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An increasing number of adult congenital heart disease (ACHD) patients continue to require life-long diagnostic imaging
surveillance using cardiac CT and MRI. These patients typically exhibit a large spectrum of unique anatomical and functional
changes resulting from either single- or multi-stage palliation and surgical correction. Radiologists involved in the diagnostic
task of monitoring treatment effects and detecting potential complications should be familiar with common cardiac CT and
MRI findings observed in patients with repaired complex ACHD. This review article highlights the contemporary role of CT and
MRI in three commonly encountered repaired ACHD: repaired tetralogy of Fallot, transposition of the great arteries after

arterial switch operation, and functional single ventricle after Fontan operation.
Keywords: Computed tomography; Functional single ventricle; Magnetic resonance imaging; Repaired tetralogy of fallot;

Transposition of the great arteries

INTRODUCTION

Advances in the diagnosis and treatment of pediatric
congenital heart disease have resulted in improved survival
rates, with many repaired patients reaching adulthood. In
cases of adult congenital heart disease (ACHD), patients
typically undergo palliative and/or corrective treatment
with either a surgical, interventional, or hybrid procedure.
The resultant changes in the cardiovascular anatomy
and physiology are subject to long-term imaging follow-
up to ensure adaptive responses and identify potential
complications early on. The recommended frequency and
modality for imaging follow-up is based on the underlying
disease, mode of correction, and functional status as well
as strengths and weaknesses of each modality (1).
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Multimodality approaches are the standard of care
for monitoring ACHD. Transthoracic echocardiography
is a primary and essential tool for both anatomical and
functional assessment (2). Cardiac CT and MRI have been
generally regarded as complementary tools to transthoracic
echocardiography (1); however, their role in evaluating
ACHD is increasing because of technical advances, especially
in functional and quantitative assessment (3-5). In this
review, the authors describe contemporary CT and MRI
evaluation of ACHD, with a focus on the three commonly
encountered complex and repaired diseases: tetralogy of
Fallot (TOF), transposition of the great arteries (TGA), and
functional single ventricle.

Repaired TOF

TOF is the most common type of cyanotic congenital
heart disease consisting of an overriding aorta, ventricular
septal defect, right ventricular hypertrophy, and right
ventricular outflow tract (RVOT) obstruction. The three
main surgical approaches for relieving RVOT obstruction
are largely based on the severity of obstruction, integrity
of the pulmonary valve, and presence of an anomalous
coronary artery crossing over the RVOT: 1) annulus-sparing
repair for patients with a pulmonary valve Z-score greater
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than -4, 2) transannular patch repair for patients with

a severely hypoplastic pulmonary valve (Z-score < -4)

or atretic pulmonary valve, and 3) right ventricle-to-
pulmonary artery conduit repair (Rastelli procedure) for
patients with an anomalous coronary artery crossing over
the RVOT (5, 6). Transannular patch repair frequently
leads to RVOT dilatation and aneurysm, chronic and severe
pulmonary regurgitation, and subsequent right ventricular
dilatation and dysfunction (Fig. 1) (7-9). In the Rastelli

procedure, conduit stenosis may occur, which often requires

interventional treatment or reoperation with conduit
change. Other common complications include aortic root
dilatation with an incidence of 29% in adults with repaired
TOF (10) and left ventricular dysfunction with an incidence

of 23.6% (11). Rarely, focal (approximately 11%) or diffuse

myocardial scar may occur (Fig. 1) (12).

Since repaired TOF patients with the aforementioned
complications are often asymptomatic, CT and MRI, as
additional noninvasive imaging methods, are frequently
used not only for early detection of these complications,
but also to determine the optimal timing of pulmonary

RVOT
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Fig. 1. Schematic drawing illustrating sequelae after
transannular patch repair in a patient with tetralogy of Fallot.
RVOT aneurysm and PR (blue solid arrow) are commonly encountered.
Chronic and severe PR gradually dilates the RV, which may cause
leftward bowing of the interventricular septum and squash the LV.
Tricuspid regurgitation (blue dotted line) may ensue secondary to RV
dilatation. LV = left ventricle, PA = pulmonary artery, PR = pulmonary
regurgitation, RA = right atrium, RV = right ventricle, RVOT = right
ventricular outflow tract, VSD = ventricular septal defect
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valve replacement to avoid irreversible right ventricular
dysfunction (13, 14). According to the 2018 American
College of Cardiology and American Heart Association
guidelines for ACHD, MRI is regarded as the reference
standard for evaluating right ventricular volume and
function, quantification of pulmonary regurgitation, and
detection of myocardial scarring (1). Traditionally, cardiac
CT has rarely been considered appropriate for ACHD in
situations where cardiac MRI is contraindicated or non-
diagnostic (15). However, cardiac CT acquired with
optimized imaging protocols is increasingly being used in
patients with repaired TOF (14, 16-18).

