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Abstract

Univentricular congenital heart diseases
include a range of pathologies that result in
a functionally single ventricular chamber.
The most common pathologies in this group
are tricuspid atresia, pulmonary atresia with
an intact ventricular septum, hypoplastic left
heart syndrome, and a double-inlet ventricle.
Although the only curative therapy for these
patients is cardiac transplantation, there are
several palliative surgical techniques that
divert part or all the systemic venous circu-
lation into the pulmonary arteries bypassing
the single ventricular chamber. The modern
Fontan procedure consists in anastomosing
both SVC and IVC to the right pulmonary
artery; it is nowadays the last step of single
ventricle palliation.

The importance of imaging in these pathol-
ogies lies not only in the understanding of
the new circuit established after surgical cor-
rection, but also in the early detection of the
wide spectrum of cardiac and extracardiac
complications that can happen due to the new
physiological condition. Due to the increased
survival of these patients, long-term compli-
cations are becoming more common. Imaging
patients with single ventricle physiology and
particularly following single ventricle pal-
liative procedures is challenging due to the
altered anatomy and hemodynamics. While
MRI and MRA should be considered the
modality of choice due to the inherent lack of
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ionizing radiation in this patient population,
CT angiography is an important alternative
noninvasive imaging technique. In this chap-
ter, we review the different palliative surgical
techniques in patients with univentricular heart
diseases, and we describe the optimal imaging
protocol and the expected surgical anatomy as
well as the long-term complications.

Keywords

Fontan procedure * Hypoplastic left heart syn-
drome ° Tricuspid atresia ® Pulmonary atresia
* Magnetic resonance imaging * Computed
tomography

1 Introduction

Some congenital heart diseases show impairment
of the normal biventricular physiology. In normal
circumstances, pulmonary and systemic circula-
tions are separated and driven by their respective
ventricular “pump,” but there are several congen-
ital heart diseases, such as hypoplastic left heart
syndrome (HLHS), tricuspid atresia, or pulmo-
nary atresia, characterized by having a functional
single ventricular chamber (Fredenburg et al.
2011; Khanna et al. 2012; Lu et al. 2012).
Physiologically, the single ventricle receives the
flow from both pulmonary and systemic circula-
tions with subsequent volume overload and long-
term dysfunction.

Although the definitive treatment of these
patients is cardiac transplantation, there are sev-
eral palliative surgical techniques that prevent
ventricular volume overload diverting part or all
the systemic venous circulation into the pulmo-
nary arteries, and therefore bypassing the single
ventricular chamber (Fredenburg et al. 2011;
Khanna et al. 2012). The result obtained is a sin-
gle ventricle that functions both as suction and
expelling pump.

The dramatic advances in congenital heart sur-
gery and intensive care medicine have substan-
tially increased the life expectancy of these
patients and late complications of the failing
Fontan physiology are therefore observed more
commonly (Khanna et al. 2012).

Imaging follow-up is essential for anatomical
and functional assessment before and after sur-
gery, and early detection of cardiac and extracar-
diac complications (Lu et al. 2012).

The objective of this chapter is to review the
different surgical options in patients with func-
tionally univentricular heart, to describe the opti-
mal imaging protocol, to illustrate the expected
normal postsurgical anatomy, and to describe the
potential (long-term) complications of these pro-
cedures and the spectrum of their imaging
findings.

2 Surgical Techniques
and Normal Postsurgical
Anatomy

The goal of palliative therapy in the setting of
heart disease with a functioning single ventricle
is to unload the ventricular burden imposed by
the pulmonary and systemic circuits flowing in
parallel to a system in which they operate in
series. This is achieved by removing the subpul-
monic pump in lieu of passive systemic venous
flow directly into the lungs, thus freeing the sin-
gle ventricle for pumping oxygenated blood sys-
temically. In the 1940s, it was shown that the
right ventricle could be excluded from the pul-
monary circuit while maintaining adequate pul-
monary blood flow (Rodbard and Wagner 1949).
Fontan capitalized on this in 1968 when he per-
formed his landmark surgery for tricuspid atresia,
by anastomosing the right atrial appendage
directly and the pulmonary artery (Fontan and
Baudet 1971). Subsequently, this procedure was
modified and adapted to other variants of univen-
tricular hearts.

Fontan circulation can be achieved by either
anastomosing the vena cava to the pulmonary
artery, with the use of baffles or conduits, or con-
necting the right atrium to the pulmonary artery
after excluding tricuspid flow and repairing any
atrial septal defect (classic atriopulmonary con-
nection, classic Fontan) (Fig. 1). However, many
patients will require a staged approach rather
than primary creation of the Fontan circuit due to
unfavorable anatomy and physiology. A staged
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Fig. 1 Classic Fontan procedure for tricuspid atresia cor-
rection. Contrast-enhanced MRA image shows the connec-
tion between the right atrium (RA) and the right pulmonary
artery (arrow). Note the mild dilatation of the RA

approach allows for appropriate growth of the
pulmonary arteries and minimizes acute changes
in end-diastolic filling, resulting in a decrease in
mortality as compared to a primary Fontan cre-
ation (Norwood and Jacobs 1993).

