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The Fontan operation or the total cavopulmonary connection is a palliative surgery for single
ventricle congenital heart disease where the systemic venous return circumvents a pump-
ing chamber and flows directly into the pulmonary circuit. With surgical and medical advan-
ces, there has been improvement in life expectancy of these patients, however, it has also
resulted in unique complications from the physiology that requires diligent surveillance. A
critical component relies on optimal imaging for diagnosis and treatment of these complica-
tions. This article describes the normal anatomy of the Fontan circulation, current imaging
modalities and techniques, and frequently encountered complications seen when imaging
the patients who have undergone Fontan palliation.
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Introduction

Anumber of congenital cardiac anomalies interfere with
normal cardiac physiology and result in a single func-
tional ventricle. These anomalies include hypoplastic left
heart syndrome, tricuspid atresia, pulmonary atresia with
intact ventricular septum, and a double-inlet ventricle. In
normal cardiac physiology, there are subpulmonary and sub-
aortic pumping chambers to propel blood into the pulmo-
nary and systemic circulations respectively, however, in a
single functional ventricle, there is a single pumping chamber
for both the systemic and pulmonary circulations.

In 1971, Fontan and Baudet described a surgical procedure
which diverted systemic venous flow into the pulmonary cir-
culation by allowing passive flow into the lungs, circumvent-
ing the need for a pumping ventricle, and as a result,
established the systemic and pulmonary circulations in series
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powered by a single ventricle." This palliative strategy, referred
as the Fontan procedure, placed the single ventricle in the
unique position of sustaining the circulations without the ben-
efit of a second ventricle and as such, placed it at risk for possi-
ble failure. Complications include not only heart failure but
protein loosing enteropathy, plastic bronchitis, poor exercise
performance and liver fibrosis to name just a few. Recent
advances in cardiac surgery for congenital heart anomalies and
improvement in postsurgical care have significantly increased
the life expectancy of the patients following Fontan palliation.”
As a result, long-term complications of Fontan circulation are
more frequently encountered. Diagnosis and optimal imaging
work-up of Fontan physiology and its complications are essen-
tial for radiologists and physicians to guide appropriate treat-
ment options. In this article, we describe the anatomy of the
Fontan operation, current imaging modalities and techniques,
and frequently encountered complications seen when imaging
the patients who have undergone Fontan palliation.

Fontan Palliation

Completed single ventricle palliation ultimately culminates in a
total cavopulmonary connection or Fontan palliation." There is a
2-3 staged approach to this palliation. Stage 1 involves establish-
ing a stable source of systemic and pulmonary blood flow in par-
allel. Pulmonary blood flow is often established via a surgical
shunt such as a modified Blalock-Taussig shunt from the right
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subclavian artery or innominate artery to the right pulmonary
artery or a Sano shunt from the right ventricle to the pul-
monary artery. To establish unobstructed systemic circulation, a
Norwood/DKS (Damus-Kaye-Stansel) procedure is often per-
formed during the same operation to establish an adequate sys-
temic outflow and augment the aortic arch as needed. This stage
can possibly be skipped if the single ventricle has a balanced
source of pulmonary blood flow such as tricuspid atresia with
normally related great arteries where the outflow of blood to the
pulmonary arteries is enough to not be too cyanotic but not too
much as to induce heart failure. Stage 2 involves a superior
pulmonary venous connection where the initial surgical shunt is
ligated and the superior vena cava flow is directed to the pulmo-
nary arteries by either a bidirectional Glenn (end to side Superior
Vena Cava/Right Pulmonary Artery (SVC/RPA) anastomosis)
or hemi-Fontan (side to side SVC/RPA anastomosis). This is
followed by stage 3, the total cavopulmonary anastomosis or
Fontan,” where inferior vena caval blood is additionally directed
into the pulmonary arteries.

