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Abstract. The Fontan operation has been the final palliation for patients born with congenital heart defects
with a functional single ventricle for more than 4 decades. The “normal” Fontan physiology is characterized by
the loss of the sub-pulmonary ventricle with consequent elevated pressure in the caval system, non-pulsatile
blood flow in the pulmonary circulation and at least mild reduction of the systemic output. When successful,
this procedure is associated with a range of benefits including improved arterial saturation and abolishment
of chronic volume overload, allowing a fairly normal life to the majority of patients through early adulthood.
As we enter the 5th decade of caring for patients palliated with the Fontan procedure, it is evident that
adult survivors face significant morbidity due to multiorgan dysfunction, early mortality and need for heart
transplantation. Several late complications may occur: ventricular dysfunction, arrhythmia, cyanosis, exercise
intolerance, elevated pulmonary vascular resistance, protein-losing enteropathy, plastic bronchitis, hepatic and
renal complications. The mechanism of late Fontan failure is multifactorial and not completely understood, it
depends on interactions between the ventricle, the pulmonary vascular bed, the venous and lymphatic com-
partments. Conclusions: the aim of this review is to describe the pathophysiology of Fontan circulation and
the clinical and hemodynamic characteristics of early and late failing Fontan survivors, their association with
morbidity and mortality, and the strategies for their management. (www.actabiomedica.it).
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Introduction

The Fontan operation has been the final palliation
for patients born with congenital heart defects with a
functional single ventricle for more than fifty years.
This procedure allows a near normalization of arterial
saturation and the removal of chronic volume overload.

The original Fontan operation was first performed
in 1968 by Fontan and colleagues (1) in order to com-
pletely separate the pulmonary and systemic circula-
tions in patients with tricuspid atresia. This operation
consisted in the classical Glenn shunt (2) and atrio-
pulmonary connection: the superior vena cava (SVC)
was connected to the right pulmonary artery (PA) and
the right atrium (RA) to the left pulmonary artery,

with the interposition of a homograft.

Since the first description, several modifications
have been introduced. In 1980 Kreutzer et al. (3) de-
scribed their modified atrio-pulmonary connection
techniques. These techniques no longer included the
interposition of a homograft, that would not have
worked properly when subjected to a continuous pas-
sive flow.

In 1979 Bjork and colleagues (4) devised an op-
eration in which the RA appendage (RAA) was anas-
tomosed to the right ventricle (RV) in order to use it
as a pumping chamber.

Finally, total cavo-pulmonary connection
(TCPC) was described by the group of De Leval (5) in
1988. This procedure consisted in an end-to-side anas-
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tomosis of the SVC to the undivided right pulmonary
artery and the channeling of the inferior vena cava
(IVC) blood flow towards the pulmonary artery, using
an intra-atrial tunnel. The advantages of this technique
were essentially a reduced arrhythmic risk and a di-
minished energy loss in the system.

At the end of the 1980s, Puga (6) and Marceletti
(7) introduced the extracardiac TCPC that, via the
interposition of an IVC-to pulmonary artery extra-
cardiac tunnel, led to the complete redirection of the
systemic venous flow. This procedure allowed a further
reduction of the arrhythmic risk due to the absence of
sutures and the lower pressure at the sinus node and
crista terminalis area.

Notwithstanding the recent modifications, which
have improved the life expectancy of these patients, the
Fontan procedure remains a palliative surgery prone to
a number of late complications.

The Fontan circulation is achieved throughout
three stages: stage 1 most commonly consists in a
systemic-to-pulmonary arterial shunt, but it can vary
depending on the underlying cardiac malformation.
Stage 2 consists in replacing the systemic-to-pulmo-
nary shunt with a superior cavo-pulmonary connec-
tion that unloads the systemic ventricle. Finally, stage
3 consists in the completion of the TCPC, by inter-
posing an extracardiac IVC to PA conduit with or
without fenestration. Although in most centers stage 2
is performed at the age of 6-12 months and stage 3 at
the age of 18 months-4 years, the ideal age for Fontan
procedure remains a matter of debate (8).

Good candidates for this procedure must have a
good ventricular function, a normally functioning atri-
oventricular valve, good size of the pulmonary vessels
and low pulmonary vascular resistance (PVR).

Pathophysiology of Fontan circulation

Differently from the normal cardiovascular sys-
tem, where the pulmonary and systemic circuits are
connected in series and driven by two synchronized
pumps, in the Fontan circulation, the loss of the sub-
pulmonary pump is associated with an elevated pres-
sure in the caval system, a non-pulsatile blood flow in
the pulmonary circuit and at least a mild reduction of
the systemic output (8).