The first stage of palliation of the single ven-
tricle is performed in the neonatal period and
consists of controlling pulmonary blood flow, by
means of a direct systemic-to-pulmonary artery
shunt or pulmonary artery banding; relieving any
systemic outflow obstruction; and addressing
issues with pulmonary venous return. In cases of
HLHS, a Norwood procedure is performed
whereby the main pulmonary artery (MPA) is
transected and a “neoaorta” is created from the
amalgamation of the MPA with the ascending
aorta. In combination with aortic arch augmenta-
tion, unobstructed systemic flow for aortic
growth and coronary perfusion is provided.
Pulmonary blood flow (PBF) is regulated via a
size-specific conduit from the subclavian or bra-
chiocephalic artery to the pulmonary artery
(modified Blalock Taussig shunt) or via a con-
duit from the right ventricle to the pulmonary
artery (Sano shunt) (Fig. 2).

119

Fig. 2 Norwood-Sano procedure for correction of hypo-
plastic left heart syndrome in the neonatal period. Sano
conduit seen from the right ventricle to the pulmonary
artery (arrow). Neoaorta created from the amalgamation
of the transected MPA with the ascending aorta after the
Norwood procedure is also seen (arrowheads)

The location of the Blalock Taussig shunt
downstream of the neoaortic valve results in con-
tinuous PBF in both systole and diastole, creating
a situation where retrograde flow could occur in
the coronary arteries during diastole. The Sano
shunt eliminates the potential for coronary steal,
but may lead to decreased ventricular function
and increased arrhythmias secondary to the ven-
triculotomy. However, there is no clear evidence
to support superiority of one technique over the
other (Ohye et al. 2016).

The second stage of palliation is the creation
of a superior cavopulmonary connection, typi-
cally occurring at 4-9 months of age, after the
pulmonary vasculature has matured. The superior
vena cava venous return is directed into the pul-
monary arteries, sources of systemic-to-
pulmonary arterial blood flow are disconnected
or interrupted (e.g., Blalock Taussig shunt, Sano
shunt, flow through a stenotic pulmonary valve),
and any pulmonary bands are removed. Cardiac
output is directed solely to the systemic circula-
tion, reducing the volume work of the heart. The
procedure chosen at this stage determines the
final technique employed for Fontan completion.

The bidirectional Glenn procedure (BDG) is
created by dividing the superior vena cava (SVC)
at the SVC-atrial junction, oversewing the atrial
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Fig.3 6-month-old boy with the history of tricuspid atre-
sia status post-bidirectional Glenn. Coronal CT angiogra-
phy, maximum intensity projection (a), and volume

end, and anastomosing the SVC to the ipsilateral
pulmonary artery in an end-to-side fashion
(Fig. 3). Continuity of the left and right pulmo-
nary arteries permits blood flow to both lungs. In
cases of bilateral SVCs, this anastomosis is per-
formed bilaterally to direct all venous return from
the head and upper extremities to the pulmonary
arteries. The BDG typically results in a
pulmonary-to-systemic blood flow ratio (Qp/Qs)
of 0.6:1. BDG is relatively simple as compared to
hemi-Fontan procedure (HF), requiring shorter
cardiopulmonary bypass time without aortic
cross clamping or circulatory arrest. BDG does
not address problems with pulmonary artery dis-
tortion or stenosis and due to the need for exten-
sive dissection to free the SVC there is an
increased risk for phrenic nerve injury (Talwar
etal. 2014). In the setting of a BDG, Fontan com-
pletion is performed with an extracardiac
conduit.

An alternative cavopulmonary connection is
the hemi-Fontan procedure (HF), which addresses
problems of pulmonary artery anatomy and sim-
plifies lateral tunnel completion of the Fontan. In
this procedure, the SVC and pulmonary arteries
maintain their anterior-posterior relationship.
The SVC is opened along the medial aspect at
the atrial junction and amalgamated with the
anterior aspect of the pulmonary arteries, using a
homograft patch. The pulmonary arteries are

rendering 3D (b) images show connection (arrow) of the
superior vena cava (SVC) to the right pulmonary artery
(RPA)

augmented with a patch extending from just
medial of the right upper lobe branch to the left
lobar branch. A homograft patch is also used to
create a dam between the right atrium and SVC,
directing the superior caval flow into the pulmo-
nary arteries, which can be easily removed at the
time of lateral tunnel creation (Spray 2013).
Percutaneous completion of the Fontan can be
performed by perforation of the dam and stenting
from the IVC to the pulmonary artery (Talwar
et al. 2014). Additionally, the anteroposterior oft-
set between the caval and pulmonary arterial flow
may have some hemodynamic benefit (Bove
et al. 2003).

