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Abstract: Single ventricle disease (SVD) is a rare but severe form of congenital heart disease (CHD) which requires 
surgical palliation through the Fontan procedure. This operation, which was pioneered in 1971, has become the final 
part of a surgical pathway after the Norwood and Glenn procedures. The pathway aims to reduce the load on the 
functional ventricle whilst improving systemic blood oxygenation. Advances in surgical technique and the modern 
era have shifted the approach from addressing mortality concerns to offering a lifeline to patients in need. With 
improved survival, the Fontan population grows which requires an emphasis on the lifelong complications that these 
individuals face along with specific risk factors that predispose them to these issues allowing for risk stratification 
and systematic monitoring. This narrative review aims to summarize the recent cohort studies on Fontan patients 
to identify long-term outcomes of the procedure along with their associated risk factors. The literature review was 
conducted till December 2025 using PubMed, Scopus, and Google Scholar, the procedure itself is not curative. I has 
numerous morbidities including arrhythmia, heart failure, neurocognitive delays, protein-losing enteropathy, renal 
dysfunction, and Fontan-associated liver disease (FALD). FALD specifically may affect over half of Fontan patients 
within 35 years and the seriousness of FALD sequelae including cirrhosis and hepatocellular carcinoma under-
scores the need to prioritize early and systematic monitoring. Preoperatively, demographic, surgical, and biomarker 
risk factors have been shown to be predictors of postoperative complications/mortality. Overall, Fontan patients 
tend to have excellent survival rates over both the short and long terms compared to prior surgical eras. As post-
operative concerns now shift from early mortality to long-term complications, our healthcare system must adapt to 
ensure lifelong follow-up and a systematic approach for early detection.
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Introduction

Congenital heart diseases (CHDs) are a form  
of cardiovascular diseases (CVDs) that have 
been present since birth [1]. The most common 
types of CHDs include ventricular septal defect 
(VSD), atrial septal defect (ASD), and patent 
ductus arteriosus (PDA) [2]. Rarer entities in- 
clude Ebstein’s anomaly, double outlet right 
ventricle (DORV), cor triatriatum, and total an- 
omalous pulmonary venous return (TAPVR) 
[3-6]. In general, CHD remains the most pre- 
valent birth defect accounting for one third  
of all congenital malformations [7]. There has 
been a rise in the number of children under 5 
years old living with CHD globally reaching 4.18 

million in 2021 [8] which emphasizes its role  
as a significant global health burden. Manage- 
ment of CHD depends on the subtype present.

While less prevalent than the four main sub-
types of CHD mentioned above [9], single ven-
tricle diseases (SVDs) represent a dispropor-
tionately significant cause of morbidity and 
mortality. SVDs are a group of CHDs character-
ized by a functionally univentricular heart where 
one ventricle cannot sufficiently perfuse the 
pulmonary or systemic circulation [10]. Some  
of the most common SVDs include hypoplastic 
left heart syndrome (HLHS), tricuspid atresia, 
Ebstein anomaly, DORV, double inlet left ven- 
tricle, and some atrioventricular canal defect 
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[11]. These patients are at risk of increased 
long-term morbidity such as heart failure, neu-
rological deficits, and increased mortality main-
ly if left untreated [12]. 

Such patients are typically managed with a 
staged surgical pathway approach consisting  
of the Norwood, Glenn, and Fontan procedures 
[13]. The Fontan procedure comes as the natu-
ral endpoint of the surgical pathway where the 
Norwood and Glenn operations are designed 
as hemodynamic optimization prior to Fontan 
[13]. The Fontan operation is the cornerstone 
of the management of single-ventricle physiol-
ogy cardiovascular diseases [14]. This proce-
dure was pioneered by Francis Fontan in 1971 
for a patient with tricuspid atresia [15]. It has 
now become a commonly performed cardiac 
operation with an estimated 1062 operations 
per year being performed in the United States 
from 2001 to 2014 [16]. Moreover, an epide-
miological model by Plappert et al. [17] has 
estimated the number of people living with 
Fontan circulation in 2020 to be 66 people per 
million (ppm) across 11 countries with an 
expected increase to 79 ppm in 2030. 

The Fontan procedure is indicated for complex 
single-ventricle physiology in which biventricu-
lar repair is not feasible [14]. Suitable candi-
dates typically have preserved ventricular func-
tion, low pulmonary vascular resistance (PVR), 
and competent atrioventricular valves (AVVs). 
Fontan surgery is typically performed following 
successful superior cavopulmonary connection 
once pulmonary artery development and pul-
monary vascular resistance are adequate for 
passive pulmonary blood flow [14, 18]. By 
directing systemic venous return to the pulmo-
nary arteries without a subpulmonary pump, 
Fontan circulation achieves a full separation  
of the pulmonary and systemic circuits which 
improves systemic oxygen delivery [19]. Sur- 
gical advances have led to improved survival 
with contemporary 10-year survival rates now 
exceeding 90% [20]. However, circulation re- 
mains inherently non-physiological relying on 
passive pulmonary blood flow and chronically 
elevated venous pressures [19, 21]. This phy- 
siology predisposes survivors to progressive 
multiorgan complications including heart fail-
ure, arrhythmias, thromboembolism, and end-
organ dysfunction [21, 22].

This increase in the prevalence of the Fontan 
population as well as the importance of this 
procedure for SVD patients necessitates a bet-
ter understanding of the long-term outcomes 
and multisystem complications of this opera-
tion. This review synthesizes recent evidence 
on Fontan morbidity and highlights its progres-
sive multisystem implications. We place a par-
ticular emphasis on Fontan-associated liver 
disease (FALD), which has emerged as an im- 
portant determinant of long-term morbidity re- 
quiring prolonged surveillance. In addition, we 
also summarize key demographic, surgical, and 
physiological factors that consistently predict 
adverse outcomes providing a basis for risk-
based monitoring in modern Fontan care. By 
doing so, we highlight the broader shift in Fon- 
tan management where excellent early surgical 
survival has created a growing adult population 
and introduced the challenge of managing pro-
gressive multisystem morbidity.