In this non phisiologic circulation the venous flow
through the cavo-pulmonary circuit is maintained via
a combination of passive and weakly active forces.

The central venous pressure should be equal or
higher than the pulmonary pressure in order to recruit
the whole pulmonary vascular bed. It should typically
be in the range of 12 to 14 mmHg. At the same time,
it should be low enough to prevent lymphatic stasis
and edema. This concept is well known as the “Fontan
paradox”.

The ventricular pump compels the blood flow into
the pulmonary vascular bed, mainly during systole.
At the same time, the ventricle, pulling downwards
the atrioventricular valve/s and expanding the atrial
volume, exerts a suction force drawing blood forward
(9). Similarly, passive ventricular filling is guaranteed
by both normal diastolic compliance and low end—di-

astolic pressure (8,10) (Fig. 1).
Cardiac output

The presence of a passive cavo-pulmonary flow
and the absence of a subpulmonary ventricle influ-
ence the cardiac output state. This system is not able to
deliver a normal quantity of blood volume across the
pulmonary vascular bed; the consequence is a reduced
ventricular filling and a low stroke volume. This chron-
ic volume depletion state is worsened by the ventricu-
lar inability to increase stroke volume during exercise
or whenever the demand increases (11,12).

It is evident that the ventricle does not control
the cardiac output, pumping only the amount of blood
volume supplied by the cavo-pulmonary system, and
that the real determinant of cardiac output is the im-
pedance of the system.

Over time, volume depletion causes a progressive
decline of ventricular function, leading to a vicious cy-
cle characterized by increased end-diastolic pressure,
systemic venous congestion and low cardiac output.

Pulmonary vascular resistance

It is well known that the quality of pulmonary
vascular bed is the cornerstone of the Fontan circula-
tion and the major determinant of patients’ outcome

(13).
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Figure 1.Fontan Physiology. [From G. R. Veldtman et al Congenital Heart Disease. 2017; 12:699-710 (10)]

Gewillig (8) compares the cavo-pulmonary sys-
tem to an hourglass with different bottlenecks, PVR
represents the critical bottleneck of the entire system
since it controls the cardiac output.

Pulmonary vasculature is generally abnormal in
patients with functional single ventricle. Indeed, dur-
ing fetal life, pulmonary flow is often reduced, leading
to an inadequate development of pulmonary arteries
(14).

Pulmonary vascular bed can still grow after birth,
but only if sufficient flow is driven at an adequate pres-
sure (15). This can be obtained only immediately after
birth, at first palliation, when a systemic-to-pulmonary
arterial shunt is placed to increase pulmonary blood

flow. Thus, the first step is the most important one, as
it may improve the quality of pulmonary vascular bed.

Failing Fontan and long-term complications

Although the hospital survival after Fontan pro-
cedure is now greater than 80%, the likelihood of being
free from any morbidity over time remains quite low
(16).

In fact, the presence of non-pulsatile pulmonary blood
flow through the cavo-pulmonary system prompts an
endothelial dysfunction characterized by a decreased
production of nitric oxide (17,18) and an increased
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level of endothelin (19). Moreover, surgical scarring
and potential mechanical obstructions in the cavo-
pulmonary system may contribute to deteriorate the
pulmonary vascular bed, increase PVR (20) and reduce
exercise capacity (21).

There is great variability in the clinical outcome of
Fontan patients: some of them exhibit minimal clini-
cal symptoms, while others show significant complica-
tions.

A recent study collecting data from 683 adult
Fontan survivors from the Australian and New Zea-
land Fontan Registry, reported a variety of common
morbid complications, and a substantial incidence of
premature death, particularly in patients with atrio-
pulmonary connections.

Higher rates of death or heart transplantation
due to heart failure were reported among patient with
functional univentricular heart and systemic right ven-
tricle (22).

The natural history of Fontan patients is charac-
terized by a progressive increase in PVR and a subse-
quent reduction of cardiac output. This, together with
other poorly known mechanisms, leads to Fontan cir-
culation failure.

The rising in PVR causes a chronic venous hy-
pertension prompting peripheral stasis and congestion
in the lymphatic system. The major complications of
Fontan circulation are: cyanosis, hepatic dysfunction,
protein-losing enteropathy (PLE), plastic bronchitis
(PB), arrhythmia and coagulation abnormalities. A pro-
inflammatory state, increasing the risk of complications
after Fontan repair, has also been described (23).

Cyanosis

Even though Fontan circulation should ideally al-
low a near normalization of the systemic arterial satu-
ration, these patients are often mildly hypoxemic (23).