The Fontan completion operation is typically
performed at 18-48 months of age. This final
stage of single ventricular palliation directs sys-
temic venous return from the inferior vena cava
(IVC) into the pulmonary arteries, thereby com-
pleting the total cavopulmonary connection. In
patients that have undergone HF, a lateral tun-
nel (LT) is the procedure of choice for comple-
tion. The homograft dam is excised and a baffle
made of synthetic material is used to isolate
flow from the IVC into the pulmonary artery
along the lateral aspect of the atrium. The baf-
fle is created so as not to obstruct the atrial sep-
tal defect. A fenestration, or hole, is often
made in the baffle to maintain cardiac output in
high-risk patients. This fenestration maintains
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Fig. 4 Fontan procedure for repair of tricuspid atresia.
Coronal dark blood spin-echo image (a) and contrast-
enhanced MRA (b) show the total cavopulmonary con-
nection with anastomosis of both the SVC and IVC to the

blood flow to the systemic ventricle in the set-
ting of high pulmonary vascular resistance and
has the added benefit of reducing the length of
postoperative pleural effusions (Bridges et al.
1992).

An extracardiac conduit (ECC) completes
the Fontan circuit in the setting of a prior BDG
by connecting the IVC above the hepatic veins
to the right pulmonary artery by means of an
extracardiac synthetic tube graft coursing along
the free wall of the right atrium (Fig. 4). Akin
to the LT, a fenestration is created by sewing a
right atriotomy to a hole in the tube graft.
Alternatively, a small ringed tube graft can be
connected between the ECC and the right
atrium (Bradley 2006). Advantages of ECC as
compared to LT include application in a variety
of anatomic configurations including hetero-
taxy syndromes, anomalies of systemic and
pulmonary venous drainage, and apico-caval
juxtaposition. Furthermore the risk for the right
atrium to cause arrhythmias is theoretically
lower with an ECC by avoiding exposure to
pulmonary artery pressures and a significantly
reduced suture burden.

RPA, the latter by means of an extracardiac conduit in this
case (arrow). An intracardiac lateral tunnel can also be
performed

3 Imaging Protocol

Imaging patients with single ventricle physiol-
ogy and particularly following single ventricle
palliative procedures is challenging due to the
altered anatomy and hemodynamics. Typically,
patients are seen biannually by their cardiolo-
gists and echocardiography is performed annu-
ally. A routine MRI is often performed 10 years
after Fontan operation or when clinical findings
and echocardiographic results require further
investigation (Rychik 2016). MRI is usually
preferred over CTA due to the inherent lack of
ionizing radiation in this patient population.
Nevertheless, CT angiography is an important
alternative noninvasive imaging technique.
CTA is particularly useful in emergent situa-
tions, in unstable patients, in patients where
metal coils obscure structures of interest, and in
patients in whom MRI is contraindicated. One
of the major advances of CT is the speed of
acquisition, and, particularly with the use of
modern dual-source scanners, the ability to
scan pediatric patients without the use of
sedation.
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Imaging objectives vary and techniques need
to be adopted depending on if the study is per-
formed before or after surgical therapy. In post-
surgical patients, the stage of surgical palliation
has to be taken into account.

3.1 MRI/MRA Protocol

Evaluation of the patient with single ventricle for
surgical planning or postsurgical follow-up
should provide information about the size, mor-
phology, and function of the cardiac chambers;
the pulmonary arteries and veins; as well as the
systemic arteries and veins. It should allow
assessment of the baffles and conduits as well as
complications of the surgical procedures, which
are discussed later in this chapter. MRI is
uniquely suited for this purpose due to its lack of

ionizing radiation. In our institution, a typical
exam lasts approximately 45-60 min (Table 1)
and begins with anatomical sequences covering
the whole chest using steady-state free preces-
sion (SSFP) sequences in axial, sagittal, and cor-
onal planes, as well as black blood axial images
using a fast spin-echo (FSE) technique. These are
followed by cine SSFP breath-hold images with
thin slices and without interslice gap, using
stacked axial images in addition to the standard
horizontal and vertical long-axis and ventricular
short-axis images. These sequences allow func-
tional and morphological assessment of the car-
diac chambers, their connections, and the
presence of septal defects. Multiphase MR angi-
ography (MRA), preferably using a high-
resolution (1 mm isotropic) time-resolved
sequence, allows identification and sizing of the
pulmonary and systemic arterial and venous

Table 1 CMR imaging protocol at the University of Virginia (1.5 T system preferred over 3 T)

Sequence Planes Trade name

1. Localizers

2. Bright blood imaging (breath-hold, nongated Axial GE: FIESTA, Philips:
multislice balanced SSFP images of the entire Coronal bFFE, Siemens: TrueFISP
chest) Sagittal