Morphologic Evaluation of the RVOT and Pulmonary
Artery

Prior to corrective surgery, most TOF patients undergo one
or more palliative procedures to promote pulmonary artery
growth by placing a vascular stent. Moreover, a vascular coil
may be inserted to occlude major aortopulmonary collateral,
which protects the development of pulmonary vascular
disease due to longstanding exposure of pulmonary vessels
to systemic pressure. Due to its high spatial resolution and
excellent overall image quality, cardiac CT is useful for the
morphologic evaluation of the RVOT and pulmonary artery,
particularly in evaluating vascular stents and prosthetic
valves (17, 18). In contrast, metallic artifacts from stents
(Fig. 2), coils (Fig. 3), and sternal wires considerably
degrade the diagnostic performance of cardiac MRI. CT can
be used to identify patients with high to intermediate risk
of coronary compression by a percutaneously implanted
pulmonary valve, a non-surgical procedure to reduce
pulmonary regurgitation (17, 19). CT is advantageous
over MRI in delineating calcified homografts prior to
percutaneous pulmonary valve implantation (Fig. 4) and
in monitoring the integrity and position of the implanted
valve (Fig. 5). In addition to the proximal segments, the
peripheral small pulmonary arteries are better delineated
on CT because of higher spatial and contrast resolution
than that of MRI. Therefore, CT pulmonary vascular volume
ratio can be used not only to quantitate the asymmetry of
pulmonary artery flow but also to evaluate the effectiveness
of pulmonary artery angioplasty in patients with peripheral
pulmonary artery stenosis (20, 21).

MRI can be used to evaluate the anatomical and
functional diversity of the RVOT and central pulmonary
arteries in patients with repaired TOF, which is a major
determinant of device suitability in percutaneous pulmonary
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Fig. 2. A 12-year-old male with repaired tetralogy of Fallot.
Cardiac CT image clearly demonstrates the patency of an LPA stent
(black arrows). In contrast, the stent produces a metallic artifact (white
arrow) obscuring the adjacent LPA on oblique sagittal cardiac MRI
(small figure inserted in the left lower corner). LPA = left pulmonary
artery

valve implantation (22, 23). Of the heterogeneous RVOT
morphology, a pyramidal morphology related to transannular
patch repair poses a risk for device dislodgement because
of substantial discrepancy in size between the RVOT and the
pulmonary trunk (23).

Pulmonary Regurgitation

The pulmonary regurgitant fraction, an important
hemodynamic complication in repaired TOF, may be
calculated by comparing left and right ventricular stroke
volumes measured using CT (24). However, this value may
be misleading when regurgitation is substantial in valves
other than the pulmonary valve. Therefore, it should be
correctly expressed as volume load on the right ventricle
rather than the pulmonary regurgitant fraction (14).

MRI using a phase-contrast pulse sequence is regarded
as a standard for quantifying pulmonary regurgitation (25).
The pulmonary regurgitant fraction is calculated as the
retrograde flow volume divided by the antegrade flow volume
(Fig. 6) (8). Notably, pulmonary flow measured using phase-
contrast imaging is subject to underestimation in cases of
turbulent and non-laminar pulmonary regurgitant flow, which
is common in patients with repaired TOF. We may confirm
the inherent underestimation of pulmonary regurgitation
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Fig. 3. Axial cine MRI reveals a severe artifact (white arrows)
obscuring both atria in a 24-year-old male with repaired
tetralogy of Fallot. The artifact is caused by a vascular coil used to
occlude a major aortopulmonary collateral artery (black arrow) that
is clearly seen on cardiac CT (small figure inserted in the right lower
corner).

