfall is to set the sequence using 
a proper velocity-encoding rate to avoid aliasing 
artifacts. MRI is the most accurate and repro-
ducible method for quantification of pulmonary 
regurgitation13. In addition, PC MRI imaging in 
rToF patients can be used for the assessment of the 
pressure gradient through a residual right ventricle 
outflow tract (RVOT) stenosis29,38. Finally, it allows 
a direct quantification of blood flow in the pulmo-
nary branches, which is crucial for determining the 
hemodynamic significance of a stenosis. The nor-
mal flow distribution is 55% in the right pulmonary 
artery and 45% in the left pulmonary one. 

3D Anatomy Evaluation
Cardiac MRI enables the three-dimension-

al evaluation of thoracic vessel anatomy in rToF 
patients (pulmonary trunk, pulmonary artery 
branches, aorta, aorta-pulmonary collaterals) by 
using four types of sequences (3D SSFP naviga-
tor, 3D TSE, CE-MRA, gated CE-MRA). The first 
two sequences do not require a contrast agent, on 
the contrary of the second two.

3D SSFP navigator sequence is easy to per-
form and does not require contrast administration 
and breath hold collaboration, preserving the ac-
curacy of dimensions, since it is set both with the 
breathing and the ECG of the patient16,39,40. Using 
a prospective breathing-trigger that allows the 
acquisition of the signal only at a given phase of 
the respiratory cycle when the “time-windows” of 
the two gating (cardiac and respiratory) are com-
bined, it significantly reduces breathing artifacts, 
only requiring patients to be still. Furthermore, 
this sequence can be set at the required phase of 
the cardiac cycle in relation to the clinical issue, 
useful in congenital heart disease. Set in rToF 
patients at mid-diastole, it is used to assess the 
origin and the proximal course of coronaries. Fi-
nally, at end-systole, this sequence allows to take 
the dimensions of the PT at three levels (pulmo-
nary valve remnant, mid-portion, bifurcation), 
when the pulmonary trunk (PT) is at its maxi-
mum expansion. This assists the clinician in the 
choice of the options available for PVR (surgery 
or interventional procedure) (Figure 3). Lately, 

Figure 2. Turbulent flow jet at the level of the stenosis on 
sagittal view (SSFP cine sequence).
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this sequence has been preferred to CE-MRA and 
gated CE-MRA in taking the dimensions of the 
vessels, such as pulmonary arteries, aorta, etc.16,41, 
thanks to its many advantages (versatility, facility 
of execution, dimension accuracy, contrast-free). 
The main drawback of the 3D SSFP navigator se-
quence is the susceptibility to the artifacts from 
cardiac stents and metallic valve prostheses, be-
sides the prolonged acquisition time.

The 3D T1 turbo spin echo (TSE) sequence, 
with cardiac and respiratory gating, compared to 
3D SSFP navigator, goes beyond the problem of 
artifacts in patients with stents in the pulmonary 
arteries and/or in the right ventricular outflow, as 
well as in rToF who underwent PVR (Figure 4). 
Spin-echo based imaging techniques are known 
to be less sensitive to metallic artifacts than 
SSFP and CE-MRA sequences. The 3D TSE 

sequence is helpful in the delineation of larger 
anatomical structures, while evaluation of small 
coronary arteries is problematic due to the small 
vessel size. In addition, it takes a role in the mea-
surements of vessels containing implanted stent, 
even if the dimensions could be larger than those 
obtained with CE-MRA, although Malayeri et 
al14 found this difference not statistically sig-
nificant. Recently, this sequence, commercially 
known as SPACE, has been compared to cardiac 
CT42. It has helped obtain luminal measurements, 
which correlate well with cardiac CT only with 
a little overestimation, without the necessity of 
ionizing radiations and contrast administration. 
SPACE sequence can also be set at end-systo-
le, being useful to take PT measurements at its 
maximum expansion. Finally, it may provide the 
evaluation of the tracheobronchial tree, although 
CT has a higher spatial resolution. The potential 
pitfall of 3D turbo spin echo sequence, as well as 
3D SSFP navigator, includes prolonged acquisi-
tion time, which might be a hindrance, especial-
ly in patients who undergo general anesthesia for 
MRI scans and in children. Contrast-enhanced 
3D magnetic resonance angiography (CE-MRA) 
is a fast imaging technique able to evaluate large 
arteries and veins. This sequence is comparable 
to catheterization in the evaluation of pulmonary 
branches and major vessels, but it is non-inva-
sive, uses safe contrast agents and, more impor-
tantly, is free of ionizing radiations43. It does not 
require ECG triggering given that it is a fast 3D 
spoiled gradient echo and it can be performed 
within a breath-hold length (less than 25 s) to 
suppress bulk breathing motion. However, de-
spite being unaffected by arrhythmias, there 
could be a certain degree of blurring, caused by 
ecg-triggering absence, in the delineation of the 