The major causes of desaturation are: the pres-
ence of a surgically created fenestration or baffle leaks,
the drainage of the coronary sinus into the left atrium
and the presence of pulmonary arteriovenous malfor-
mations and veno-venous collaterals draining into the
pulmonary veins or into the left atrium (9).

The diagnosis of these shunts can be challenging and
echocardiography, even when performed with agitated

saline contrast administration, could not be accurate
enough to detect small collateral vessels.

The gold standard for the diagnosis remains angiogra-
phy: it allows the detection of both pulmonary arterio-
venous malformations and veno-venous collaterals as
well as baffle leaks.

Furthermore, transcatheter therapy is an effective and
safe treatment for most causes of cyanosis: it consents
the embolization of veno-venous pulmonary collater-
als as well as the occlusion of fenestration and baffle
leaks with percutaneous devices (24,25).

Hepatic dysfunction

During the long-term follow-up after Fontan pallia-
tion, both high central venous pressure and systemic
hypoperfusion lead to congestive hepatopathy. Minor
fibrosis, to liver cirrhosis (LC), and even hepatocellular
carcinoma (26) can be found in nearly all patients with
Fontan circulation (Fig. 2).

Mild hepatomegaly, thrombocytopenia and mild
to moderate elevations in serum liver enzymes are com-
mon but rarely have a clinical manifestation. Ascites,
reduced drug clearance, decreased synthetic function,
and hepatic encephalopathy can also be found in fail-

ing Fontan circulation at its end-stage (27).
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Figure 2. Fontan associated liver disease (FALD) histology.
Trichome stains from a patient 7 years post-Fontan showing
expanded fibrosis band resulting in nodule and fibrosis which
extend from portal tracts with pericellular fibrosis in the areas of

dilated sinusoids. (Images courtesy of P. Calvo, MD).
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In order to early detect direct or indirect signs of
liver fibrosis, several authors have measured serum bio-
markers and/or used various techniques such as ultra-
sound, CT, MR and biopsy (28,29).

Recently, the decline in percent-predicted peak
VO2 and oxygen pulse at the cardiopulmonary ex-
ercise testing (CPET), has been associated with in-
creased odds of liver disease in adults (30).

However, biopsy remains the gold standard to de-
tect liver damage, even if it is not frequently used as a
screening technique in asymptomatic Fontan patients,
due to its limited sensitivity and some risk.

Among noninvasive assessments of fibrotic histo-
logical changes, hepatic elastography, initially reported
as a reliable and easily available technique for liver
stiffness (LS) evaluation (31), has been recently ques-
tioned for its poor correlation with the biopsy (32).

However, it has been demonstrated that LS rap-
idly increases after TCPC, and it strongly correlates
with the PVR.

Finally, the MELD-XI score (Model for End-
stage Liver Disease excluding INR), previously de-
scribed as a risk factor for death from congestive heart
failure, sudden cardiac death, and cardiac transplan-
tation, increases linearly with the time interval since
Fontan and correlates with LS. Thus, both methods,
initially designed to evaluate chronic hepatitis, might
be a useful tool to follow patients with Fontan circula-
tion (33). However, their use in Fontan patients has
not been validated so far.

It is now clear that Fontan circulation causes early,
progressive and irreversible liver damage. In order to
prevent or delay this condition, a strict multi-disci-
plinary follow-up, focusing on the liver status is man-
datory. Early medical treatment targeted at lowering

PVR and managing portal hypertension might be an
option.

Protein-losing enteropathy

Protein-losing enteropathy (PLE) occurs in
5-15% of Fontan patients and is associated with sig-
nificant morbidity and mortality (34).

PLE refers to the loss of serum proteins into the
gut lumen, leading to chronic diarrhea, general ab-
dominal discomfort and peripheral edema.

The diagnosis should be made only if clinical
manifestations (peripheral edema, abdominal disten-
sion or discomfort, diarrhea, ascites, pleural or peri-
cardial effusion) coexist with laboratory criteria (35)
(Tab 1).

In addition to classical clinical and laboratory
manifestations, patients with PLE often show im-
mune abnormalities, such as CD4 lymphopenia and
hypogammaglobulinemia. In most cases this condi-
tion is not associated with an increased infectious risk,
apart from a delayed clearance of cutaneous viral infec-
tions (36,37).

Even though PLE etiology is not yet fully under-
stood, it has been speculated that the increased systemic
venous pressure leads to an increased lymph production
and reduced chyle drainage from the thoracic duct to
the great veins (34). Moreover, the chronic low cardiac
output could lead to increased mesenteric vascular re-
sistance and, eventually, to intestinal inflammation,
with reduced integrity of the enterocytes barrier. This
hypothesis has been recently confirmed by detection of
high levels of fecal calprotectinin these patients (38).