o rmte

Fig. 4. A 24-year-old male with tetralogy of Fallot who
underwent Rastelli operation. Cardiac CT performed prior to
percutaneous pulmonary valve implantation reveals a focus of calcified
conduit (black arrow) that is barely seen on cardiac MRI (small figure
inserted in the right lower corner). In addition, the spatial relationship
between the conduit and the sternum cannot be accurately evaluated
on cardiac MRI due to metallic artifact (star) caused by sternal wires.

measured using phase-contrast imaging by checking
the stroke volume difference between the right and left
ventricles in cases with no or trivial tricuspid regurgitation.
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Mild residual RVOT obstruction seems to protect against the Right Ventricular Volume and Function

detrimental long-term effects of pulmonary regurgitation Chronic and severe pulmonary regurgitation commonly
(26). In contrast, residual or recurrent branch pulmonary observed in patients with repaired TOF leads to progressive
artery stenosis evaluated on CT or MRI increases net right ventricular dilatation and dysfunction. Therefore,
pulmonary regurgitation (Fig. 7) (18, 25). imaging surveillance to monitor right ventricular volume

and function using either CT or MRI is of critical importance

Anterior View | Posterior View

Fig. 5. A 21-year-old male with repaired tetralogy of Fallot who underwent percutaneous pulmonary valve implantation with a
Venus p valve. Cardiac CT was performed to determine position and integrity of the implanted valve. Anterior volume-rendered cardiac CT image
demonstrates the spatial relationship between the implanted valve and the ascending Ao. Posterior view reveals the LCA (yellow color) in close
proximity to the valve struts (blue color), but without coronary artery compression. The RCA is coded in red color. Ao = aorta, LCA = left coronary
artery, RCA = right coronary artery
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Fig. 6. A 27-year-old female with repaired tetralogy of Fallot using a transannular patch.

A. Cine MRI demonstrates a regurgitant jet (blue color) below the pulmonary valve plane. B. Graph of the pulmonary arterial flow volume result of
phase-contrast MRI shows antegrade flow during systole (red) and retrograde flow during diastole (blue). The calculated PR fraction was 48.7%.
MPA = main pulmonary artery
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to determine the optimal timing of pulmonary valve
replacement therapy in these patients.

(T is a useful alternative to MRI for assessing right
ventricular volume and function in ACHD, including repaired

Stroke volume (ml) | 28.6 Stroke volume (m1) | 5.2
Forward flow vol. (ml) | 55.2 Forward flow vol. (m1) | 7.2
Backward flow vol. (ml) | 26.7 Backward flow vol. (ml) | 2:1
Regurgitant fract. (%) | 48.3 Regurgitant fract. (%) | 28.8
Abs. stroke volume (m1) | 81.3 Abs. stroke volume (ml1) | 9.3
Mean flux (ml/s) | 33.8 Mean flux (ml/s) | 5.6
Stroke distance (cm) | 8.8 Stroke distance (cm) | 2.9
Mean velocity (cm/s) | 10.4 Mean velocity (cm/s) I A2

Fig. 7. Quantitative flow analysis of the RPA and the LPA in a
10-year-old female with repaired tetralogy of Fallot. Volume-
rendered MRI with superior view shows a focal stenosis (arrow)

at the proximal LPA and the diffusely dilated RPA. According to

the flow quantification data, net flow through the LPA (5.2 mL)

was substantially smaller than that through the RPA (28.6 mL);
regurgitation fraction was higher in the RPA (48.3%) than that in the
LPA (28.8%). Patient subsequently underwent angioplasty for the LPA
stenosis. RPA = right pulmonary artery

Siripornpitak et al.

TOF, when cardiac MRI is contraindicated or non-diagnostic
because of artifacts (17, 18). CT results of right ventricular
volume and function have been reported to be comparable
to those of cardiac MRI (27). However, a recent meta-
analysis confirmed that use of the same volumetry method,
either simplified contouring or threshold-based, is necessary
to achieve such an agreement between CT and MRI
measurements of right ventricular volume and function (28).
Retrospective electrocardiography-gated spiral or helical
scanning or prospectively electrocardiography-triggered
sequential scanning can be used for the assessment of
right ventricular function. Typically, a triphasic injection
protocol is used to ensure homogeneous opacification in
both the right and left cardiac chambers (Fig. 8A) (5, 16-
18). A semiautomatic three-dimensional threshold-based
CT ventricular volumetry can measure the right ventricular
volume with high accuracy and reproducibility in patients
with repaired TOF (Fig. 8B) (29). A recent cross-sectional
CT ventricular volumetry study demonstrated an early rapid
increase (< 7 years after total surgical repair) followed by a
slow increase and a plateau (up to approximately 34 years
after total surgical repair) in the right ventricular volumes
and right ventricular volume load parameters in 285
patients with repaired TOF (14).