Figure 3. The figure shows: on the left 
where the hybrid stent, and successive-
ly the covered CP stent and prosthetic 
valve, are implanted in right ventricle 
outflow tract; on the right where the 
measurements are taken in the 3D SSFP 
navigator sequence. RPA = Right Pul-
monary Artery; LPA = Left Pulmonary 
Artery; PV = Pulmonary valve.

Figure 4. A, Artifacts on RVOT due to a prosthetic valve 
in SSFP cine image. B, The same image in 3D TSE sequence 
without artifacts with a good delineation of the anatomy.



The role of 3D imaging in the follow-up of patients with repaired tetralogy of Fallot 

1703

ventricular outflow vessels. In conclusion, con-
ventional CE-MRA is sensitive to cardiac and 
respiratory motion artifacts and it cannot be set 
at a specific phase acquisition of the cardiac cy-
cle. Thus, the vessel measurements could be un-
der or overestimated, as well as influenced by 
the blurred image. Although CE-MRA is an ex-
cellent sequence to obtain an overall 3D view of 
the RVOT and pulmonary arteries by multipla-
nar reformatting and volume rendering (Figure 
5), it cannot be helpful when choosing between 
surgery and interventional procedure in PVR 
in rToF with patch transannular or infundibular 
correction. To address this limitation, recently 
CE-MRA has been acquired with ECG-gated, 

whereby the segmental data acquisition is syn-
chronized with the cardiac cycle, leading to an 
improvement of the image sharpness44. Unfor-
tunately, gated CE-MRA has the limitation to 
allow only a restricted anatomic coverage due 
to the acquisition of only a single 3D partition 
per heartbeat, precluding high spatial resolution 
imaging of the entire thorax44. In addition, it is 
challenging to obtain a perfect RVOT and pul-
monary arteries imaging, because of the com-
peting demands of high spatial resolution while 
imaging in a narrow window of the cardiac cycle 
within a breath-hold. Finally, also this sequence 
requires the use of a contrast agent (gadolinium), 
whose potential toxicity cannot be ignored. 

Late Gadolinium Enhancement
The late gadolinium enhancement (LGE) 

technique has been recognized as a current clini-
cal practice for the characterization of myocardial 
tissue in ischemic and non-ischemic cardiomy-
opathies. In rToF, LGE can identify myocardial 
scar due to the surgical scarring of the right ven-
tricle and interventricular septum (Figure 6). Ba-
bu-Narayan et al45 showed that 2D LGE in 92 rToF 
patients is commonly seen within RVOT and ven-
tricular septal defect sites, but may also involve 
the inferior right ventricle insertion point and the 
left ventricle wall. In this study, the burden of RV 
scar was associated with impaired exercise ca-
pacity, RV systolic dysfunction, a worse clinical 
status (NYHA III-IV) and cardiac arrhythmias. 
Wald et al12 demonstrated that a segmental sur-
gical scar was correlated with a reduction of sys-
tolic function of RVOT and global RV, and sub-
sequently to an increased prevalence of sustained 
ventricular tachycardia. 

Figure 5. 3D view of the RVOT and pulmonary arteries by 
volume rendering using MRI.