There have been several modifications of the Fontan opera-
tion since the originally described intervention. The modified
classic Fontan involves a direct anastomosis of the right atrial
appendage to the pulmonary artery (atriopulmonary Fontan),
but this has been supplanted by creation of a lateral wall tun-
nel or extra-cardiac Fontan which directs the inferior vena
cava flow to the pulmonary artery. A lateral wall tunnel uses
both native atrial tissue and a prosthetic patch to create a baffle
that courses along the lateral wall of the right atrium whereas
in the extra-cardiac Fontan, a conduit is placed joining the
inferior vena cava to the pulmonary artery external to the right
atrium” (Fig. 1). Additionally, this surgery also incorporates
(in general) the use of a fenestration in the Fontan, allowing a
controlled right-to-left shunt between the systemic venous
pathway and the pulmonary venous pathway which increases
ventricular preload and decreases venous pressure,” maintain-
ing cardiac output at the expense of cyanosis.6

Imaging of the Fontan Circulation
Cardiac MRI (CMR)

Advances in imaging in the past few decades have bolstered
the position of cardiac MR (CMR) in pediatric and adult

patients with Fontan circulation. CMR is a complimentary
imaging modality to echocardiography whose inherent
limitations become increasing apparent with advancing age of
the patient’. Additionally, estimation of ventricular function in
the single ventricle patient can be difficult and assessment of
volumes are more reproducible on CMR than echocardiogra-
phy.>” CMR can also more accurately measure hemodynamics
and blood flow along with tissue characterization such as
myocardial perfusion and scarring. The advantages of CMR
include lack of invasiveness and ionizing radiation, high spatial
and temporal resolution (temporal resolution lower than on
echocardiography), and excellent tissue characterization.
Additionally, volumetry for functional assessment and the
ability to quantify flow within vessels and conduits makes it
the gold standard for shunt estimation and aortopulmonary
(AP) collateral flow.'%*? Tt however has some shortcomings,
including lengthy examination techniques often necessitating
sedation, particularly in the pediatric population, and in claus-
trophobic patients and is therefore difficult to use in the acute
setting.'' " Although MR incompatible devices remain a con-
traindication, improvement in pacemaker technology and
design have resulted in devices safe for CMR.'*'°

In brief, our CMR imaging protocol involves electrocardio-
gram (ECG)-gated static and cine steady state-free precession
for the initial evaluation of cardiac anatomy and function, phase
contrast velocity mapping to map vascular flows including
quantification of systemic to pulmonary collateral flow. This is
followed by postgadolinium-enhanced MR angiography for fur-
ther evaluation of anatomy, myocardial delayed enhancement
and T1 mapping to assess for myocardial fibrosis."” Addition-
ally, a noncontrast T2 MR lymphangiogram is performed for
evaluation of the thoracic duct and lymphangiectasia.'
Advanced techniques such as four-dimensional (4D) flow
phase-contrast acquisitions and 4D multiphase steady-state
imaging with contrast have also been used to acquire functional
and anatomic data in a single acquisition.'”*"

Table 1 lists the complete protocol for Fontan evaluation
at our institution.

Cardiac CT Angiography
Although CMR is most commonly used for routine assess-
ment of patient’s following Fontan palliation, ECG-gated

Figure 1 Schematic drawings of Fontan palliation. (a) Atriopulmonary Fontan, (b) lateral tunnel Fontan, and (c) extrac-

ardiac Fontan.
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Tahle Cardiac MR Protocol for the Evaluation of Fontan Palliation

Imaging Sequence

Why Perform?

Cine SSFP in Short axis

Two chamber
Four chamber

Quantification of ventricular volumetry and qualitative
assessment of wall motion and valvular insufficiency

Ventricular outflow tract

Phase contrast velocity mapping Ascending Aorta

Right and Left PA
Cavae
Pulmonary veins

Quantification of AP collateral flow, AV valve
insufficiency, fenestration flow

Superior Fontan pathway

AV valve
Noncontrast T2 lymphangiogram
Gadolinium enhanced MR angiography
Myocardial delayed enhancement and T1 mapping

Evaluation of thoracic duct and lymphangiectasia
Anatomic assessment of vascular structures
Assessment of myocardial fibrosis

SSFP, steady state free procession; PA, pulmonary artery; AP, aortopulmonary; AV, atrioventricular.

cardiac CT angiography (CCTA) is used when CMR is not
feasible. Such circumstances include postsurgical patients
with non-MR compatible devices and for assessment of
stents. The benefits of CCTA include short scan duration
leading to less sedation and high spatial resolution. Addition-
ally, retrospectively gated CCTA can also be used for volu-
metric and functional assessment when needed with a lower
temporal resolution than CMR with an additional cost of
increased ionizing radiation.”' CCTA can detect complica-
tions such as thrombosis, stenosis, pulmonary thromboem-
bolism, arteriovenous fistula as well as map arterial and
venous collaterals.””** Tts drawbacks are exposure to ioniz-
ing radiation, poor tissue contrast, poor valvular assessment,
lower temporal resolution than CMR and lack of flow data.