Methods

The literature review was conducted until 
December 2025 providing an overview of SVDs 
and the Fontan procedure along with relevant 
cohort studies. The utilized databases were 
PubMed, Scopus, and Google Scholar. The re- 
sults were retrieved using the following key 
words: “Fontan procedure”, “Palliation”, “Single 
Ventricle Diseases”, “Congenital Heart Dise- 
ase”, “Outcomes”, and “hepatic complications” 
along with their relevant MeSH terms.

Articles were selected based on their relevan- 
ce to this review. The inclusion criteria encom-
passed studies without restrictions on their 
type or country of origin, provided they were 
written in or translated into English. In addition 
to primary research articles, relevant reviews 
were added to provide a comprehensive over-
view of the topic. References from selected 
articles were also examined to identify signifi-
cant studies.

Single ventricle diseases

SVDs entail a single functioning ventricular 
chamber often incapable of adequately sus-
taining both systemic and pulmonary circula-
tion [10]. In these conditions, the contralateral 
ventricle may be anatomically absent, hypo-
plastic, or structurally incapable of sustaining 
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effective hemodynamic output [23, 24]. These 
defects hinder the normal in-series biventricu-
lar circulation which forces the heart to rely on 
a single ventricle to support both circuits in par-
allel. As a result, oxygenated and deoxygenat- 
ed blood mix within the heart leading to chronic 
volume overload and systemic arterial desa- 
turation which are significant contributors to 
long-term morbidity [25, 26]. 

Other than the immediate hemodynamic bur-
den, SVDs share a pathogenesis characterized 
by loss of biventricular mechanics leading to 
intrinsic myocardial, mechanical, and molecu-
lar defects [23]. In healthy individuals, there is 
adequate left ventricular torsion and architec-
ture which allows efficient ejection with mini-
mal myocyte shortening. A single ventricle, 
whether morphologically right or left, must sus-
tain both pulmonary and systemic preload with 
reduced torsion efficiency resulting in volume 
overload, elevated wall stress, and reduced 
mechanical reserve [27]. Moreover, several stu- 
dies show that the single ventricle (especially 
when morphologically right sided) lacks longitu-
dinal fiber orientation and exhibits a substan-
tial reduction of torsion [28]. This limits its 
ability to adapt to afterload making it structur-
ally and energetically less suited for systemic 
pressures [28]. This mechanical inefficacy is 
amplified by metabolic insufficiency as the  
systemic right ventricle has a limited ability to 
satisfy increased oxygenation demand under 
stress [29]. At the molecular level, the single 
ventricle undergoes maladaptive remodeling 
characterized by a shift towards slower, en- 
ergy-conserving contractile proteins. There is 
an upregulation of fetal proteins such as the 
β-myosin heavy chain (β-MHC), brain natriuretic 
peptide (BNP), and atrial natriuretic peptide 
(ANP) as well as the downregulation of contrac-
tile proteins such as the α-myosin heavy chain 
(α-MHC), sarcoplasmic reticulum calcium-ade-
nosine triphosphatase 2a (SERCA) leading to 
impaired calcium handling, and diminished 
β1-adrenergic signaling. This remodeling is 
often referred to as the activation of the “fetal 
gene program” [23]. In addition, abnormal cy- 
clic nucleotide signaling occurs through phos-
phodiesterase PDE3B and PDE5A upregula-
tion, adenylyl cyclase AC5/AC7 dysregulation, 
and increased calcium/calmodulin-dependent 
protein kinase II (CaMKII) activity further de- 
pressing contractility and stress responsive-

ness. Moreover, increased class I/II histone 
deacetylase signaling promotes maladaptive 
remodeling reducing contractility and [30].

Although the exact etiology of SVDs remains 
poorly understood, it has been shown to be 
influenced by a combination of genetic and 
environmental factors that disrupt normal car-
diac development during embryogenesis [23]. 
Understanding these risk factors is crucial to 
identify at-risk pregnancies and implementing 
appropriate monitoring and intervention strate-
gies. Among genetic factors, mutations in tran-
scription factors critical to cardiac morpho- 
genesis have been strongly implicated in SVD 
development [23]. Variations in NKX2-5 and 
GATA4 have been associated with left-sided 
obstructive lesions, including HLHS, by disrupt-
ing normal cardiac looping and chamber speci-
fication [31]. Similarly, NOTCH1 mutations con-
tribute to the development of single-ventricle 
(SV) lesions due to their role in regulating en- 
docardial differentiation and ventricular devel-
opment [32]. Additional transcription factors 
such as HAND1 also play an essential role in 
early cardiac formation [33]. Loss-of-function 
mutations in HAND1 have been implicated in 
HLHS pathogenesis due to its critical involve-
ment in left ventricular specification and out-
flow tract formation [34]. Recently, WDFY3 has 
been reported as a novel candidate gene asso-
ciated with CHD in humans with emerging evi-
dence linking it to HLHS and SV physiology [31]. 

In addition to genetic considerations, a range of 
maternal factors have been implicated as con-
tributors to the development of SV physiology. 
Maternal and perinatal health factors such as 
gestational weight gain have been shown to 
influence outcomes in SVDs. Abnormal mater-
nal weight, whether excessive or insufficient, 
appears to be independently linked with an 
elevated risk of mortality or heart transplanta-
tion among newborns with SV and CHD [35]. 
Furthermore, maternal comorbidities such as 
diabetes, chronic hypertension, pre-eclampsia, 
and obesity have been shown to affect neona-
tal outcomes by impairing placental perfusion 
and fetal cardiovascular development [36]. 
These maternal metabolic conditions have 
been associated with abnormal fetal brain 
hemodynamics in fetuses with CHD including 
HLHS and tricuspid atresia [37]. A recent me- 
ta-analysis further identified maternal obesity 
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as a significant risk factor for congenital cardi-
ac malformations like outflow tract defects 
which can progress to SVD [38]. Viral infections 
during pregnancy have also been linked to an 
increased risk of outflow tract anomalies and 
conotruncal defects which are frequently in- 
volved in fetal CHD and SV physiology [39]. 