Clinical practice guidelines published in 2019 described
cardiac MRI criteria to select asymptomatic patients
with repaired TOF who are suitable for pulmonary valve
replacement. A candidate should have at least moderate
pulmonary regurgitation and any of the following two
factors: 1) severe right ventricular dilatation (indexed end-

Fig. 8. A 43-year-old female with repaired tetralogy of Fallot who underwent pulmonary valve replacement.

A. Four-chamber view of cardiac CT obtained from a triphasic injection protocol demonstrates homogeneous opacification on both sides of the
heart. B. Short-axis volume-rendered CT image shows the segmented volumes of the RV cavity (light blue), the RV mass (blue), the LV cavity (light
pink), and the LV mass (dark pink) using a three-dimensional threshold-based approach. LA = left atrium
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diastolic volume > 160 mL/m?, indexed end-systolic volume
> 80 mL/m?, or right-to-left ventricular volume ratio

> 2); 2) mild or moderate right or left ventricular systolic
dysfunction; and 3) RVOT obstruction with a peak pressure
> 2/3 of the systemic pressure (1). The ventricular volumes
were typically segmented using a simplified contouring
method and included papillary muscles and trabeculations.
Other clinical criteria included significant cardiovascular
symptoms or cardiac arrhythmias, ORS prolongation, and
reduced exercise capacity (22).

Other Complications

Left ventricular function should also be evaluated, as
it is an important risk factor for adverse outcomes and is
observed in > 20% of patients with repaired TOF (8). The
proposed mechanism of left ventricular dysfunction includes
preoperative myocardial hypoxemia, myocardial fibrosis, left
ventricular dyssynchrony, right ventricular dysfunction, and
ventricular-ventricular interaction (30).

Although aortic root dilatation is commonly seen in
patients with repaired TOF, severe dilatation (> 5 cm) is
uncommonly seen and has been reported in 8% of cases
(31). Canadian guidelines suggest surgical intervention
when the aortic root is greater than 5.5 cm in diameter (32).
Aortic root dilatation can be measured accurately using
both CT and MRI. Recently, hemodynamic abnormalities,
such as flow eccentricity and increased kinetic energy, in
the ascending aorta were evaluated using four-dimensional
flow MRI in patients with repaired TOF (33, 34).

Late gadolinium enhancement MRI was used to identify
myocardial fibrosis. Focal myocardial fibrosis at the
junction between the right and left ventricular septum
commonly seen in patients with repaired TOF has no clinical
implications. On the other hand, myocardial fibrosis in other
regions may be associated with exercise intolerance (Fig. 9)
(35). In contrast, diffuse myocardial fibrosis, which can be
quantified using post-contrast myocardial T1 mapping and
extracellular volume mapping, is associated with adverse
ventricular remodeling in patients with repaired TOF (36).

Transposition of the Great Arteries after the
Arterial Switch Operation

The arterial switch operation is the standard treatment
for TGA with an intact interventricular septum, first
introduced by Dr. Jatene et al. (37) in 1976. This procedure
has advantages over atrial switch procedures and can avoid

kjronline.org https://doi.org/10.3348/kjr.2020.0895
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Fig. 9. Late gadolinium enhancement cardiac MRI in a 29-year-
old female with repaired tetralogy of Fallot reveals extensive
delayed enhancement (arrows) in the RVOT.

late complications of systemic right ventricular failure (37).
It consists of transection of the great arteries above the
valve sinuses, anastomosis of the resected great arteries

to the proper ventricles using the Lecompte maneuver, and
implantation of the coronary arteries into the neoaorta.
Postoperative complications include supravalvular pulmonary
stenosis and neopulmonary obstruction, neoaortic root
dilatation, ventricular dysfunction, and myocardial ischemia
or coronary artery stenosis, and require serial life-long
imaging follow-up (Fig. 10). Since these patients are prone
to sinus node dysfunction and heart block, pacing wires

are frequently placed, which leads to a contraindication for
MRI (17). Both CT and MRI can be used for morphological
cardiovascular assessment. Coronary CT angiography is
frequently used for evaluating coronary complications (38,
39), while myocardial stress perfusion MRI may be used to
detect myocardial ischemia (40).