ECG-gated synchronization modes that are commonly uti-
lized with CCTA include a high-pitch helical scan mode, pro-
spective gating, and retrospective gating. With high-pitch,
images are acquired rapidly during a single heartbeat often
eliminating the need for sedation in infants and uncoopera-
tive children.””*® With prospective ECG gating, imaging is
performed during a single point in the cardiac cycle over
multiple heartbeats.”” Finally, retrospective gating imaging is
performed throughout the cardiac cycle enabling evaluation
of both end-systole and end-diastole allowing volumetric
and functional analysis.”’

Homogeneous opacification of vasculature of interest is
paramount when imaging patients post-Fontan palliation.
Either bolus tracking or the use of a timing bolus can be per-
formed. With bolus tracking, the CCTA imaging is initiated
at a threshold of Hounsfield units in a vessel of interest
whereas a timing bolus uses a small amount of contrast to
optimally time the CCTA acquisition.””*” Regardless, the
heterogeneous distribution of blood from the superior vena
cava and inferior vena cava can make optimal imaging chal-
lenging due to mixing of opacified and unopacified blood,
particularly in the pulmonary arteries. Dual injections of the
upper and lower extremity and delayed acquisitions may
overcome these difficulties. With a dual injection technique,

60% of the contrast is injected in the lower extremity at a
rate of 3-4 ml/sec and the remaining contrast is injected in
the upper extremity at 2-2.5 ml/sec. Given the rates, the use
of two power injectors should be used but in the absence of
a second power injector a fast hand injection in the upper
extremity can be performed.”

Imaging of Complications of
Fontan Palliation

Ventricular Dysfunction

It is known that patients after Fontan palliation have low car-
diac output and have a high incidence of heart failure.”""'
Potential etiologies of this include the use of a systemic right
ventricle, ventriculotomy during palliation, and chronic
hypoxemia.**”’

Both retrospective CCTA and CMR can evaluate for global
ventricular dysfunction and also wall motion abnormalities.
CMR is the preferred imaging modality for this evaluation
and has the advantage of assessment of fibrosis via myocar-
dial delayed enhancement (Fig. 2) along with higher tempo-
ral resolution. End-diastolic volume measured by CMR is a
predictor of death and transplant following Fontan pallia-
tion.”" The presence of fibrosis is associated with nonsus-
tained ventricular tachycardia, decreased function, and
regional wall motion abnormalities (Fig. 2).”

Atrioventricular Valve (AV) Regurgitation

Atrioventricular (AV) valve dysfunction after Fontan pallia-
tion has also been shown to be a predictor of poor out-
come.”® Multiple factors cause AV valve dysfunction
including prior volume overload, systemic to pulmonary
shunting, annular dilatation, abnormal chorda and papillary
muscles, and decreased ventricular function.” Although

echocardiography can evaluate AV valve dysfunction, the use



Pearls and pitfalls in pediatric Fontan

445

d)

Figure 2 Sixteen-year-old boy with history of hypoplastic left heart syndrome variant, status postextracardiac fenes-
trated Fontan with decreased ventricular function. (a) Short axis view from a cine image of the heart demonstrates and
enlarged right ventricle (*) with bowing of the ventricular septum to the left (arrow). (b) Postprocessed short axis
image of the right (*) and the left ventricle (+) revealed decreased biventricular systolic function with a right ventricular
ejection fraction measuring 36% and a left ventricular ejection fraction measuring 49%. (¢c) Two chamber right ventric-
ular view demonstrates a dephasing jet consistent with tricuspid valve insufficiency. (d) Phase contrast images demon-
strates reversal of flow within the tricuspid (arrow) and mitral valve (arrowhead) consistent with insufficiency.
Calculated tricuspid regurgitant fraction measured greater than 60% and calculated mitral regurgitant fraction mea-
sured greater than 30%. (d) Myocardial delayed enhancement demonstrates patchy mid-myocardial fibrosis within the
septum along with fibrosis at the superior and inferior hinge points (arrows).