3. Black blood imaging of the entire chest with Axial GE: SSFSE, Philips:

single-shot technique

single-shot TSE,
Siemens: HASTE

4. Cine MRI

Stacked axial without gap
standard short and long axes
Valve plane

Outflow tract

GE: FIESTA, Philips:
bFFE, Siemens: TrueFISP

5. 3D contrast-enhanced MRA in arterial and
venous phases (preferably a time-resolved
technique) with 1 mm isotropic resolution

Coronal or sagittal oblique

GE: TRICKS, Philips:
4D-TRAK, Siemens:
TWIST

6. Velocity-encoded cine 2D phase-contrast
imaging

Depending on clinical question:
pulmonary arteries, aorta,
baffle, conduit, systemic veins,
pulmonary veins

7. Late gadolinium enhancement imaging 2-chamber
10—15 min after contrast is given 3-chamber
2D segmented inversion recovery GRE or SSFP, 4-chamber
PSIR for patients with regular heart rhythm and Short axis

able to hold breath, otherwise single-shot imaging

SSFP steady-state free precession; FIESTA fast imaging employing steady-state acquisition; bFFE balanced fast field
echo; True FISP fast imaging with steady-state free precession; SSFSE single-shot fast spin echo; 7SE turbo spin echo;
HASTE half-Fourier acquisition single-shot turbo spin-echo; MRA magnetic resonance angiograph; TRICKS time-
resolved imaging of contrast kinetics; TRAK time-resolved angiography using keyhole; TWIST time-resolved angiogra-
phy with stochastic trajectories; GRE gradient-recalled echo; PSIR phase-sensitive inversion recovery
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system as well as their connections with the heart
as well as the baffles and conduits. Due to the
lack of radiation and the ability to repeat the
image acquisition at multiple time points follow-
ing the contrast injection, contrast-enhanced
MRA is an excellent technique to diagnose
thromboembolic complications in the pulmonary
vasculature, baffles, and conduits, and assess the
systemic veins as well as the arterial system. In
general, the spatial resolution of MRA is inferior
to CTA and the diagnosis of smaller emboli, pul-
monary arteriovenous malformations (PAVMs),
and systemic—pulmonary veno-venous shunts
frequently requires CTA (Lewis et al. 2015).
These complications are discussed later in this
chapter. Time-resolved MRA can be performed
using dilute contrast and has been shown to pro-
vide excellent assessment of the flow dynamics
and morphology of the pulmonary circulation as
well as the pulmonary perfusion status in Fontan
patients (Goo et al. 2007). We typically use
0.1 mmol/kg of gadolinium-based contrast and
obtain multiple datasets with a temporal resolu-
tion of 3 s with 1 mm isotropic resolution for 90 s
with a 10 s scan delay (Video 1). In general, stan-
dard extracellular MR contrast agents have been
shown to give excellent image quality, and we
have not been using blood pool agents in this
patient population, which have been used anec-
dotally (Hashemi et al. 2014).

Velocity-encoded (VENC) cine-phase con-
trast sequences allow measurement of blood flow
in the pulmonary arteries, aorta, baffles and con-
duits, systemic and pulmonary veins, systemic-
to-pulmonary collateral flow, as well as
assessment of atrioventricular valves (Latus et al.
2016). The aortopulmonary collateral flow can be
quantitated using 2D flow measurements of the
ascending aorta, the pulmonary veins, the pulmo-
nary arteries, and the inferior and superior vena
cava flow using one of these two equations:

1. Sum of flow in all pulmonary veins—(right +
left pulmonary artery flow)

2. Ascending aorta flow—(inferior + superior
vena cava flow) (Kutty Heart 2016)

The presence and degree of obstruction in
baffles and conduits can also be measured using
these techniques. Several newer, albeit not
widely available MRI techniques provide even
more detailed assessment of the hemodynamics
of Fontan patients. Hybrid CMR and X-ray-
guided angiography (CMR/XMR) allows to
more accurately measure pulmonary vascular
resistance than standard catheter techniques
(Pushparajah et al. 2015). More recently, the use
of particle traces derived from time-resolved 3D
MR velocity mapping (4D flow MRI) has been
shown to allow in vivo quantification of the
caval flow distribution to the PAs in patients
with Fontan circulation. It could be demon-
strated that 83% of the superior vena cava blood
flows to the right pulmonary artery whereas
55% of the inferior vena caval blood flows to the
left PA (Bachler et al. 2013).

Late gadolinium enhancement (LGE) of the
myocardium using a phase-sensitive ECG-
triggered breath-hold inversion recovery
sequence allows assessment for myocardial
fibrosis and infarction. The presence of LGE is
common in late heart Fontan survivors and its
presence has been shown to be associated with
adverse ventricular mechanics and a higher fre-
quency of nonsustained ventricular tachycardia
(Rathod et al. 2010). In one retrospective study
involving 215 patients who underwent MRI at a
median age of 18.3 years and who underwent
the Fontan operation at a median age of
3.6 years, LGE was present in 33% (Rathod
et al. 2014).