Supravalvular Pulmonary Stenosis and Neopulmonary
Artery Obstruction

Supravalvular stenosis and neopulmonary artery
obstruction are the most common complications in patients
following the arterial switch operation (41). However,
significant obstruction requiring intervention, defined by
a peak systolic gradient of > 50 mm Hg, occurs only in
approximately 18% of cases (42). Of interest, the frequency
of left pulmonary artery stenosis requiring intervention
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2 Neoaortic segment
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Fig. 10. Schematic drawing illustrating complications after
arterial switch operation in a patient with transposition of
the great arteries, including stenosis of the neopulmonary
segment, RPA, and LPA, and aortic root dilatation with aortic
regurgitation (red arrow). Kinking of the LCA may be a late
complication.

A
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is two times higher than that of the right pulmonary
artery (41). The postulated mechanism for left pulmonary
artery stenosis is the greater rightward position of the
neopulmonary root and aortic root dilatation (Fig. 11) (43).
CT provides excellent anatomic evaluation of the
pulmonary arteries following the arterial switch operation
(4, 17). In particular, CT is an ideal imaging tool for
assessing pulmonary artery stents (4, 17), whereas MRI may
provide hemodynamic evaluation of the pulmonary blood
flow. Most patients (70%) following the arterial switch
operation have a balanced flow (Fig. 12) (43).

Coronary Artery Stenosis

The arterial switch operation requires anastomosis
of the coronary arteries to the neoaorta; therefore, the
transferred coronary arteries should be evaluated carefully.
The recently reported incidence of late coronary artery
stenosis varies in the range of 8.9-11.3% (44, 45). The
incidence seems to show a decreasing tendency chiefly
due to improvements in surgical techniques used for

”
Page: 60 of 120

Fig. 11. A 12-year-old female with double outlet RV who underwent arterial switch operation.
Axial (A) and coronal (B) cine MRI show a narrowing of the LPA anterior to the nAo. nAo = neoaortic segment, SVC = superior vena cava

slice 1 | Vessel
RPA

Stroke volume (ml) | 29.8
Forward flow vol. (m1) | 39.8
Backward flow vol. (m1) | 9.9
Regurgitant fract. (%) | 25.0
Abs. stroke volume (m1) | 49.7
Mean flux (ml/s) | 37.8
Stroke distance (cm) | 6.3
Mean velocity (cm/s) | 8.0

slice 1 | Vessel
LPA

Stroke volume (m1) | 33.8
Forward flow vol. (m1) | 37.4
Backward flow vol. (ml1) | s
Regurgitant fract. (%) | 9.4
Abs. stroke volume (m1) | 40.89
Mean flux (ml/s) | 42.9
Stroke distance (cm) | 12.6
Mean velocity (cm/s) | 15.9

Fig. 12. Quantitative pulmonary flow analysis using phase-contrast MRI in an 18-year-old male with transposition of the great
arteries who underwent arterial switch operation. Axial cine MRI shows comparable size of the RPA and the LPA. According to the flow

quantification data, branch PA flow is evenly distributed.
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coronary artery transfer. Moreover, the incidence of coronary

artery abnormalities requiring changes in postoperative
care, such as acute proximal angulation (Fig. 13) and

high ellipticity index, diagnosed on routine coronary

CT angiography in asymptomatic patients following the
arterial switch operation is not trivial (24%) (39). The
proximal left coronary artery is most commonly affected,
and its abnormalities are caused by anterior (12-1 o’clock
position) implantation on the neoaorta, resulting in an
elongated course, with compression between the neoaortic
and neopulmonary roots (45). CT is clearly superior to MRI
for coronary artery evaluation following an arterial switch
operation (4, 39, 46).