Risk factors for PLE include AV valve regurgita-

tion previous to Fontan, longer Cross—clamp time dur-

Table 1. Criteria for the diagnosis of PLE.

Clinical manifestations  + Hypoproteinemia + Augmented enteric protein loss
Fecal aplpha-1-antitrypsin clearance
Peripheral edema >56 mL/24h >27 mL/24h
. . - With Diarrhea Without Diarrhea
Abdomu.lal distension Decreased serum albumin <3.5 g/dL OR
Diarrhea
Ascites AND . IA od AND Spot Fecal alpha-1-antitrypsin
Pericardial effusion Total proteins level <6.0-6.3 g/dLL concentration >54 mg/dL

Pleural effusion

OR
Nuclear scintigraphy
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ing operation, prolonged pleural effusions after sur-
gery, early Glenn procedure and HLHS (39,40).

This condition, despite the improvement in medi-
cal, surgical and interventional management, has a
high mortality risk, close to 30%. In survivors, symp-
toms do rarely regress (41).

Strategies to control PLE should include at-
tempts to reduce mechanical obstruction, enhance car-
diac output, reduce enteric protein loss and improve
nutritional status.

Therefore, a high-protein, low-fat diet with me-
dium-chain triglyceride supplementation is recom-
mended.

Subcutaneous unfractionated heparin has proven
to decrease basal membrane permeability and reduce
enteric inflammation. Similarly, budesonide an enter-
ic-specific steroid, can be effective in reducing inflam-
mation in these patients (42).

Pulmonary vasodilators, like sildenafil and inhaled
prostacyclins, seem to be useful in PLE treatment, by re-
ducing PVR and improving cardiac output. Spironolac-
tone improves cardiac and endothelial cell function and
reduces inflammation. Finally, octreotide has been used
with some success, but evidence remains limited (43).

Surgical and interventional strategies include the
relief of possible Fontan obstruction, the creation of a
fenestration, the decompression of the thoracic duct
by diverting the innominate vein into the right or left
atrial appendage (44) and the percutaneous emboliza-
tion of hepato-duodenal lymphatic channels, identi-
fied by hepatic lymphangiography and contrast-guid-
ed duodenoscopy (45).

Cardiac transplantation remains a potential treat-
ment when other strategies have failed, with a good
survival rate (91% at 2 years) (43,46). PLE severity,
duration, and treatment do not influence post-trans-
plantation outcome and it seems to resolve in nearly
all survivors (47).

In some patients a mechanical support device can
be necessary as a bridge to transplant (48).

Plastic bronchitis and lymphatic congestion

Plastic bronchitis (PB), reported in 1-4% of chil-
dren after Fontan palliation, is a severe respiratory
disorder, characterized by the development of gelati-

nous plugs within the airways having typical bronchial
“casts” shape (34) (Fig. 3).

Risk factors include prolonged chest tube drain-

age, postsurgical chylothorax or ascites, previous aor-
topulmonary collateral coiling and aortic arch recon-
struction (49).
The pathophysiology of PB is still largely unknown.
Like PLE, PB probably has a multifactorial origin
where genetic factors, inflammation, elevated systemic
venous pressure and lymphatic stasis, play a role (50).

It is well known that increased systemic venous
pressure leads to a higher lymphatic pressure and pro-
motes lymph accumulation in the pulmonary interstit-
ium (51). An abnormal dilation of lymphatic channels
with retrograde lymph flow towards the pulmonary
carina has been shown (52,53).

Current evidence suggests that the inflammation
is superposed on a dysregulated mucus secretion due
to endobronchial lymph leakage (45). Therefore, in
accordance with the prevailing mechanism PB might
have a prevalent inflammatory or non-inflammatory
etiology (type I and II PB) (34).

If an obstruction in the Fontan circuit has been
ruled out, initial management of PB includes broncho-
dilators, steroids, inhaled hypertonic saline, mucolyt-
ics, antibiotics, bronchoscopic toilet and chest physi-
otherapy. Pulmonary vasodilators, and macrolides with
their mucoregulatory and anti-inflammatory effect,
could also be effective (49).

Figure 3. Expectorated bronchial casts from a 9-year-old pa-
tient with plastic bronchitis 3 years after Fontan operation.
These casts are composed of proteinaceous material and they

are typically acellular.
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Inhaled topical treatments, such as heparin,
urokinase, tissue plasminogen activator, recombinant
DNAse and N-acetyl cysteine, target the cast com-
ponents and may have some positive effects in these
patients (52,53).