3.2  CTAProtocol

In cases where MRI is not feasible, CTA is an
excellent alternative. We consider high-pitch spiral
scanning on dual-source CT scanners without gat-
ing or triggering optimal for most patients unless
coronary artery evaluation is required in which
case we resort to prospective or retrospective tech-
niques. Due to the extreme acquisition speed (up
to 74 cm/s table motion) the scan times are
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extremely short and we routinely scan children of
all ages without sedation or anesthesia. Low kV
technique results in effective doses of 1 mSv or
less for these scans. If dual-source scanners are not
available, at least a 64-channel system should be
used—with ECG gating. Proper contrast timing is
critical and will depend according to what stage of
surgical palliation the study is performed in.

After stage 1 palliation, performed in the neo-
natal period, patients with systemic-to-pulmonary
arterial shunts are typically not at risk to develop
pulmonary embolism, due to the absent connec-
tion of the pulmonary arteries with systemic
veins. They do however have a 1-17% risk of
shunt thrombosis, which occasionally leads to
the need for imaging beyond echocardiography
(Ghadimi Mahani et al. 2016). Conduit stenosis
also occurs in a small percentage and can neces-
sitate cross-sectional imaging. In these cases, CT
pulmonary angiography (CTPA) is best per-
formed during the pulmonary arterial phase. A
venous injection into the lower extremities elimi-
nates streak artifacts that would otherwise affect
a scan with an upper extremity venous injection,
particularly in children where low kV settings are
used (Ghadimi Mahani et al. 2016).

For stage 2, blood from the superior vena
cava is redirected to the pulmonary arteries,
either via a bidirectional Glenn or a hemi-Fontan
procedure. In this stage thrombosis and throm-
boembolic events are infrequent and often
caused by catheters in the upper venous system.
CTA in this phase is best performed with lower
extremity venous access with the scan started
after optimal enhancement of the SVC or bilat-
eral jugular veins with contrast monitoring in the
neck or mediastinum. The contrast flows at this
stage from the IVC to the ventricle to the sys-
temic arteries, and returns from the brain via the
jugular veins. Using this technique, homoge-
neous enhancement of the pulmonary arteries
without inflow of nonopacified blood simulating
filling defects is usually achieved. In addition, as
the scan is acquired during the arterial phase, the
diagnosis of systemic-to-pulmonary arterial col-
laterals is possible.

The prevalence of thrombosis and thromboem-
bolic events is higher after completion of the total
cavopulmonary connection (stage 3). CTPA is
suitable to diagnose or exclude thromboembolic in
these patients with high accuracy, if performed
properly. Standard CTPA techniques using single
upper extremity venous access suffer from mixing
of opacified blood from the SVC and unopacified
blood from the IVC resulting in a large number of
nondiagnostic or false-positive studies (Sandler
et al. 2014). One way to obviate this problem with
single upper extremity venous access is to increase
the contrast volume and image with a scan delay
of 70-80 s. This results in homogeneous enhance-
ment of the pulmonary arteries and allows the
diagnosis of PE. Recommended contrast doses are
up to 2 mL/kg in smaller children (we usually
hand-inject smaller children and aim for duration
of injection of 10-15 s; in older children we use
power injectors with flow rates between 0.6 and
2 mL/s) and a total dose of 150 mL in adults with
a flow rate of 2 mL/s. If simultaneous aortic
enhancement is also desired, the flow rate can be
increased to 3—5 mL/s toward the end of the study.
A timing bolus or bolus tracking technique is used
to determine the time from injection to aortic peak
(Ghadimi Mahani et al. 2016). It has to be noted
that all intravenous injections in these patients
need to be absolutely free of air due to the frequent
presence of fenestrations which represent right to
left shunts and put the patient at risk of stroke from
air emboli.

The optimal technique requires dual venous
access, typically one in an antecubital vein and
the other in a dorsal foot vein. Alternatively,
femoral access can be chosen in adults. Contrast
is injected with two power injectors if available
with 60% of contrast injected into the lower
extremity. Recommended contrast dose is up to
2 mL/kg of 370 mg iodine/mL or up to 3 mL/kg
of 300 mg iodine/mL contrast agent.
Recommended flow rates are 2—2.5 mL/s in the
upper extremity and 3-4 mL/s in the lower
extremity. Contrast injection should be followed
by a saline flush. A monitoring scan is per-
formed at the level of the carina. The scan is
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initiated when the contrast arrives in the left
pulmonary artery, which typically occurs after
the right PA (Ghadimi Mahani et al. 2016). The
dual venous access is also recommended in the
ACR-NASCI-SIR-SPR Practice Parameters
for the performance of CTA (2016). A 60-90 s
delayed scan can be performed in addition
depending on the clinical question.

4 Complications

Late complications arising from the new hemo-
dynamic and physiological conditions are
observed with increasing frequency due to pro-
longed survival of these patients. Currently, sur-
vival rates are around 85% at 20 years (Khanna
et al. 2012).