of phase contrast CMR and cine CMR for volumes can quan-
titatively calculate the regurgitant fraction and flow velocity
across the AV valve. There are 2 methods to measure the
regurgitant fraction (Fig. 2). One is to compare the ventricu-
lar stroke volume to the forward flow within the aorta and
the other is to compare the forward flow through the AV
valve to the net aortic flow by phase contrast techniques.”’

Fontan Baffle Leaks/Stenosis and
Fenestration

Leak and stenosis of the Fontan pathway can be seen at anas-
tomotic sites and be anatomically evaluated by either CCTA
or CMR. In stenosis, phase contrast CMR can estimate the
pressure gradient. Baffle leaks can also be quantified by phase
contrast CMR.

A fenestration is a modification to the Fontan with connec-
tion of the Fontan pathway to the pulmonary venous atrium.
Baffle fenestration has been found to improved short-term
outcomes such as decreasing pleural drainage, length of

hospital stay, and need for additional postoperative proce-
dures.””" When a fenestration is closed following Fontan
palliation, central venous pressure and oxygen saturation
increases and cardiac index decreases.” The simplest way to
calculate the flow through the fenestration by phase contrast
CMR is by comparing the inferior vena cava flow to the flow
within the superior Fontan baffle; another method is the dif-
ference between pulmonary venous flow and aortic outflow.
Finally, some groups have had success using through plane
phase contrast mapping directly across the fenestration.

Systemic to Pulmonary Collaterals

Communication between the systemic circulation and the
pulmonary circulation via systemic to pulmonary collaterals
is a common finding in Fontan patients. AP collaterals origi-
nate most commonly from the descending aorta, subclavian
artery, bronchial and intercostal arteries. Long-standing AP
collaterals causes left-to-right shunts, increased pulmonary
blood flow and pulmonary pressure, which in turn may lead
to ventricular volume overload and pleural effusions.
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Figure 3 Eighteen-year-old female with a single ventricle in the form of transposition of the great arteries, pulmonary
stenosis post fenestrated Fontan. (a) Axial image from a contrast enhanced cardiac CTA demonstrates a prominent ves-
sel posteriorly within the left paravertebral region that originated from the descending aorta and terminated in the left
lung consistent with an aortopulmonary collateral (arrow). (b) Axial image from the same cardiac CTA demonstrates
prominent vessels within the periphery of the left lower lobe (arrow) consistent with an arteriovenous malformation.
(¢) Coronal image further demonstrates the prominent vessel in the periphery of the left lower lobe (arrow).

Collaterals can steal blood from other organs, such as the
brain.”” Venovenous collaterals are a result of elevated central
venous pressure usually resulting in connections between the
superior or inferior vena cava or innominate veins and the
pulmonary veins.”® Although CCTA can depict the location
of both AP and venovenous collaterals (Fig. 3), CMR can
quantify the collateral burden using phase contrast velocity
mapping which has been correlated to postoperative Fontan
outcomes such as chest drain volume and duration of hospi-
tal stay.”” =

Using CMR, calculation of systemic to pulmonary collat-
eral flow is done by subtracting the sum of caval flow from
the aortic flow or by subtracting the pulmonary arterial flow
from pulmonary venous flow."