Finally, surgical interventions such as fenestra-
tion of the Fontan circuit or innominate vein shunt-
ing into the atrium, and percutaneous strategies such
as lymphatic channels embolization or thoracic duct
branches isolation with covered stents, may also be
helpful (34).

Thoracic duct ligation is not considered the treat-
ment of choice, due to the risk of worsening ascites

and/or PLE (34,39).
Arrhythmia

Although the onset of arrhythmia has been de-
creased in patients with TCPC, it remains one of the
most common complications in patients with atrio-
pulmonary anastomosis, affecting more than 50% of
them (54).

It is well known that arrhythmia has a detrimental
effect on the Fontan hemodynamics.

The most common tachy-arrhythmia is intra-atri-
al re-entrant tachycardia, which may occur for multi-
ple macro-re-entry circuits as a result of postoperative
atrial scarring and atrial enlargement (54).

Re-entrant arrhythmia poorly responds to anti-
arrhythmic drugs. Moreover, only few drugs can be
safely used in patients with a univentricular heart. Al-
though radiofrequency catheter ablation has proven to
be effective, it is burdened by the risk of relapse over
a period of 6-12 month in over 80% of patients (55).
Moreover, in this population, ventricular arrhythmi-
as are responsible for the majority of sudden deaths
(9,2%) (56).

Brady-arrhythmias due to sinus node dysfunction
(SND) and/or the presence of suture lines and scars
often require permanent pacing. Heart rate variability
analysis could have a role in identifying Fontan pa-
tients at risk of developing SND (57).

Anticoagulation therapy remains the cornerstone
in Fontan patients, regardless the occurrence of ar-

rhythmia (58).

Thromboembolic complications

Fontan patients have a higher risk of thromboembo-
lism, occurring in up to 20% of patients (59).

The loss of pulsatile flow in the pulmonary circula-
tion and the subsequent venous stasis lead to a hyperco-
agulative state, that is worsened by the deficiency of pro-
tein C, protein S, antithrombin III and increased platelet
reactivity (59).

Pulmonary thromboembolism is a serious and po-
tentially lethal complication of Fontan circulation since
it increases PVR and suddenly impairs cardiac output,
leading to hemodynamic instability. Systemic emboliza-
tion can also occur causing myocardial ischemia or stroke.

Even though there is no general consensus on the
optimal medical treatment to reduce thromboembolic
risk, these patients should be treated with either aspirin
or vitamin K antagonists (60). Recently some authors
reported a successful use of novel oral anticoagulants
(NOAC:s) in a small group of adult Fontan patients (61).

Hormonal dysfunction

A portal system exists in the pituitary gland as well
as in the liver, and it becomes a superportal system after
the completion of Fontan operation. As a consequence
of central venous congestion, pituitary volumes tend to
enlarge in Fontan patients. This condition might be re-
sponsible for the impaired synthesis and secretion of the
anterior pituitary hormones, including somatotrophins,
thyrotrophins, corticotrophins, lactotrophins, and gon-
adotropins (62). In fact, in Fontan survivors a higher
prevalence of short stature, abnormal BMI and delayed
puberty has been observed (63). The dysregulation of
calcium metabolism has also been described. This might
be due to parathyroid glands dysfunction, and it leads to
vitamin D deficiency despite age, time after Fontan pro-
cedure, and presence of PLE (64). Therefore, vitamin D
measurement and its supplementation are recommended.

Conclusions
The Fontan operation is the treatment of choice

for patients born with a functional single ventricle.
Nevertheless, this procedure remains a palliative sur-
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gery which has a high incidence of long-term com-

plications. In order to improve the outcome, a perfect
completion of the TCPC should ideally be obtained in
every patient. This population should undergo a strict

and multidisciplinary follow-up aimed at preventing

multiorgan failure.

Conflict of Interest: Each author declares that he or she has no
commercial associations (e.g. consultancies, stock ownership, equity
interest, patent/licensing arrangement etc.) that might pose a con-
flict of interest in connection with the submitted article

References

1.

2.

10.

11.

12.

Fontan F and Baudet E. Surgical repair of tricuspid atresia.
Thorax 1971;26:240-248.

Glenn WW. Circulatory by-pass of the right side of the
heart - shunt between the superior vena cava and distal right
pulmonary artery - report of a clinical application. N Engl J
Med 1958;259:117-120.

. Kreutzer G, Schlichter A, Laura JP, Suarez JC, Vargas JF.

Univentricular heart with low pulmonary vascular resist-
ances: septation vs. atriopulmonary anastomosis. Arq Bras
Cardiol 1981;37:301-307.

. Bjork V, Olin C, Bjarke B, Thore C. Right atrial-right ven-

tricular anastomosis for correction of tricuspid atresia. J

Thorac Cardiovasc Surg 1979;77:452-458.