Neoaortic Root Dilatation

A dilated neoaortic root (> 95th percentile) is found in
at least 50% of patients after an arterial switch operation
(47). The neoaortic segment is rapidly dilated during the
first year after the arterial switch operation, followed by an
increase in size that is proportional to the somatic growth
rate during childhood, and continues to increase during
adulthood (48). A dilated neoaortic root not only leads to
neoaortic valve regurgitation (9% increase in the hazard
of aortic regurgitation > moderate per mm increase in
aortic root diameter) (Fig. 14) but also to coronary artery
compression (47-49).

CT has an established role in aortic evaluation (49), and
the transferred coronary arteries can be simultaneously
assessed (16, 39). On the other hand, in addition to the

Fig. 13. Axial cardiac CT image in a 10-year-old female who
underwent arterial switch operation shows acute proximal
angulation (arrow) of the RCA.

kjronline.org https://doi.org/10.3348/kjr.2020.0895
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morphologic evaluation, MRI allows quantitative assessment
of neoaortic valve regurgitation (49).

Ventricular Function and Myocardial Assessment

As previously mentioned, either CT or MRI may be used
for assessing ventricular function in patients after the
arterial switch operation. According to MRI findings,
ventricular volume and function are typically normal in the
majority of these patients, and myocardial scarring is rare
(50). A recent MRI study demonstrated evidence of diffuse
myocardial fibrosis in the left ventricle after the arterial
switch operation, however, further studies are warranted to
define its clinical significance (51).

Functional Single Ventricle after Fontan
Operation

Fontan operation is a standard surgical palliation for
functional single ventricle or complex congenital heart
disease in which biventricular repair is not achievable.
Common functional single ventricle includes tricuspid
atresia and hypoplastic left heart syndrome respectively.

The Fontan palliation initially proposed by Fontan
and Baudet (52) in 1971 for the operative treatment of
tricuspid atresia has undergone several revisions, including
atriopulmonary connection, lateral tunnel, and extracardiac

Page: 45 of 75

Cgmpressed 7:1
s -

Fig. 14. A 15-year-old male with transposition of the great
arteries who underwent arterial switch operation. Coronal cine
MRI demonstrates a dilated nAo with mild aortic regurgitation (arrow)
toward the LV.
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conduit. The main objective of the procedure is to achieve
near-normal arterial saturation and avoid volume overload
on the functional single ventricle by rerouting all of the
systemic venous return to the pulmonary circulation
without passing through the ventricle (Fig. 15) (52). This is
achieved by creating an inferior cavopulmonary connection
after bidirectional superior cavopulmonary connection
(Glenn shunt) in a staged manner. Fenestration in the
Fontan conduit may be created to maintain preload and
elude elevation of central venous pressure at the expense

of mild cyanosis. The hemodynamic state following the
Fontan operation may be characterized by chronic low
cardiac output and non-pulsatile pulmonary arterial flow
(53). Fontan-related morbidity notoriously involves multiple
organ systems. Cardiothoracic complications after the Fontan

Fig. 15. In a 25-year-old male with functional single ventricle
who underwent Fontan operation, frontal volume-rendered
image of contrast-enhanced magnetic resonance angiography
demonstrates the entire Fontan pathway. F = Fontan conduit, G =
Glenn shunt
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operation include thromboembolism, collateral vessels,
cardiac dysfunction, aortopathy, pulmonary arteriovenous
malformation, lymphatic abnormalities, and plastic bronchitis
(Fig. 16) (54-58). CT or MRI is typically used to detect these
complications. Compared to CT, MRI is used more often in
clinical practice and provides comprehensive evaluation in
surveillance after the Fontan operation (59). In contrast, CT
is useful for identifying pulmonary thromboembolism and
plastic bronchitis (55, 57).

Patency of the Fontan Pathway

Patency of the Fontan pathway is crucial for maintaining
low pulmonary vascular resistance and pulmonary
arterial pressure, thereby preventing detrimental multi-
organ complications. CT or MRI may be used to evaluate
patency of the Fontan pathway and identify stenosis and
thromboembolism (17, 60).