High pulmonary vascular resistance, anatom-
ical alterations in the pulmonary arteries,
increased systemic venous pressure, and ven-
tricular dysfunction are some risk factors that
predict a worse outcome and more frequent
occurrence of complications (Fredenburg et al.
2011); these can be categorized as cardiac or
extracardiac.

Fig. 5 29-year-old female status post-classic Fontan for
tricuspid atresia repair. Dark blood spin-echo (a) and
bright blood gradient-echo SSFP (b) images show severe
right atrial enlargement. Artifact secondary to slow flow

4.1 Cardiac Complications

The most common cardiac complication after
the classic Fontan technique is atrial enlarge-
ment (Fig. 5), which predisposes to arrhythmias
and thromboembolic events (Fredenburg et al.
2011; Khanna et al. 2012; de Leval 1998; Soler
et al. 2007). Pulmonary embolism secondary to
atrial thrombus is the most common cause of
out-of-hospital death in patients who have
undergone a Fontan procedure (Gewillig 2005).
Arrhythmias can also be seen after lateral tunnel
total cavopulmonary connection and be the
result of atrial suture load and injury to the sino-
atrial node during atriotomy (Lewis et al. 2015).
When ablation is required, imaging planning is
usually helpful.

Ventricular dysfunction is common in long-
standing Fontan circuits, usually as a result of
chronically elevated afterload and reduced pre-
load. Ventricular dilatation, hypertrophy, and
dysfunction can be assessed by imaging.

Atrioventricular valve regurgitation, leak, ste-
nosis (Fig. 6), or thrombosis (Fig. 7) of the con-
duit are additional potential complications of
modern Fontan procedure (Fredenburg et al. 2011;

within the dilated atrium (arrows) may mimic thrombosis
on dark blood imaging (a). Patent right atrium without
evidence of thrombosis was seen on SSFP (b) and
contrast-enhanced MRA (not shown)
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Khanna et al. 2012; de Leval 1998; Soler et al.
2007). Differentiating thrombus from slow-flow
artifact may be sometimes challenging (Fig. 5).
As described before, optimal contrast timing is
paramount to assess conduit thrombosis espe-
cially when CTA is performed.

Fig. 6 Fontan procedure for repair of tricuspid atresia.
Coronal contrast-enhanced MRA shows mild focal steno-
sis of the extracardiac Fontan conduit (arrow)

4.2 Extracardiac Complications

There is a wide range of extracardiac complica-
tions occurring in these patients and imaging
plays an important role in the early diagnosis.
These can be broadly categorized into complica-
tions involving the pulmonary arteries, conditions
entailing right-to-left or left-to-right shunting, and
hepatic and lymphatic complications.

4.2.1 Pulmonary Arteries

The low pressures achieved after the Fontan
repair paradoxically condition an increase in the
pulmonary vascular resistance (Fredenburg et al.
2011). This complication is attributed to the
absence of pulsatility of the pulmonary arteries,
the inability to achieve complete filling of the
pulmonary vasculature, and the increase of pul-
monary lymphatic pressure (Fredenburg et al.
2011; de Leval 1998). Pulmonary vascular resis-
tance is a determinant factor in the cardiac output
of this new hemodynamic condition.

Pulmonary vascular resistance may also be
affected by morphological alterations in the pul-
monary arteries, mainly stenosis, which fre-
quently occur at the site of anastomosis
(Fredenburg et al. 2011). Stenosis of the left pul-
monary artery by extrinsic compression of an
enlarged aortic root can also be seen; this is

Fig. 7 3-year-old male with recent Fontan procedure for
double-outlet right ventricular repair and acute thrombo-
sis of the Fontan conduit. Axial (a) and coronal (b) CTA
images show a heterogeneous peripherally enhancing fill-
ing defect within the extracardiac inferior vena cava to

pulmonary artery shunt (black arrow). The superior vena
cava has been routed into the right pulmonary artery
(white arrow). A large VSD (asterisk) and small right
ventricular chamber can also be seen on a. Hepatic
venous congestion is seen on the upper abdomen (c)
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Fig. 8 10-year-old male with the history of hypoplastic
left heart syndrome status post-staged extracardiac fenes-
trated Fontan and prior Norwood procedure. Bright blood
axial SSFP image (a) shows the Fontan conduit (black
arrow) connecting to the pulmonary arteries. The left pul-
monary artery is small in size (white arrow) with evidence
of compression from a severely dilated neo-ascending
aorta (asterisk). The right pulmonary artery is of normal

particularly common in cases of hypoplastic left
ventricle that underwent Fontan palliation and
prior Norwood connection (aorta and pulmonary
artery connection) due to compression by a
dilated neoaorta (Fig. 8) (Lewis et al. 2015).
Early detection and treatment of pulmonary
artery stenosis can improve system functionality.
Stents are often placed in the pulmonary arteries
to maintain patency. Due to metallic artifact,
these are usually better assessed with CTA.
After completion of the total cavopulmonary
connection the prevalence of thrombosis and
thromboembolic events has been found to range
from 1 to 33%, with the highest risk immediately
postsurgery and then again late (10 + years) fol-
lowing the surgery (McCrindle et al. 2013).