Given the anomalies described above, clinical 
manifestations of SVDs appear early in the neo-
natal period or infancy and can often be severe. 
Affected neonates commonly present with cya-
nosis, tachypnea, poor feeding, lethargy, and 
failure to thrive reflecting the heart’s limited 
capacity to maintain adequate oxygen delivery 
and circulatory stability [23]. Physical examina-
tion or imaging may reveal signs such as he- 
patomegaly, cardiomegaly, or elevated central 
venous pressure indicating early volume over-
load of the single functioning ventricle [26]. 
These episodes may be exacerbated by exer-
tion, such as during feeding, resulting in tran-
sient desaturation. Over time, signs of chronic 
heart failure may develop especially in patients 
with a dominant right ventricle such as periph-
eral edema [40]. Furthermore, prolonged hos- 
pitalizations and medical interventions during 
early life are prevalent reflecting the high clini-
cal burden and complex care required in these 
patients [41].

Each SVD condition presents a unique struc-
tural physiology but entails a single functional 
ventricle [42]. For instance, HLHS involves the 
underdevelopment of left-sided structures in- 
cluding the left ventricle, mitral valve, aortic 
valve, and ascending aorta [43]. Tricuspid atre-
sia features an absent tricuspid valve leading 
to an underdeveloped right ventricle [44]. In 
double-inlet left ventricle, both atria connect to 
the left ventricle resulting in an underdevel-
oped ventricle [45]. In unbalanced atrioventric-
ular septal defect, one ventricle is underdevel-
oped and cannot support circulation [46]. With 
a functional single ventricle, both the systemic 
and pulmonary blood flow circulations operate 
in parallel, as opposed to being in series, ca- 
using oxygenated and deoxygenated blood to 
mix [10]. Consequently, there is obligate ar- 
terial desaturation due to blood mixing and 
chronic overload of the single ventricle that 
receives and ejects both circulations [25]. A 
visual representation of relevant examples of 
SVDs can be found in Figure 1.

Epidemiology

SVDs are rare but serious forms of CHD ac- 
counting for approximately 7.7% of childhood 
CHD cases with a birth incidence of 4-8 per 
10,000 live births [47]. HLHS is the most fre-
quent with a birth incidence of 2-3 per 10,000 
live births predominantly affecting male in- 
fants, and tricuspid atresia occurs in 1 per 
10,000 [11]. However, accurate global esti-
mates remain challenging due to regional diag-
nostic disparities and reporting [48]. In high-
income countries, standardized neonatal sc- 
reening has led to more consistent incidence 
data and earlier interventions. Conversely, in 
low- and middle-income countries, SV lesions 
are frequently underdiagnosed or diagnosed 
late due to limited access to echocardiography 
and perinatal care leading to poorer outcomes 
and the underestimation of disease burden 
[49]. Geographic variation in incidence may 
also reflect environmental or genetic risk fac-
tors, but differences in healthcare infrastruc-
ture likely play a larger role [50]. For instance, 
population-based studies in Europe show high-
er detection rates compared to African or Sou- 
th Asian countries which may reflect both epi-
demiological variation and systemic inequities 
[49]. 

Management and treatment

Pharmacological interventions in SVDs aim to 
manage the physiological complications result-
ing from the underlying cardiac defect [51]. 
Supplemental oxygen may be used to alleviate 
hypoxemia [52]. The administration of nitric 
oxide may reduce PVR, increasing oxygenation 
by enhancing pulmonary blood flow [53]. In 
cases of cardiac strain, inotropic agents may be 
administered to support ventricular contrac-
tion; however, catecholamines should be avoid-
ed due to the risk of arrhythmogenesis [54]. 
Prostaglandin E1 may be administered to main-
tain ductal patency to maintain collateral flow 
as a temporary measure until definitive inter-
ventions are performed [55]. Non-steroidal 
anti-inflammatory drugs should be avoided to 
prevent premature PDA closure [55].

As mentioned previously, the long-term treat-
ment of SVD patients is a staged surgical  
pathway approach consisting of the Norwood, 
Glenn, and Fontan procedures [13]. The Nor- 
wood procedure aims to establish the single 
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Figure 1. This figure illustrates the differences between common forms of SVDs.

functioning ventricle as the supplier of both pul-
monary and systemic circulation [56]. This con-
sists of three key surgical steps. Initially, an 
atrial septectomy is performed through a can-
nulation site into the right atrium while under 
deep hypothermic circulatory arrest to ensure 
later atrial mixing of oxygenated and deoxygen-
ated blood [57]. Moreover, the aortic arch is 
reconstructed to become the outflow of the 
functional ventricle, likely the right ventricle in 
cases like HLHS, followed by shunt placement 
from the systemic circulation to the pulmonary 
artery [58]. The classic shunt involved is the 
Modified Blalock-Taussig (MBT) shunt which is 
a tube graft connecting the subclavian or in- 
nominate artery to the pulmonary artery trunk 
[59]. An alternative shunt called the right ven- 
tricle-pulmonary artery (RV-PA) or Sano shunt 
was also introduced which could address the 
theoretical coronary steal phenomenon occur-
ring with the MBT shunt [60].

The Glenn procedure is the second step of the 
surgical pathway aiming to reduce the load on 
the functional ventricle by diverting venous 
blood from the upper half of the body [61]. This 
is first done by ligating the MBT or RV-PA sys-
temic-to-pulmonary shunt placed in the first 
procedure [62]. The superior vena cava (SVC) is 
then ligated, and an anastomosis is created by 
connecting it to the pulmonary arteries [63]. 
Modern techniques entail a bidirectional Glenn 
(BDG) where an end-to-side anastomosis is 
performed on the pulmonary trunk proximal to 
the PA bifurcation compared to the classical 
Glenn procedure where the anastomosis was 
performed to the side of the right PA [64]. BDG 
unloads the functional ventricle whilst ensuring 
bilateral pulmonary perfusion, improved oxy-
genation, and less pulmonary AVM formation 
compared to the classical Glenn [64, 65]. Whi- 
le Glenn circulation is usually an intermediate 
till Fontan completion, it remains the ultimate 
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long-term palliative strategy for some SVD 
patients with contraindications for the Fontan 
procedure [65]. Absolute contraindications in- 
clude having pulmonary hypertension, PA hypo-
plasia or obstruction, severe ventricular dys-
function, AVV regurgitation, severe cyanosis or 
hypoxemia, or end-stage hepatic or renal dis-
ease [14].