Figure 6. Late enhancement on 4-chambers view identifies scar on the free wall of the right ventricle: A, inversion recovery 
[IR] sequence; B, phase-sensitive inversion recovery [PSIR].
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T1 Mapping
Recently, a new MRI technique, measuring the 

T1 relaxation times before and after administration 
of gadolinium contrast and using hematocrit val-
ue, evaluates the myocardial extracellular volume 
(ECV), an indirect measure of diffuse myocardial 
fibrosis46. Kozak et al47 reported shorter post-con-
trast T1 times in the left ventricular lateral wall and 
the right ventricular anterior wall of rToF patients. 
In addition, they found that RV was more damaged 
than LV and the anterior wall of RV was more in-
volved than the inferior segments47. Chen et al48 
demonstrated a positive correlation between the LV 
and RV ECV values and an association between RV 
ECV and volume overload in rToF patients. More-
over, they correlated the degree of fibrosis in both 
the ventricles with the patient’s prognosis48, identi-
fying a LV ECV high value (above 28%) as an inde-
pendent predictor of arrhythmias in this population. 
Non-invasive early detection of diffuse myocardial 
fibrosis could be useful to improve risk stratification 
and guide therapeutic interventions in rToF patients.

4D Flow Assessment
4D flow imaging is a new technique that allows 

a comprehensive evaluation of vascular hemody-
namics, through a combined data acquisition of 
3 spatial dimensions and 3 blood flow velocity 
directions during the cardiac cycle49,50. The 4D 
technique enables multiple vessels evaluation in 
a single acquisition, repositioning flow measure-
ment planes during post-processing analysis51. 4D 
flow MRI studies have shown marked differences 
between rToF patients’ RVOT and pulmonary ar-
tery flow features and those of volunteers52,53.

Franςois et al53 reported that the right atrium and 
ventricle flow patterns in patients with rToF were 
different from those in normal volunteers, thus sug-
gesting that hemodynamics alterations may precede 
morphological changes of the right ventricle. Final-
ly, the 4D flow is able to analyze flow-related fea-
tures and it permits the understanding of the interac-
tions between pulmonary regurgitation, pulmonary 
artery stiffening and right heart function.

3D Models
MRI may provide 3D model computational 

analysis for the hemodynamic assessment of pul-
monary artery and branches, useful to evaluate 
wall shear stress (WSS) and pressure distribution, 
which could help planning reconstructive surgery 
for complex congenital heart disease (CHD). 

The branch pulmonary artery stenosis consti-
tutes one of the most frequent postoperative com-

plications in rToF54. In addition, the angulation be-
tween the left pulmonary artery (LPA) and main 
pulmonary artery (MPA) has emerged as a mor-
phological risk factor for late clinical complica-
tions54,55, affecting the pulmonary hemodynamics. 

Finally, we correlated 3D RV shape with clin-
ical parameters in patients with rToF using com-
puter modeling56, showing a relationship between 
the RV dilation (as the outlet bulges and the apex 
deforms) and PR volume worsening. 

Strain Imaging
Regional myocardial strain, which is usually 

measured in 3 components, circumferential, longi-
tudinal and radial strain, have the potential to iden-
tify myocardial dysfunction before depression of 
global measures of ventricular contractilities, such 
as ejection fraction. Ordovas et al57 described how 
MR imaging tagging could aid in the early detec-
tion of left ventricular dysfunction in patients with 
pulmonary regurgitation after rToF. The authors 
showed that rToF patients have significantly de-
creased left ventricular peak circumferential strain 
at the base and apex levels compared with normal 
volunteers. Moreover, the left ventricular peak rota-
tion at the basal and mid-ventricular levels was also 
delayed in these patients compared with volunteers. 
Additionally, the same investigators documented 
the association between abnormal ventricular sep-
tal excursion and reduced global and left ventricu-
lar systolic function. It also corresponded with the 
presence of fibrosis in the interventricular septum 
and at the right and left ventricular insertion points, 
thus suggesting that this technique may be able to 
identify adverse interventricular interactions. Final-
ly, abnormalities in global myocardial strain have 
been found in obese rToF patients58 compared to 
ones with appropriate weight, proposing again the 
severe health epidemic problem of obesity59-62 even 
in children and adults with congenital heart disease. 