4.2.2 Shunting

Right-to-left shunts may occur due to the develop-
ment of pulmonary arteriovenous fistulae (PAVFs)
and the formation of systemic-pulmonary venove-
nous shunts (VVS) (Fredenburg et al. 2011; Khanna

size. Differential pulmonary blood flow calculated using
velocity-encoded  phase-contrast (VENC) imaging
obtained perpendicular to the pulmonary arteries follow-
ing the plane marked by the dashed lines on the dark
blood axial image (b), through the right (c) and left (d)
pulmonary arteries (arrows), revealed asymmetric pulmo-
nary flow, 80% of a total flow to the right and 20% of total
flow to the left

et al. 2012; de Leval 1998) which usually cause
desaturation and cyanosis (Khanna et al. 2012).

The lack of pulsatility in the pulmonary
arteries and the absence or asymmetrical distri-
bution of the hepatoenteric inflow in the lungs
are considered potential etiological factors
(Khanna et al. 2012; Ashrafian and Swan 2002;
Srivastava et al. 1995) but the exact etiology of
PAVF is not clearly known. Some authors attri-
bute the PAVF formation to an unknown “hepatic
factor.” They hypothesized that the liver may be
responsible for the degradation of a vasodilating
substance (Duncan and Desai 2003; Kim et al.
2009), and may also be the source of vasoactive
substances that function as inhibitors of pulmo-
nary vascular dilatation or recruitment (Duncan
and Desai 2003). In fact, an increased risk of
occurrence of these malformations in lungs with
absent hepatoenteric flow during “the Glenn
stage” and reversibility of this condition after
the Fontan completion has been seen (Lu et al.
2012).
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Venovenous collateral development with con-
nection between the systemic and pulmonary cir-
culation, systemic-pulmonary VVS, is a
consequence of the existence of an elevated cen-
tral venous pressure (Khanna et al. 2012;
Ashrafian and Swan 2002; Srivastava et al. 1995).
These anomalous vessels are seen in the medias-
tinum connecting the subclavian veins, the infe-
rior or inferior vena cava, and the hepatic veins
with the pulmonary veins.

Maximal intensity projection (MIP) recon-
structions can help identifying PAVF and VVs on
CTA images (2) (Fig. 9). When clusters of small
innumerable PAVFs occur, multifocal ground-
glass opacities can be seen on CT (Fig. 10); addi-
tional regional early venous drainage is also
frequently seen (Figs. 9 and 10). MRI has become
an excellent and accurate noninvasive method for
quantifying functional parameters, such as pul-
monary and systemic flow, and right-to-left
shunting resulting from collateral flow and fistu-
lae (Whitehead et al. 2009; Grosse-Wortmann
et al. 2009). Excellent hemodynamic assessment
of the PAVFs can also be obtained with time-
resolved MRA (Fig. 10).

Fig. 9 20-year-old female with multiple PAVF and VVS
presented with cyanosis and oxygen saturation of 82%.
Contrast-enhanced CT images (MIP reconstructions)
show strong and early contrast opacification of the right
upper pulmonary artery (PA) and right upper pulmonary
vein (PV) due to the presence of innumerable PAVFs in

Left-to-right shunting can also occur via major
aortopulmonary collaterals, which can arise from
the thoracic aorta, and brachiocephalic and inter-
nal mammary arteries. Other potential causes of
shunting include surgical fenestrations and resid-
ual atrial septal defects.

4.2.3 Hepatic Complications
Elevated systemic venous pressure after a Fontan
procedure causes chronic passive venous conges-
tion that has negative effects on the liver paren-
chyma. The increased retrograde pressure in the
hepatic sinusoids may ultimately lead to centri-
lobular, necrosis, sinusoidal fibrosis, cirrhosis,
and portal hypertension (Fredenburg et al. 2011;
Khanna et al. 2012; Ghaferi and Hutchins 2005).
In addition to hepatic vein-centered liver fibrosis,
portal-based fibrosis has been demonstrated
recently in the majority of patients who died soon
after the Fontan procedure, which suggests a
multifactorial origin of the disease (Schwartz
et al. 2012).

As occurs in all other causes of cirrhosis,
patients with cardiac cirrhosis may develop dys-
plastic nodules and hepatocellular carcinomas

the right upper lobe. Collateral circulation is also seen
within the mediastinum (arrow) representing several
systemic-pulmonary VVS that connect the left subclavian
vein and the SVC with the pulmonary veins (black arrow).
PAVF pulmonary arteriovenous fistulae; VVS venovenous
shunts
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Fig. 10 13-year-old girl with Fontan procedure for pul-
monary atresia correction presented with shortness of
breath. Contrast-enhanced thoracic CT image shows
countless small PAVFs in the RUL presenting as ground-
glass opacities (arrowheads) (a). Strong and early con-

(HCC) (Ghaferi and Hutchins 2005; Asrani et al.
2013). In addition to the alpha-fetoprotein level,
imaging surveillance is, therefore, recommended
(Ghaferi and Hutchins 2005). Some authors
advocate the use of CT and ultrasound, consider-
ing MRI and target biopsy for large and enlarging
nodules (Kiesewetter et al. 2007).