For patients with no such contraindications, 
Fontan surgery represents the ultimate pallia-
tive step for improving circulation and oxygen-
ation [66]. The selection criteria for favorable 
Fontan completion include having low PVR, no 
PA obstruction or hypoplasia, well-functioning 
single ventricle, no significant AVV regurgita-
tion, and no uncontrolled arrhythmias [14]. 
Moreover, patients should be between 4-15 
years old, have a low PA pressure less than 15 
mmHg, have a PA-to-aorta ratio of greater than 
0.75, and have a ventricular ejection fraction 
greater than 55% [14].

After hemodynamic optimization through the 
two preceding steps, Fontan completes the 
rerouting of deoxygenated blood to the pulmo-
nary circulation through either the lateral tun-
nel (LT) intracardiac approach or the more 
widely used extracardiac conduit (EC) method 
[67]. The LT method consists of connecting 
inferior vena cava (IVC) directly to the PA th- 
rough an intracardiac baffle [68]. However, the 
EC method, which involves ligating the IVC entry 
point to the right atrium (RA) and connecting its 
distal end directly to the PA, has been associ-
ated with shorter bypass times, less early and 
intermediate risk of atrial arrythmias, and pres-
ervation of ventricular and pulmonary vascular 
function [14, 69]. Fontan fenestration has been 
shown to improve early postoperative physiolo-
gy by reducing pulmonary artery pressures and 
the need for prolonged pleural drainage, with-
out increasing early mortality or Fontan failure 
[69]. With the EC method, opinions differ on 
whether to electively fenestrate the conduit, 
fenestrate with later closure, or not to fenes-
trate at all [70].

The Fontan procedure is a life-saving operation 
for patients who would otherwise not survive 
beyond infancy. Patients with univentricular 
hearts rarely survived till adulthood before 
modern Fontan surgical techniques [71]. By 
establishing total cavopulmonary connection, 
the Fontan circulation provides proper separa-

tion of both the systemic and pulmonary circu-
lations restoring near-normal systemic oxygen 
saturation and eliminating chronic volume over-
load. This is an important hemodynamic suc-
cess of the operation that provides an accept-
able functional capacity for most patients th- 
rough early adulthood [72]. With modern surgi-
cal techniques, impressive long-term survival 
rates exceeding 90% at 20 years have been 
achieved. This reflects a remarkable improve-
ment in early- and mid-term outcomes render-
ing SVD a survivable chronic condition compat-
ible with adulthood [71, 73]. The extracardiac 
conduit approach has become the dominant 
technique for the total cavopulmonary connec-
tion due to its association with better long-term 
outcomes and lower rates of atrial tachyar-
rhythmias compared to the older lateral tunnel 
method [73]. Moreover, routine fenestration 
has improved early postoperative outcomes 
with studies showing mortality reductions from 
8.6% to 1.2% following its widespread imple-
mentation [74]. These advances have trans-
formed SVD from a fatal condition to a surviv-
able chronic illness with an estimated 70,000 
patients alive worldwide today, and this number 
is expected to double in the next 20 years [71].

Despite its advantages, Fontan circulation re- 
mains limited by the absence of a subpulmo-
nary pump and a reliance on passive pulmo-
nary blood flow. This results in chronically ele-
vated systemic venous pressure and reduced 
preload limiting cardiac output both at rest and 
during exercise [71, 72]. This unique hemody-
namic setup predisposes patients to progres-
sive Fontan failure over time. Chronic venous 
congestion and weak forward flow may result in 
multiorgan complications. These complications 
include ventricular systolic and diastolic dys-
function, atrial and ventricular arrhythmias, 
thromboembolism, lymphatic failure with PLE 
and plastic bronchitis, and progressive hepa- 
tic congestion culminating in FALD [72, 75]. It is 
important to note that these complications can 
often arise despite initially preserved postop-
erative hemodynamics and represent a major 
cause of future morbidity and mortality. Indeed, 
the Fontan pathway imposes long-term me- 
chanical complications. Synthetic conduits us- 
ed for total cavopulmonary connection lack 
growth potential and are prone to stenosis, 
thrombosis, and flow inefficiency over time 
worsening venous hypertension and impairing 
pulmonary blood flow [71]. 
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At present, no Fontan modification fully restor- 
es normal cardiovascular physiology. Current 
research focuses on addressing strategies to 
lower venous pressure, improve pulmonary 
flow, and increase ventricular preload. It also 
emphasizes optimizing cavopulmonary assist 
devices, connection geometry, pulmonary vas-
cular modulation, and targeted lymphatic in- 
terventions [71]. Heart transplantation, some-
times combined with liver transplantation, re- 
mains the only definitive therapy of end-stage 
Fontan failure. However, it has inferior out-
comes when compared with other transplant 
populations and that it has been almost pha- 
sed out of practice [75].

While the Fontan procedure has changed the 
course of SVD management, it is not the end 
goal for all patients. Alternative options inclu- 
de permanent Glenn, biventricular conversion, 
mechanical support such as the ventricular 
assist device (VAD), and heart transplant [64]. 
As mentioned previously, Fontan alternatives 
are needed in cases of unfavorable PA anato-
my, pulmonary hypertension, severe valvular 
disfunction, AVV regurgitation, and end-stage 
renal or hepatic disease [14]. When these con-
traindications are present with the patient un- 
dergoing previous palliation, the simplest inter-
vention would be to maintain the patient at the 
permanent Glenn stage with consistent follow- 
up. 