Pulmonary Arteriovenous Malformation

In pulmonary arteriovenous malformations (AVMs), systemic
venous blood reaches to the pulmonary venous system due
to abnormal vascular connections resulting in right to left
shunting.”" Although pulmonary AVM are more commonly
described following a bidirectional Glenn, pulmonary AVMs
are still seen following Fontan palliation. This occurs due to
the asymmetrical distribution of hepatic venous blood to the
pulmonary circulation and poor-filling of the pulmonary
arteries from the absence of a pumping ventricle.” The
absence of hepatic vein flow to the lungs, that is, the hepatic
factor, has been implicated as a cause of pulmonary AVMs.
Data that support this is that in the bidirectional Glenn,
where there is only blood from the superior vena cava flow-
ing to the lungs, pulmonary AVMs are more common. Addi-
tionally, pulmonary AVMs are more common in patients
with single ventricle and interrupted inferior vena cava who
undergo the Kawashima procedure. This procedure routes
systemic venous return to the pulmonary arteries via the azy-
gous system whereas the hepatic veins empty directly into
the right atrium.™ Finally, pulmonary AVMs have been
shown to occur in two-ventricle physiology with an isolated
anomalous pulmonary venous connection from the hepatic
veins to the left atrium and are seen in patients with
advanced hepatic failure. """ When redirection of the hepatic

flow to the lungs occurs, such as following the Fontan proce-
dure, pulmonary AVMs have been shown to regress. "

Although pulmonary AVMs can be see with an MR angio-
gram, imaging is most commonly performed with CCTA
where enlarged pulmonary vessels are seen extending to the
periphery of the lung with a tangle of vessels manifesting as
the pulmonary AVM" (Fig. 3).

Pulmonary Thromboembolism

The causes of pulmonary thromboembolism complications
are varied in Fontan patients. Low blood flow, venous stasis,
presence of thrombogenic material, along with atrial dilation
and stasis are the common precipitating factors to thrombus
in the Fontan circulation. Plasma levels of anticoagulant fac-
tors like antithrombin, protein C, protein S are low as a result
of protein-losing enteropathy (PLE) and this places the
patients at risk of thromboembolism. ™

Thrombus within the Fontan pathway and atrium can lead
to pulmonary embolism, which is most commonly diagnosed
using CCTA (Fig. 4). Given that flow from the superior vena
cava and inferior vena cava into the pulmonary arteries is not
uniform, mixing artifact will limit the diagnostic accuracy for
this evaluation.”! Two methods, one with a dual injection
and the other with a signal injection, have been described for
the assessment of pulmonary embolism in Fontan patients
using CCTA. With a dual injection, there is simultaneous
injection of CT contrast though an upper and lower extrem-
ity intravenous line to achieve homogenous opacification of
the pulmonary arteries. With a single injection technique
CT, contrast is injected via a single peripheral intravenous
line with a set delay ranging from 60 to 100 seconds depend-
ing on the institution.”’

Plastic Bronchitis

Plastic bronchitis is characterized by formation large protein-
aceous casts within the airway. Although it can occur with
other disorders, plastic bronchitis is most commonly seen
following Fontan palliation.”” This disorder is caused by
hypersecretion of airway mucus along with abnormalities of
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Figure 4 Twenty-year old with history of tricuspid atresia and transposition of the great arteries status postatriopulmo-
nary Fontan. (a) Coronal image from a contrast enhanced CTA demonstrates a large filling defect within the atrium
(arrow) consistent with an atrial thrombus. (b) A more delayed axial image from the same examination again shows

the atrial thrombus (arrow).

pulmonary lymphatic drainage that are related to the chroni-
cally elevated central venous pressure.” "

Diagnosing plastic bronchitis with CCTA or CMR can be
challenging. CT of the chest may demonstrate bronchial casts
causing partial or complete obstruction of airway in the
absence of bronchiectasis.”” Although heavily T2 weighted
imaging can demonstrate dilatation of the thoracic duct and
pulmonary lymphangiectasia, dynamic contrast enhanced
MR lymphangiography is the preferred technique to further
characterize this disorder demonstrating abnormal lymphatic
flow to the lung parenchyma (Fig. 5).”*