In the first stage of passive hepatic congestion
a typical reticular enhancement pattern in the
portal phase, more pronounced in the periphery,
is seen (Khanna et al. 2012) (Figs. 7 and 11).
Chronic increase of the venous pressure results in
the development of regenerative nodules and the
formation of intra- and extrahepatic VVS

trast opacification of the right upper pulmonary vein
(white arrow) is seen in the MIP (b) and volume-rendering
(c¢) reconstructions due to the presence of the PAVFs.
Time-resolved contrast-enhanced MRA (d) allows excel-
lent assessment of the hemodynamics of the PAVFs

(Khanna et al. 2012; Ghaferi and Hutchins 2005;
Kiesewetter et al. 2007; Bryant et al. 2011).
Regenerative nodules have a similar appearance
to focal nodular hyperplasia (FNH) on dynamic
contrast-enhanced imaging—both are brightly
hyperenhancing lesions on arterial phase and
slightly hyperintense or isointense to the back-
ground liver on the venous phase—and must be
differentiated from HCC which shows the typical
contrast washout on delayed images (2) among
other distinctive features. Benign hypervascular
hepatic nodules, frequently located in the periph-
ery, are common in the failing Fontan circulation.
A recent study showed that postmortem histology
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Fig. 11 Hepatic venous congestion after Fontan proce-
dure in two different patients. CT image (a) and portal-
phase contrast-enhanced MRI (b) images show

suggests that FNH is the underlying pathology
and their presence very likely indicates arteriali-
zation of hepatic blood flow and reciprocal portal
venous deprivation (Bryant et al. 2011).

4.2.4 Lymphatic Complications

In the lungs, the elevated systemic venous pres-
sure and secondary increased lymphatic pressure
can cause interstitial pulmonary edema, and pleu-
ral and pericardial effusion (de Leval 1998).
Plastic bronchitis is another rare potential compli-
cation of lymphatic dysfunction (Fredenburg
etal. 2011; Goo et al. 2008). Patients usually pres-
ent with cough and expectoration. Impaired lym-
phatic drainage and low cardiac output cause
hypersecretion of mucin and formation of large
and dense secretions that impact into the airway
(Khanna et al. 2012). CT findings usually include
bronchial wall thickening, mucous plugging, and
atelectasis.

Protein-losing enteropathy and ascites are
the most relevant abdominal complications
derived from the increased lymphatic pres-
sure. Protein-losing enteropathy is a late, seri-
ous complication with a poor prognosis
(Fredenburg et al. 2011; Khanna et al. 2012;
de Leval 1998; Feldt et al. 1996), thought to be
associated with the venous and lymphatic con-
gestion that occurs in the splanchnic circuit
causing protein loss into the intestinal lumen

heterogeneity and peripheral perfusion alteration.
Extracardiac Fontan conduit is also seen (arrow)

Fig. 12 16-year-old male patient with cardiac cirrhosis,
portal hypertension, and protein-losing enteropathy after
Fontan procedure. Coronal abdominal CT images show
morphologic changes of cirrhosis and portal hypertension
with ascites and splenomegaly. Large systemic-pulmonary
venovenous shunts (VVS) from the left suprahepatic vein
to the left inferior pulmonary vein are also seen (arrow).
Coils from prior embolization of VVS also noted in the
mediastinum (arrowhead)

with the subsequent hypoalbuminemia and immu-
nodeficiency (Fredenburg et al. 2011; Khanna
et al. 2012). The hypoproteinemia may also be the
cause of pleural effusion and ascites. MRI and CT
are rarely helpful in the diagnoses of this condi-
tion. Ascites (Fig. 12) and bowel wall thickening
are the nonspecific findings usually seen.
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Conclusion

The Fontan procedure is a palliative surgical
therapy indicated for patients with a variety of
congenital cardiac diseases which results in
univentricular physiology. Although many
modifications to the original description have
been employed, the main objective of this
technique is based on connecting the systemic
venous flow to the pulmonary circulation in
order to avoid overloading the single ventricu-
lar chamber. Because of its comprehensive
assessment, CMR has become the best imag-
ing technique in the postoperative evaluation
of these patients. In cases where MRI is not
feasible CTA is an excellent alternative.
Familiarity with the surgical procedure, the
new postsurgical anatomy and physiology,
and the spectrum of long-term cardiac and
extracardiac complications are becoming
more important as the survival of these
patients increases.
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