A subset of patients with borderline small left 
heart structures who have undergone previous 
single ventricle palliation may become candi-
dates for biventricular conversion [76]. This 
includes aorticopulmonary anastomosis take-
down followed by initial or staged biventricular 
conversion to promote blood flow through the 
hypoplastic left ventricle whilst relieving inflow 
and outflow tract obstructions [76]. After re- 
storing the left and right ventricular outflow 
tracts, a cavoatrial reanastomosis is perform- 
ed to reestablish the connection between the 
SVC and right atrium [76]. Present ASDs can be 
closed via fenestrated, which is the more com-
mon option, or complete repair [76]. An endo-
cardial fibroelastosis resection is usually per-
formed to stimulate left ventricular growth and 
improve its compliance for systemic circulation, 
and AVV repair is frequently part of the conver-
sion [76]. 

The indications for biventricular repair include 
having two adequately sized ventricles, favor-
able AVV anatomy, a ventricular septum ame-
nable to reconstruction, a large enough aortic 
arch and PAs, and Fontan failure with possible 
ventricular recruitment [77]. This alternative 
procedure would help avoid the progressive 
complications of Fontan physiology including 
chronic systemic venous pressure elevation 
and progressive FALD which would decrease 
long-term morbidity [77]. Biventricular repair 
has also been associated with improved exer-
cise tolerance and systemic oxygenation levels 
compared to Fontan patients [77]. However, its 
limitations include its limited applicability to a 
small subset of Fontan candidates, increased 
arrhythmogenicity, risk of reconstructed valve/
septum/ventricle failure, and its poor progno-
sis in patients with advanced end-organ dis-
ease such as FALD [77].

Patients who do not benefit from the above 
interventions may be given the options of me- 
chanical support such as the ventricular assist 
device (VAD) and/or transplantation. Hemody- 
namic patterns that warrant mechanical sup-
port include systolic dysfunction, diastolic dys-
function, increased PVR, or a mixed failure [64]. 
Moreover, this support can be a bridging strat-
egy till a transplant is possible, and the indica-
tions will differ based on the stage of palliation 
the patient is in and the degree of impairment. 
The main advantage of mechanical support is 
optimizing transplant candidacy by improving 
end-organ function with multiple options inclu- 
ding extracorporeal membrane oxygenation, 
VAD, and total artificial heart [64]. The limita-
tions include the numerous surgical interven-
tions to implement the support, unique SV 
anatomies that may not fully fit a single sup-
portive method, and having limited data so far 
[64]. When all other interventions fail, trans-
plantation remains as a last resort. The indica-
tions include Fontan failure after most inter-
ventions were used, progressive multi-organ 
dysfunction, and having complications such as 
PLE, AVMs, or severe FALD (fibrosis/cirrhosis/
hepatocellular carcinoma) where a heart-liver 
transplant may be offered [64]. Transplanta- 
tion would offer a definitive treatment of fail- 
ing Fontan, improve advanced FALD outcomes 
with theoretical heart-liver transplantation, and 
be associated with better overall outcomes  
if preceded with VADs [64]. However, these 
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patients face difficulties with transplant-list pri-
ority, high post-transplant mortality, complex 
anatomy due to prior surgeries, and the essen-
tial abandonment of the heart-liver transplant 
method [64].

Results

Numerous cohort studies have followed pa- 
tients undergoing the Fontan procedure high-
lighting possible risk factors related to postop-
erative outcomes along with distinct outcomes 
studied in each paper. The collected studies 
were grouped into different categories based 
on similar outcome measures. The studies 
were either prospective or retrospective co- 
horts with the most common Fontan type be- 
ing a fenestrated extracardiac Fontan. Sample 
sizes ranged from 81 to 1461 patients with 
their mean ages at Fontan completion ranging 
from 3.1 to 9.1 years. The most common type 
of SVD within the sample was tricuspid atresia. 
It is also important to note that early survival 
rates typically refer either to survival within 30 
postoperative days or within the same hospital 
admission as the surgery. A comprehensive 
breakdown of each study can be found in Table 
1. 

Overall survival and mortality risk factors

Most of the selected studies chose overall sur-
vival as their primary outcome with some distin-
guishing between short-term and long-term sur-
vival. A retrospective cohort study by Setha- 
sathien et al. [78] reported an early survival 
rate of 93% and long-term survival rates of 
92%, 87%, and 84% at 5-, 10-, and 15-years 
post-Fontan from a mostly fenestrated extra-
cardiac Fontan cohort. Risk factors for early 
post-operative mortality included post-opera-
tive mean pulmonary artery pressure ≥23 
mmHg and uncorrected moderate or severe AV 
valve regurgitation [78]. Another retrospective 
cohort study by Al Absi et al. [79] showed a  
94% early (30-day) survival rate from a mostly 
fenestrated extracardiac Fontan cohort as well. 
Statistically significant risk factors for early 
mortality included heterotaxy and diminished 
pre-operative ventricular function [79].

Atallah et al. [80] performed a prospective mul-
ticenter cohort with consecutive recruitment of 
patients with HLHS who underwent the Fontan 
series of surgeries. 60% of these patients sur-

vived the pre-Fontan operations and 97.1% of 
those patients survived the Fontan stage [80]. 
A more complicated SVD population was stud-
ied by Arrigoni et al. [81] where they studied 
patients with SVD and atrioventricular septal 
defect. Survival rates were 71.2%, 70%, and 
68.5% at 10, 15- and 20-years post-Fontan 
with reduced survival being linked to having 
moderate-to-severe or severe AVV regurgitation 
[81]. Moreover, the mortality rate was not sig-
nificantly affected by concomitant AVV proce-
dures which warrants their repair in SVD pa- 
tients [81].