. De Leval M, Kilner P, Gewillig M, Bull C. Total cavo-pul-

monary connection: a logical alternative to atriopulmonary
connection for complex Fontan operations. Experimental
studies and early clinical experience. ] Thorac Cardiovasc
Surg 1988;96:682-695.

. Puga FJ, Chavareli M, Hagler DJ. Modification of the Fon-

tan operation applicable to the patients with left atriovascu-
lar valve. Circulation 1987;76:11153-11160.

. Marcelletti C, Corno A, Giannico S, Marino B. Infe-

rior vena cava - pulmonary artery extracardiac conduit. A
new form of right heart bypass. ] Thorac Cardiovasc Surg
1990;100:228-232.

. Gewillig M, Brown S. The Fontan circulation after 45 years:

update in physiology. Heart 2016;102:1081-1086.

. Rychik ], Fogel MA, Donofrio MT, et al. Comparison

of patterns of pulmonary venous blood flow in the func-
tional single ventricle heart after operative aortopulmonary
shunt versus superior cavopulmonary shunt. Am J Cardiol
1997;80:922-926.

Veldtman GR, Opotowsky AR, Wittekind SG, et al. Car-
diovascular adaptation to the Fontan circulation. Congenit
Heart Dis 2017;12:699-710.

Gewillig M, Brown SC, Eyskens B, Heying R, et al. The
Fontan circulation: who controls cardiac output? Interact
Cardiovasc Thorac Surg 2010;10:428-433.

Claessen G, La Gerche A, Van De Bruaene A, et al. Heart

13.

14.

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rate Reserve in Fontan Patients: Chronotropic Incom-
petence or hemodynamic Limitation? ] Am Heart Assoc
2019;8:e012008.

Kreutzer C, Kreutzer J, Kreutzer GO. Reflections on five
decades of the Fontan Kreutzer procedure. Front Pediatr
2013;1:45.

Haworth SG, Reid L. Quantitative structural study of
pulmonary circulation in the new-born with aortic atre-
sia, stenosis, or coarctation. Thorax 1977;32:121-128.

. Gewillig M, Brownb SC, Heyinga R, et al. Volume load

paradox while preparing for the Fontan: not too much for
the ventricle, not too little for the lungs. Interact Cardiovasc
Thorac Surg 2010;10:262-265.

Khairy P, Fernandes SM, Mayer JE, et al. Long-term sur-
vival, modes of death, and predictors of mortality in patients
with Fontan surgery. Circulation 2008;117:85-92.

Henaine R, Vergnat M, Bacha EA, et al. Effects of lack of
pulsatility on pulmonary endothelial function in the Fontan
circulation. ] Thorac Cardiovasc Surg 2013;146:522-529.
Khambadkone S, Li J, De Leval MR, Cullen S, Deanfield
JE, Redington AN. Basal pulmonary vascular resistance and
nitric oxide responsiveness late after Fontan-type operation.
Circulation 2003;107:3204-3208.

Hiramatsu T, Imai Y, Takanashi Y, et al. Time Course of
Endothelin-1 and Adrenomedullin After the Fontan Proce-
dure. Ann Thorac Surg 1999;68:169-172.

Agnoletti G, Gala S, Ferroni F, et al. Endothe-
lin inhibitors lower pulmonary vascular resistance
and improve functional capacity in patients with

Fontan circulation. ] Thorac Cardiovasc Surg 2017;153:1468-
1475.

Alsaied T, Sleeper LA, Masci M, et al. Maldistribution of
pulmonary blood flow in patients after the Fontan opera-
tion is associated with worse exercise capacity. ] Cardiovasc
Magn Reson 2018;20:85.

Erikssen G, Aboulhosn J, Lin J, et al. Survival in patients
with univentricular hearts: the impact of right versus left
ventricular morphology. Open Heart 2018;5:¢000902.
Lastinger L, Zaidi AN. The adult with a Fontan: a panacea
without a cure? Review of long-term complications. Circ J
2013;77:2672-2681.

Whitehead K, Gillespie M], Harris MA, Fogel MA, and
Rome JJ. Noninvasive Quantification of Systemic To Pul-
monary Collateral Flow: A Major Source of Inefliciency in
Patients with Superior Cavopulmonary Connections. Circ
Cardiovasc Imaging 2009;2:405-411.

Downing TE, Allen KY, Goldberg DJ, et al. Surgical and
Catheter-Based Reinterventions Are Common in Long-
Term Survivors of the Fontan Operation. Circ Cardiovasc
Interv 2017;10:e004924.