Sluggish, turbulent, and preferential cavopulmonary
flow in the Fontan pathway requires dedicated intravenous
injection of iodinated contrast agents to obtain
homogeneous enhancement on CT (5, 53, 54). Various
injection protocols, including simultaneous arm and leg
injection, early and delayed (3 minutes) scans, recirculation
phase scan (around 60 seconds), and split-bolus injection
(5, 16, 17, 61, 62), have been utilized for the optimal

Glenn's shunt

Veno-venous
collateral

Pulmonary
AVM

Thrombus

Azygous vein Fontan conduit

Fig. 16. Schematic drawing illustrating cardiopulmonary
complications in patients after Fontan operation. Thrombus
may occur anywhere in the entire Fontan pathway. Major forms of
collateral vessels developed in the Fontan pathway are veno-venous
collaterals, APCs, and AVM. APCs = aortopulmonary collaterals, AUM =
arteriovenous malformation, IVC = inferior vena cava
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visualization of the Fontan pathway. A recent study based
on time-resolved magnetic resonance angiography in adult
patients previously treated with the Fontan operation
proposed 70 seconds as the optimal timing for single-

phase CT angiography with an upper limb injection (63).
CT obtained with an optimized contrast injection protocol
is useful in detecting thromboembolism in the Fontan

Fig. 17. A 21-year-old female with late Fontan failure. Cardiac
(T image demonstrates a thrombus (white arrow) in the Fontan
conduit causing complete obstruction. In addition, the dilated
azygous vein (black arrow) is noted.

Korean Journal of Radiology

pathway (Fig. 17) (55). Notably, suboptimal early CT scans
often produce a false lesion in the Fontan pathway because
of incomplete mixing between the iodinated contrast agent
and blood (Fig. 18).

On both balanced steady-state free precession and
contrast-enhanced MRI, thrombus appears as a hypointense
lesion in the Fontan pathway (64, 65). Direct thrombus
MRI using an inversion recovery water-selective fast
gradient-echo acquisition may be used to highlight a
hyperintense acute thrombus by nullifying the signals
from fat (66). In addition to the morphologic evaluation
of the Fontan pathway, MRI also provides comprehensive
hemodynamic evaluation using time-resolved magnetic
resonance angiography, conventional phase-contrast
imaging, and four-dimensional flow imaging (53, 60, 63).
It may be technically difficult to obtain a proper right
pulmonary artery plane for phase-contrast MRI because of
the close proximity of a typical bidirectional cavopulmonary
connection to the proximal descending lobar branch of
the right pulmonary artery. Depending on preferential
cavopulmonary flow patterns, hepatic venous flow is
asymmetrically distributed to the right or left lung, and the
lung receiving small or no hepatic venous flow is prone to
develop pulmonary arteriovenous malformation. The inferior
vena caval flow distribution to the pulmonary arteries,
which is crucial for predicting such risk, can be quantified

Fig. 18. In a 17-year-old female after Fontan operation, two-phase cardiac CT was obtained with contrast administration via a left

upper arm vein.

A. Coronal early-phase CT image shows pseudo-thromboembolism in the PA (black arrow) and Fontan conduit (white arrow) due to preferential
flow and incomplete contrast medium mixing. B. Coronal delayed-phase CT image confirms patent Fontan pathway (black and white arrows)

without thromboembolism.

kjronline.org https://doi.org/10.3348/kjr.2020.0895
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using four-dimensional flow imaging (67).

Collateral Vessels

Collateral vessels that develop in patients after the
Fontan operation include veno-venous and aortopulmonary
collaterals (68, 69). In these patients, veno-venous
collaterals have a negative effect on a right-to-left shunt
leading to desaturation, and aortopulmonary collaterals

Fig. 19. In a 21-year-old female after Fontan operation,
coronal cardiac CT image demonstrates several small APCs
(arrows).

Siripornpitak et al.

have a harmful effect on volume load and elevated
pulmonary artery pressure. The benefits of embolization
of veno-venous collaterals to improve survival in these
patients are not evident and should be carefully evaluated
(68). Similarly, the clinical significance of aortopulmonary
collaterals as well as the indication for occluding them is
not well established (69).