In the retrospective cohort study by Gutierrez-
Gil et al. [74], early post-operative survival for 
mostly extracardiac Fontan SVD patients was 
91.4% between 2000-2010 which increased  
to 98.8% from 2010 onwards following the 
widespread implementation of fenestration. Al 
Najashi et al.’s [82] retrospective cohort study 
revealed a predominantly extracardiac Fontan 
population with overall 1-, 5-, 10-, 20-, and 
30-year survival rates of 96%, 94%, 93%, 89%, 
and 85% respectively. In the modern era from 
1999 onwards, the 5-, 10-, and 15-year surviv-
al rates were 96%, 95%, and 93% respectively 
[82]. Univariate risk factors included hypoalbu-
minemia, NtProBNP >500 pg/mL, surgical era 
prior to 1999, lack of fenestration, and prior 
atriopulmonary Fontan (APF) procedure while 
multivariate ones included prior APF and surgi-
cal era prior to 1999 [82].

Ishigami et al.’s [83] retrospective cohort study 
on patients mainly with HLHS revealed overall 
survival rates of 96% and 86% at 10 and 20 
years post-extracardiac Fontan respectively. 
Risk factors for Fontan failure included right 
ventricular dominance, aortic atresia, and ele-
vated mean pulmonary artery pressure [83].  
A prospective registry-based cohort study by 
Yang et al. [84] revealed a 93.5% early survival 
rate and an overall 30-year survival rate of 75% 
which has recently improved with modern me- 
thods. 59.8% of deaths were directly due to 
CHD, 71.7% involved CHD, 64.7% had another 
CVD, and 12% had no cardiac cause [84].

Constantine et al. [22] conducted a retrospec-
tive cohort study on patients receiving APF for 
their SVDs and monitored late outcomes after 
the age of 35 where 16.5% had died at follow-
up mainly due to heart failure. Univariate risk 
factors of mortality included hypoalbuminemia, 
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Table 1. This table reveals cohort studies on the risk factors and outcomes of Fontan patients

Study  
Reference 

Study Type and 
Location

Popula-
tion Size

Most Common 
SVD Type

Median 
Age at  

Procedure

Most Com-
mon Fontan 
Type

Fenestra-
tion Rate Outcomes

Sethasath-
ien et al., 
2020 [78]

Retrospective, sin-
gle-center cohort 
from Thailand

117 Tricuspid Atresia 5.7 years Extracardiac 
Fontan

69% -Early survival rate of 93%.
-Mortality rates were 8%, 13%, and 16% at 5-, 10-, and 15-years post-Fontan.
-Early deaths linked to postoperative mean pulmonary artery pressure ≥23 mmHg and uncorrected 
moderate or severe AV valve regurgitation.
-Early postoperative complications of renal failure (16%), arrhythmia (12%), and need for extracorpo-
real membrane oxygenation (6%).
-Late postoperative complications of FALD (32%) and protein-losing enteropathy (4%).

Al Absi et 
al., 2020 
[79]

Retrospective, sin-
gle-center cohort 
from the United 
Arab Emirates

87 Tricuspid Atresia 4.2 years Extracardiac 
Fontan 

83% -Mortality rate was 6%.
-Statistically significant risk factors for 30-day survival include heterotaxy and decreased ventricular 
function.
-No statistically significant risk factors for prolonged hospital stay (>21 days) and prolonged ICU stay.

Atallah et 
al., 2020 
[80] 

Prospective, multi-
center cohort from 
Canada

117 Hypoplastic Left 
Heart Syndrome 

3.5 years Extracardiac 
Fontan

84% -40% mortality rate pre-Fontan procedures and 2.9% for the Fontan stage. 
-Full-scale IQ, performance IQ, verbal IQ, and visual-motor integration mean values were 86.7, 86.3, 
88.8, and 83.2 respectively.
-Multivariable analysis deemed older age at Fontan, peri-Norwood sepsis, lower arterial partial pres-
sure of oxygen post-bidirectional cavopulmonary anastomosis, and prior neuromotor disability as key 
predictors of lower scores of intelligence quotient domains.
-Subgroup analysis revealed older age at Fontan and sepsis peri-Norwood as independent risk fac-
tors of poor neurocognitive outcomes.

Arrigoni et 
al., 2022 
[81]

Retrospective, 
multicenter 
cohort from the 
Netherlands and 
Belgium

151 Unbalanced AVSD = 
AVSD with hypopla-
sia of one ventricle 
deemed unfit for 
biventricular repair

- Extracardiac 
Fontan

41.1% -Survival rates of 71.2%, 70%, and 68.5% at 10-, 15- and 20-years post-Fontan.
-Reduced survival linked to moderate-severe or severe atrioventricular valve regurgitation.
-Concomitant atrioventricular valve procedure had no significant effect on the mortality rate or 
Fontan completion.
-Single ventricle with AVSD and AVV regurgitation exceeding moderate degree warrants AVV repair.

Gutierrez-
Gil et al., 
2023 [74]

Retrospective, sin-
gle-center cohort 
from Colombia

81 Tricuspid Atresia 5.3 years Extracardiac 
Fontan

54.3% -Postoperative mortality in the first month was 8.6% between 2000 and 2010, which declined to 
1.2% after 2010 after fenestration implementation.
-Coagulopathy was the most frequent postoperative complication at 19.8%.
-Less median thoracostomy days in fenestrated (9.5) than non-fenestrated (11) patients.
-No marked difference in hospitalization time, days in the ICU, and oxygen therapy between fenes-
trated and non-fenestrated patients.

Al Najashi 
et al., 2021 
[82]

Retrospective, 
single-center 
cohort from Saudi 
Arabia

458 Tricuspid Atresia 7 years Extracardiac 
Fontan

52.4% -The 1-, 5-, 10-, 20- and 30-year survival was 96%, 94%, 93%, 89%, and 85% respectively. 
-In the modern surgical era from 2000 onwards, the 5-, 10- and 15-year survival rates were 96%, 
95%, and 93% respectively.
-Univariate analysis risk factors of death/transplant include hypoalbuminemia, NtProBNP >500, 
surgical era prior to 1999, lack of Fontan fenestration, and prior APF procedure.
-Multivariate analysis independent risk factors of death/transplant include APF and surgical era 
before 1999.