Buendia-Fuentes F, Melero-Ferrer JL, Plaza-Lopez D, et al.
Noninvasive Liver Assessment in Adult Patients With Fon-
tan Circulation Using Acoustic Radiation Force Impulse
Elastography and Hepatic Magnetic Resonance Imaging.
World J Pediatr Congenit Heart Surg 2018;9:22-30.



Acta Biomed 2021; Vol. 92, N. 5: €2021260

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Rychik J. The Relentless Effects of the Fontan Paradox.
Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu
2016;19:37-43.

Wu FM, Kogon B, Earing MG, et al. Liver health in adults
with Fontan circulation: A multicenter cross-sectional study.
J Thorac Cardiovasc Surg 2017;153:656-664.

Jinyoung S, Kyunghee K, June H, et al. Imaging Assess-
ment of Hepatic Changes after Fontan Surgery Computed
Tomography, Ultrasonography, and Transient Elastography.
Int Heart ] 2018;59:1008-1014.

Agarwala A, Cunningtonb C,

Sabanayagama A, et al. Cardiopulmonary exercise testing
in the evaluation of liver disease in adults who have had the
Fontan operation. Arch Cardiovasc Dis 2018;111:276-284.
Ohuchi H. Adult patients with Fontan circulation: What
we know and how to manage adults with Fontan Circula-
tion? J Cardiol 2016;68:181-189.

Schachter JL, Patel M, Horton SR, Devane AM, Ewing A,
Abrams GA. FibroSURE and elastography poorly predict
the severity of liver fibrosis in Fontan-associated liver dis-
ease. Congenit Heart Dis 2018;00:1-7.

Agnoletti G, Ferraro G, Bordese R, et al. Fontan circula-
tion causes early, severe liver damage. Should we offer pa-
tients a tailored strategy?, Int J Cardiol 2016;2019:60-65.
Menon S, Chennapragada M, Ugaki S, Sholler GF, Ayer
J, Winlaw DS. The Lymphatic Circulation in Adapta-
tions to the Fontan Circulation. Pediatr Cardiol 2017;38:886-
892.

Udink Ten Cate FE, Hannes T, Germund I, et al. Towards
a proposal for a universal diagnostic definition of protein-
losing enteropathy in Fontan patients: a systematic review.
Heart 2016;102:1115-11159.

Morsheimer MM, Rychik J, Forbes L, et al. Risk factors and
clinical significance of lymphopenia in survivors of the fon-
tan procedure for single-ventricle congenital cardiac disease.
J Allergy Clin Immunol Pract 2016;4:491-496.

Magdo HS, Stillwell TL, Greenhawt M]J, et al. Immune
Abnormalities in Fontan Protein-Losing Enteropathy: A
Case-Control Study. J Pediatr 2015;167:331-337.

Miranda C, Taqatqa A, Chapa-Rodriguez A, Holton JP,
Awad SM. The Use of Fecal Calprotectin Levels in the Fon-
tan population. Pediatr Cardiol 2018;39:591-594.

Allen KY, Downing TE, Glatz AC, et al. Effect of Fontan-
Associated Morbidities on Survival With Intact Fontan
Circulation. Am J Cardiol 2017;119:1866-1871.

Unseld B, Stiller B, Borth-Bruhns T, et al. An Early Glenn
Operation May be Associated with the Later Occurrence
of Protein-Losing Enteropathy in Fontan Patients: Asso-
ciation of Early Glenn and Failing Fontan. Pediatr Cardiol
2017;38:1155-1161.

Latson L. Once More Into the Breach: A New Treatment
Paradigm for Protein-Losing Enteropathy. ] Am Coll Car-
diol 2017;69:2938-2940.

John AS, Driscoll DJ, Warnes CA, Phillips SD, Cetta F.
The use of oral budesonide in adolescents and adults with
protein-losing enteropathy after the Fontan operation. Ann

Thorac Surg 2011;92:1451-1456.

43. John AS, Johnson JA, Khan M, Driscoll DJ, Warnes CA,

44,

45.

Cetta F. Clinical Outcomes and Improved Survival in Pa-
tients With Protein-Losing Enteropathy After the Fontan
Operation. ] Am Coll Cardiol 2014;64:54-62.

Hraska V. Decompression of Thoracic Duct: New Ap-
proach for the Treatment of Failing Fontan. Ann Thorac
Surg 2013;96:709-711.

Itkin M, Piccoli DA, Nadolski G, et al. Protein-Losing En-
teropathy in Patients With Congenital Heart Disease. ] Am
Coll Cardiol 2017;69:2929-2937.