For better delineation of these collateral vessels on CT,
we need to acquire an early phase CT (Fig. 19) (70). CT
is the imaging modality of choice for evaluating residual
or recurrent collateral vessels after embolization (Fig.
20). Conventional three-dimensional or time-resolved
contrast-enhanced magnetic resonance angiography may
be used to depict these collateral vessels in patients who
underwent the Fontan procedure. However, in contrast
to CT, evaluation of small-sized vessels with MRI may be
limited because of the relatively low spatial resolution.
Furthermore, phase-contrast MRI can provide quantification
of the aortopulmonary collateral flow volume (71). However,
its indication remains controversial because of inaccuracies
in multiple measurements, additional acquisition time
with technical difficulties for pulmonary venous flow
measurement, and insufficient evidence for the beneficial
effect of embolization (69). Therefore, MRI quantification
of aortopulmonary collaterals is not widely used in practice.

Ventricular Function
Accurate assessment of ventricular function is one of

Fig. 20. A 16-year-old female with functional single ventricle who underwent Fontan operation.
Coronal (A) and posterior volume-rendered (B) CT images reveal a veno-venous collateral (black and white arrows) between the IVC and the right

inferior pulmonary vein (stars).
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the essential elements in the management of patients with morphology and geometry. In current practice, MRI is used

functional single ventricle after the Fontan operation. more often for assessing ventricular function in functional
As previously mentioned, CT may be used to assess single ventricle (73). Indexed end-diastolic volume > 125
ventricular function in patients with contraindications mL/m? measured using MRI is an independent predictor of
to MRI. Recently, a semiautomatic three-dimensional a poor Fontan outcome, including transplantation or death
threshold-based CT ventricular volumetry was used to (74). Furthermore, global strain and dyssynchrony of the
demonstrate serial changes in systemic right ventricular single ventricle measured using feature-tracking cine MRI
function early and late after the Norwood procedure in are independent predictors of major adverse cardiac events

patients with hypoplastic left heart syndrome (72). In fact,  in these patients (75).
a three-dimensional threshold-based segmentation approach

may be more suitable than a two-dimensional simplified Lymphatic Abnormalities and Plastic Bronchitis
contouring approach for providing accurate volume of Lymphatic abnormalities in patients who have
functional single ventricle with exceedingly complex undergone the Fontan procedure are associated with severe

Table 1. Clinical Applications of CT and MRI in Repaired Complex Adult Congenital Heart Disease

cT MRI
Repaired tetralogy of Fallot
Morphology of the right ventricular outflow tract and pulmonary artery
++
Particularly useful for evaluating vascular stent,
Anatomy +

prosthetic valve, and calcified homograft;
also for evaluating peripheral pulmonary stenosis

Coronary compression on the right ventricular outflow tract ++ +
Pulmonary regurgitation + ++
++
Right ventricular volume and function Particularly useful for patients with pacemaker or ++
contraindicated for MRI
Left ventricular volume and function ++ ++
Aortic root dilatation ++ ++
Myocardial fibrosis assessment - ++

Transposition of the great arteries after arterial switch operation
Supravalvular pulmonary and neopulmonary segments

++
Morphology Particularly useful in patients with pulmonary ++
artery stent
Hemodynamic assessment - ++
Coronary artery ++ +
Neoaortic root
Morphology ++ ++
Hemodynamic assessment = ++
Ventricular function and volume ++ ++
Myocardial fibrosis assessment - ++
Functional single ventricle after Fontan operation
Fontan pathway
Thrombus and morphology ++ 4
Hemodynamic assessment = ++
Collateral vessels 4 +
Ventricular function 4 ++
Plastic bronchitis ++ -

+ = useful, ++ = most useful, - = not useful
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complications, such as protein-losing enteropathy, plastic
bronchitis, and peripheral edema (76). For the evaluation of
lymphatic abnormalities in these patients, MRI using either
heavily T2-weighted imaging or dynamic contrast-enhanced
magnetic resonance lymphangiography has been used (56,
76, 77). On the other hand, CT is useful for the evaluation
of plastic bronchitis in these patients, to identify bronchial
casts and monitor treatment effects (57).

SUMMARY

CT and MRI play an increasingly important role in
multimodal life-long imaging surveillance in patients with
repaired complex ACHD. In this review, contemporary
clinical applications of CT and MRI are described in the
three most common groups of repaired complex ACHD,
including repaired TOF, TGA after the arterial switch
operation, and functional single ventricle after the Fontan
operation. The clinical applications of CT and MRI in these
ACHD groups are summarized in Table 1. With further
technical developments and clinical validations, quantitative
and functional assessments using CT and MRI will improve
the management of this growing cohort of adult patients.
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