Ishigami et 
al., 2025 
[83]

Retrospective, sin-
gle-center cohort 
from Australia

398 Hypoplastic Left 
Heart Syndrome

5 years Extracardiac 
Fontan

76.4% -Overall survival was 96% and 86% at 10 and 20 years after extracardiac Fontan operation, respec-
tively.
-88% freedom from the failure of Fontan circulation at 10 years and 76% at 20 years.
-Risk factors for the failure of Fontan circulation were right ventricular dominance, aortic atresia, and 
elevated mean pulmonary artery pressure.
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Yang et al., 
2024 [84]

Prospective, 
registry-based 
multicenter cohort 
from the United 
States of America

1461 Tricuspid Atresia 3.1 years Extracardiac 
Fontan

58.3% -93.5% survived with Fontan circulation till discharge.
-Thirty-year post-Fontan survival was 75% with higher rates for modern methods.
-In Fontan patients, 59.8% of deaths were directly due to CHD, 71.7% involved CHD, 64.7% had 
another CVD, and 12% had no cardiac cause.

Constantine 
et al., 2024 
[22]

Retrospective, 
multicenter cohort 
from the United 
Kingdom and Italy

115 Tricuspid Atresia 9.1 years APF 20.5% -Patients were evaluated for late outcomes of Fontan circulation at age 35 and above.
-55.9% of patients were NYHA class II.
-66.1% experienced arrythmia and 7.0% experienced protein-losing enteropathy.
-16.5% had died at follow-up mainly from heart failure.
-Univariable risk factors of death/transplantation include hypoalbuminemia, prior HF admission, 
prior atrial tachycardia/flutter, and baseline pulmonary vasodilator therapy.
-Bivariable significant risk factors include hypoalbuminemia and prior atrial tachycardia/flutter.

Egbe et al., 
2025 [85]

Retrospective, 
single-center 
cohort from the 
United States of 
America

455 Tricuspid Atresia 5 years Extracardiac 
Fontan

- -14% of the Fontan population was >40 years old defined as the middle-aged population.
-Middle-aged group had more atrial arrhythmias, neurohormonal activation, and hepatorenal 
dysfunction.
-Middle-aged group had a higher 5-year and 10-year cumulative incidence of death/transplant along 
with a 41% general mortality rate.
-Univariable predictors of death/transplant within the middle-aged group include higher pulmonary 
artery wedge pressure, higher Fontan pressure, lower GFR, higher MELD-XI score, older age at 
baseline.
-Multivariable significant risk factors include higher pulmonary artery wedge pressure and MELD-XI 
score.

Abbreviations: FALD: Fontan-associated liver disease; APF: Atriopulmonary Fontan; AVSD: Atrioventricular septal defect; AVV: Atrioventricular valve; NYHA: New York Heart Association; GFR: Glomerular Filtration Rate; MELD-XI: Model for End-
stage Liver Disease - eXcluding INR.
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their study on middle-aged Fontan patients 
who had significant differences in prevalence 
of postoperative arrhythmia and cardiac bio-
marker fluctuations. The middle-aged group 
had an 83% prevalence of overall atrial arryth-
mias compared to 48% in the younger group 
(P<0.001) [85]. Moreover, the prevalence of 
atrial fibrillation was 52% in the middle-aged 
group compared to 20% in the younger group 
[85]. Median NT-proBNP was 348 pg/mL for 
the middle-aged group compared to 196 pg/
mL for the younger one while differences in 
NYHA class were insignificant [85]. Of the mid-
dle-aged cohort, 11.1% died from end-stage HF 
and 3.2% from sudden cardiac death [85]. 

The Fontan circulation has a hemodynamic  
burden that goes beyond the cardiovascular 
system to trigger multiple systemic sequelae 
such as hepatorenal dysfunction to be dis-
cussed below.

Hepatorenal complications

As part of the broader postoperative complica-
tions, Sethasathien et al. [78] reported short-
term renal failure in 16% of their sample along 
with long-term Fontan-associated liver disease 
(FALD) in 32% and protein-losing enteropathy 
(PLE) in 4%. Moreover, Constantine et al. [22] 
reported PLE in 7% adults aged 35 or above 
with Fontan circulation. Egbe et al. [85] utilized 
the MELD-XI score to assess hepatorenal dys-
function in middle-aged patients with Fontan 
circulation. MELD-XI is a scoring system consid-
ering bilirubin and creatinine values for hepa-
torenal function prognosis for Fontan patients 
on anticoagulation whilst excluding their INR 
values [86]. A higher MELD-XI score has been 
associated with increased sudden death, death 
from congestive heart failure, or heart trans-
plant in Fontan patients compared with those 
with low MELD-XI scores [87]. Egbe et al.’s [85] 
cohort revealed a significantly (P<0.001) higher 
MELD-XI score of 14.6 for the middle-aged 
group compared 11.9 for the younger group 
indicating poorer hepatorenal function. More- 
over, the middle-aged cohort had a mean effec-
tive GFR (eGFR) of 68 mL/min/1.73 m2 which 
was significantly (P<0.001) lower than that of 
the younger group which was 81 mL/min/1.73 
m2 revealing a decline in renal function [85]. 
The middle-aged group also had a significantly 
(P<0.001) higher prevalence of chronic kidney 

prior heart failure (HF) admission, prior atrial 
tachycardia/flutter, and baseline pulmonary 
vasodilator therapy while bivariable significant 
risk factors included hypoalbuminemia and 
prior atrial tachycardia/flutter [22]. Egbe et al. 
[85] also focused on outcomes within the mid-
dle-aged Fontan population with 14% of their 
sample being >40 years old. This middle-aged 
group had higher 5- and 10-year cumulative 
mortality with a 41% mortality rate [85]. Uni- 
variate risk factors included higher pulmonary 
artery wedge pressure, higher Fontan pressure, 
lower glomerular filtration rate (GFR), higher 
Model for End-stage Liver Disease - eXcluding 
INR (MELD-XI) score, older age at baseline while 
multivariate risk factors included higher pul- 
monary artery wedge pressure and MELD-XI 
scores [85].