46.Jeon BB, Park CS, Yun TJ. Heart Transplantation in Pa-

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

58.

tients with Superior Vena Cava to Pulmonary Artery Anas-
tomosis: A Single-Institution Experience Korean. J Thorac
Cardiovasc Surg 2018;51:167-171.

Schumacher KR, Yu S, Butts R, et al. Fontan-associated
protein-losing enteropathy and post heart transplant out-
comes: A multicenter study. ] Heart Lung Transplant.
2019;38:17-25.

Bacon MK, Gray SB, Schwartz SM and Cooper DS. Ex-
tracorporeal Membrane Oxygenation (ECMO) Support in
Special Patient Populations-The Bidirectional Glenn and
Fontan Circulations. Front Pediatr 2018;6:299.

Singhi AK, Vinoth B, Kuruvilla S, Sivakumar K. Plastic
bronchitis. Ann Pediatr Cardiol 2015;8:246—248.
Schumacher KR, Singh TP, Kuebler ], Aprile K, O’Brien M,
Blume ED. Risk Factors and Outcome of Fontan Associ-
ated Plastic Bronchitis: A Case-Control Study. ] Am Heart
Assoc 2014;3:¢000865.

Kreutzer C, Kreutzer G. The Lymphatic System: The Achil-
les Heel of the Fontan-Kreutzer Circulation. World J Pedi-
atr Congenit Heart Surg 2017;8:613-623.

Dori Y, Keller MS, Rychik J, Itkin M. Successful treatment
of plastic bronchitis by selective lymphatic embolization in a
Fontan patient. Pediatrics 2014;134:¢590-¢595.

Dori Y, Keller MS, Rome JJ, et al. Percutaneous lymphatic
embolization of abnormal pulmonary lymphatic flow as
treatment of plastic bronchitis in patients with congenital
heart disease. Circulation 2016;133:1160-1170.

Collins KK. The spectrum of long-term electrophysiologic
abnormalities in patients with univentricular hearts. Con-
genit Heart Dis 2009;4:310-317.

Kannankeril PJ, Anderson ME, Rottman JN, Wathen
MS, Fish FA. Frequency of late recurrence of intra-atrial
reentry tachycardia after radiofrequency catheter ablation
in patients with congenital heart disease. Am ] Cardiol
2003;92:879-881.

Khairy P, Fernandes SM, Mayer JE, et al. Long-term sur-
vival, modes of death, and predictors of mortality in patients
with Fontan surgery. Circulation 2008;117:85-92.

. Dahlgvist JA, Wiklund U, Karlsson M, et al. Sinus node

dysfunction in patients with Fontan circulation: could heart
rate variability be a predictor for pacemaker implantation?
Pediatr Cardiol 2019;40:685—693.

Yang H, Heidendael JF, de Groot JR, et al. Oral antico-
agulant therapy in adults with congenital heart disease and



10

Acta Biomed 2021; Vol. 92, N. 5: €2021260

atrial arrhythmias: Implementation of guidelines. Int J Car-
diol 2018;257;67-74.

59. Monagle P, Karl TR. Thromboembolic problems after the
Fontan operation. Semin Thorac Cardiovasc Surg Pediatr
Card Surg Annu 2002;5:36-47.

60. Monagle P, Chan AK, Goldenberg NA, et al. Antithrom-
botic therapy in neonates and children: Antithrombotic
Therapy and Prevention of Thrombosis, 9th edn, American
College of Chest Physicians Evidence-Based Clinical Prac-
tice Guidelines. Chest 2012;141:737-801.

61. Georgekutty ], Kazerouninia A, Wang Y, Ermis PR, Parekh
DR, Lam WW. Novel oral anticoagulant use in adult Fon-
tan patients: A single center experience. Congenit Heart
Dis 2018;13:541-547.

62. Muneuchi J, Nagatomo Y, Okada S, et al. Increased Pituitary
Volumes in Children after Fontan Operation: Congestion in
the Other Portal Circulation. J Pediatr 2018;193:249-251.

63. Menon SC, Al-Dulaimi R, McCrindle BW, et al. Delayed

puberty and abnormal anthropometry and its associations
with quality of life in young Fontan survivors: A multicenter
cross-sectional study. Congenit Heart Dis 2018;13:463-469.

64. Holler F, Hannes T, Germund I, et al. Low serum 25-hy-
droxyvitamin D levels and secondary hyperparathyroidism
in Fontan patients. Cardiol Young 2016;26:876-884.

Correspondence:

Received: 3 November 2020

Accepted: 25 November 2020

Giuseppe A. Mazza, MD

Division of Pediatric Cardiology, Citta della Salute e della Scienza
Piazza Polonia, 10124 Turin, Italy.

Tel: +393408741305

E-mail: giuseppeantoniom@gmail.com