Cardiac CT
Cardiac computed tomography (Cardiac CT) 

has the advantage to provide excellent spatial res-
olution in very rapid acquisition time, such as a 
single breath-hold. Furthermore, it allows the ac-
quisition of thoracic or cardiac volume that can be 
reconstructed in multiple spatial planes. 

In rToF patients, cardiac CT is used mainly for 
anatomical evaluation63-65. Indeed, cardiac CT has 
proven to be really useful for the evaluation of cor-
onary artery course in case of coronary abnormal-
ities, present in 9-12% of patients with ToF66 (Fig-
ure 7). In particular, it is fundamental in assessing 
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the relationship between the coronary arteries and 
RVOT to prevent any compression of the coronary 
arteries during PVR procedure. In addition, cardiac 

CT is preferred to MRI, when an anatomical evalu-
ation of position and integrity of endovascular stents 
(Figure 8) or stent-mounted valves are required, or 
in the presence of a pseudoaneurysm formation or 
aneurysmal dilation of an RV-PA conduit. 

In rToF patients with conduits, especially ho-
mograft, cardiac CT is capable of visualizing the 
tissue calcification (Figure 9), contrary to MRI. 
This information is essential to guide percutane-
ous pulmonary valve implantation in RV-PA con-
duits. In rToF patients with transannular patch, 
it can also identify the patch (Figure 10). Addi-
tionally, cardiac CT is fundamental in the com-
plication of endocarditis, such as vegetations on 
the conduit, embolism of material from the veg-
etations, leaky valve, and abscesses around the 
valve. Finally, cardiac CT could be decisive in 
rare cases of fracture and/or dissection (Figure 
11) or extended thrombosis of the conduit.

Figure 7. Left anterior descending artery on cardiac CT.

Figure 8. Stent on the right pulmonary artery visualized with cardiac CT.

Figure 9. Calcium on the conduit visible with 
cardiac CT (3D volume rendering reconstruction).
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The anatomical evaluation by cardiac CT 
should be preferred to MRI, in a determined age 
range of the patient, as it does not require gener-
al anesthesia. The ionizing radiation foreseen by 
cardiac CT can be justified in children, only if it 
allows avoiding general anesthesia with orotra-
cheal intubation and only the assessment of heart 
anatomy is required. In addition, the anatomical 
information can be achieved by using ECG-pro-
spective acquisition, reducing the necessary dose 
of radiations. It should be added that the new dual 
source multi-detector CT scanners can image the 
thorax in less than 1 sec, eliminating the need for 
a breath-hold in infants and children and the radi-
ation dose delivered is small, in case of anatomic 
evaluation19,67. 

In patients with PMK or other contraindica-
tions to MRI, cardiac CT also allows evaluating 
the biventricular volume and function61, although 
it has a worse temporal resolution and requires 
a high radiation dose having to acquire for the 
whole cardiac cycle. 

Undoubtedly, the size and function, by cardi-
ac CT, can be assessed only using an ECG- ret-
rospective acquisition, which requires a high-
er dose of ionizing radiation, compared to the 
ECG-prospective one, because the data acquisi-
tion covers the whole cardiac cycle. The retro-
spective acquisition is helpful also for the eval-
uation of kinesis abnormalities such as RVOT 
aneurysm. Finally, CT is preferred in rToF pa-
tients with airway involvement, due to its major 
spatial resolution.

Conclusions

The pathophysiology of rToF is complex; so far, 
it is still unclear how the right ventricle can behave 
in each patient over time, probably because all fac-
tors involved in the RV progressive dilation and 
their exact role are still not perfectly known. How-
ever, during follow-up of rToF patients, a significant 
increase in ventricular dysfunction, exercise intol-
erance, heart failure symptoms, arrhythmias and 
death have been detected. Therefore, MRI should be 
an essential diagnostic tool in this growing patient 
population and it should be performed at regular 
intervals. In addition, maintaining consistency and 
reproducibility of measurements should be the goal 
of each MRI laboratory, given the importance of RV 
size and function in rToF patients to PVR timing. Fi-
nally, MRI is likely to continue to play a key role in 
research to improve the outcomes of rToF patients. 
CT should be performed only in selected cases.
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