Fontan Associated Liver Disease

Fontan associated liver disease (FALD) is a group of diagno-
ses resulting from congestive hepatopathy including liver

a)

cirrhosis, focal nodular hyperplasia, and hepatocellular carci-
noma.”® With Fontan palliation, there is chronically elevated
hepatic vein pressures, which leads to passive congestion,
dilatation of hepatic sinusoids and arterialization of hepatic
flow.””" Serum markers are not helpful in diagnosing early
stages of congestive hepatopathy since they remain normal
until end stage disease and do not correlate with fibrosis.”””"
Although conventional CT and ultrasound is insensitive in
evaluating fibrosis, congestive hepatopathy manifests as hepato-
megaly with nodularity along with dilatation of the hepatic
veins and inferior vena cava.”” Congestive hepatopathy will also
have a similar appearance as chronic venous obstruction, such
as Budd-Chiari syndrome where there is typically reticular
enhancement in the periphery of the liver.” Later regenerative
nodules may form which must be distinguished from hepato-
cellular carcinoma most often on a contrast enhanced MRIL.*

Figure 5 Fourteen-year-old female with history of double inlet left ventricle and interrupted aortic arch, extracardiac
fenestrated Fontan who presents with plastic bronchitis. (a) Respiratory navigated gradient echo MR lymphangiogram
reveals a dilated and tortuous thoracic duct with a prominent channel (arrow) crossing the midline. (b) Maximum
intensity projection of an MR lymphangiogram demonstrates bilateral pulmonary lymphatic perfusion (arrows).
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Figure 6 Twenty-one-year old with hypoplastic left heart syndrome status post Fontan with increased liver stiffness. (a)
Axial T2-weighted image demonstrates mild surface nodularity (arrows). Spleen is also enlarged in size. (b) MR elasto-
gram revealed increased liver stiffness measuring up to 5 kPa (normal <2.9 kPa).

There is growing evidence that elastography, by either
ultrasound or MR, is a valuable tool in determining liver stiff-
ness, which is representative of liver fibrosis and congestion
that is seen with FALD.” With ultrasound elastography, shear
wave elastography is the most commonly used technique
where the velocity of shear waves, produced through
mechanical vibration of acoustic radiation force impulses,
through a tissue correlates with fibrosis. With MR elastogra-
phy, mechanical vibration produces waves through the liver
which are converted into liver tissue stiffness maps (Fig. 6).””

PLE

PLE is a result of excessive protein loss into the intestinal
lumen leading to hypoalbuminemia. The incidence in chil-
dren with Fontan circulation is about 13%.°” A number of
theories have been proposed as to the etiology of PLE, but it

is still unclear. In general, it is thought that lack of or failure
of pumping action between the systemic venous circulation
and pulmonary arteries that leads to chronically elevated sys-
temic venous pressures has a 2-fold effect on the lymphatic
system, by both, increasing lymphatic pressure (afterload)
and increasing formation of lymphatic fluid from the periph-
eral organs, particularly the liver. Cumulatively, this stress
can cause lymphatic congestion, abnormal flow patters or
lymphangiogenesis which can lead to lymphatic disease such
as PLE, where lymphatic leakage occurs in the hepato-duode-
nal lymphatic system.”"* T2-weighted unenhanced lymph-
angiography is fast noninvasive method to visualize
lymphatic system demonstrating thoracic duct dilation and
tortuosity.”” The use of intrahepatic MR lymphangiography
has demonstrated abnormal lymphatic perfusion to the duo-
denum with intraluminal leak of contrast in this disorder
(Fig. 7).°" Vascular imaging has also been used to guide

Figure 7 Twenty-four-year-old female with history of double inlet left ventricle post extracardiac fenestrated Fontan
who presents with protein losing enteropathy. (a) Respiratory navigated gradient echo image following an intrahepatic
MR lymphangiogram demonstrates flow of lymphatic contrast into the duodenum lumen (arrow). (b) Maximum inten-
sity projection from after a subsequent bilateral inguinal node MR lymphangiogram demonstrates contrast continuing
to progress through the bowel (arrow) with the thoracic duct extending to the left venous angle (arrowhead).
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treatment including percutaneous decompression of the tho-
racic duct by venous connection to a lower pressure chamber
such as the left atrial appendage.®”’

Conclusion

Imaging following the Fontan operation can be complex due
to the physiology of a single pumping chamber. Monitoring
and complications of this palliation can be performed with
CMR and CCTA. CMR particularly is advantageous given its
ability to perform both functional and anatomical assessment
along with tissue characterization without ionizing radiation,
but CCTA has a complementary role due to its speed
decreasing the need for sedation in the pediatric population.
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