While survival has significantly improved over 
time, the cardiovascular sequelae of the Fon- 
tan procedure contribute to lifelong morbidity 
which has become the main concern following 
the procedure.

Cardiovascular complications

Given the toll of both SVDs and Fontan opera-
tions on the cardiovascular system, postopera-
tive cardiovascular complications were studied 
in a detailed manner. Sethasathien et al. [78] 
reported early cardiac postoperative complica-
tions such as arrythmia in 12% of their cohort 
with 6% of the cohort experiencing the need  
for extracorporeal membrane oxygenation. Gu- 
tierrez-Gil et al. [74] reported coagulopathy as 
their most frequent post-Fontan complication 
occurring in 19.8% of the cohort. Ishigami et al. 
[83] addressed the freedom from failure of 
Fontan circulation as a cardiovascular success 
measure which occurred in 88% and 76% at 10 
and 20 post-operative years respectively. 

Constantine et al. [22] addressed New York 
Heart Association (NYHA) class as a measure 
of cardiovascular health in middle-aged pa- 
tients who had undergone Fontan at a mean of 
9.1 years old. Most of their cohort (55.9%) had 
an NYHA class II status which reflects slight 
limitation of their physical activity despite being 
comfortable at rest. Arrythmia was a prevalent 
cardiovascular complication noted in 66.1% of 
the cohort post-APF, and 16.5% of the cohort 
had died at long-term follow-up mostly due to 
heart failure [22]. Egbe et al. [85] also focused 
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disease stage 3 or above of 37% compared to 
15% of the younger group.

Beyond the hepatorenal dysfunction, an un- 
derstudied subset of systemic postoperative 
complications includes neurocognitive deficits 
addressed below.

Neurocognitive outcomes

Atallah et al. [80] conducted a prospective mul-
ticenter cohort study where they consecutively 
recruited 117 patients with HLHS who would 
undergo the Fontan palliation pathway with a 
focus on neurocognitive outcomes. The as- 
sessed intelligence quotients (IQs) were full-
scale IQ, performance IQ, verbal IQ, and visual-
motor integration with mean values of 86.7, 
86.3, 88.8, and 83.2 respectively [80]. With 
the population average being 100 across these 
standardized measures, these values reflect 
mild-to-moderate neurocognitive deficits in the 
Fontan population. Multivariate analysis identi-
fied older age at Fontan, peri-Norwood sepsis, 
lower arterial partial pressure of oxygen post-
bidirectional cavopulmonary anastomosis, and 
prior neuromotor disability as key predictors of 
lower scores of intelligence quotient domains 
[80]. Older age at Fontan and sepsis peri-Nor-
wood were identified as independent risk fac-
tors of poor neurocognitive outcomes [80].

Fontan-associated liver disease

Although the Fontan procedure has significant-
ly improved the survival of SVD patients, it 
remains associated with a spectrum of long-
term complications [72]. These include ventric-
ular dysfunction, arrhythmias, cyanosis, re- 
duced exercise capacity, elevated PVR, PLE, 
plastic bronchitis, renal impairment, and most 
commonly hepatic complications [72]. Hemo- 
dynamic changes associated with the Fontan 
circulation, such as elevated central venous 
pressure and diminished cardiac output are 
responsible for the development of FALD [88]. 

In Fontan circulation, the liver is susceptible to 
the effects of the central venous hypertension 
via the direct discharge of the hepatic veins 
[89]. The elevated central venous pressure is 
transmitted into the hepatic sinusoids, which 
may further diminish portal vein in-flow [89]. 
Additionally, blood flow and oxygen saturation 
in the portal vein are expected to be reduced, 

causing the liver to become increasingly more 
reliant on the reduced buffering capacity of the 
hepatic arterial supply [90]. As a result, the liver 
will be more susceptible to the hemodynamic 
insults caused by impaired cardiac output [91]. 
The elevated central venous pressure renders 
the liver more vulnerable to ischemic injury 
[92]. The aberrant Fontan circulation also facili-
tates the development of intrapulmonary veno-
venous or arteriovenous collaterals that further 
chronically aggravate hypoxia [93]. The resul-
tant chronic hepatic injury leads to the develop-
ment of liver fibrosis or cirrhosis [94]. In the 
more advanced stages of liver injury, there is a 
risk of developing hepatocellular carcinoma at 
a young age [90].

From a cellular perspective, the neurohormonal 
system plays a critical role in FALD [90]. Serum 
renin, aldosterone, and angiotensin are shown 
to be elevated in patients with Fontan physiol-
ogy, with angiotensin 2 promoting the secretion 
of collagen 1 [95, 96]. Excessive production 
and deposition of collagen both contribute to 
liver fibrosis and various other pathologies [94, 
97].

Numerous retrospective, prospective, and ob- 
servational studies have underscored the im- 
pact of Fontan physiology and altered hemody-
namics on the progression of various hepatic 
pathologies. A retrospective study by Wilson et 
al. demonstrated the relationship between the 
Fontan procedure, atrioventricular valve failure, 
and liver cirrhosis [98]. A total of 95 patients 
underwent liver assessment at a mean age of 
18.2 ± 6.7 years, roughly 12 years after their 
Fontan operation. 15 patients were diagnosed 
with cirrhosis at a mean age of 22.7 ± 5.9 
years. The risk factors associated with the 
development of liver cirrhosis included AVV 
repair prior to Fontan and older age at the 
Fontan operation. Additionally, the incidence of 
liver cirrhosis increased with age after the 
Fontan procedure. Another prospective study 
enrolled 76 pediatric patients with Fontan phy- 
siology, with 17 having underwent a trans-jugu-
lar liver biopsy [99]. All biopsies revealed patho-
logical changes including clinically silent fibro-
sis emphasizing the need for liver surveillance 
for Fontan patients in early childhood. Addi- 
tionally, hemodynamic data from this study 
revealed no association between the extent of 
liver pathology and PVR, emphasizing the need 
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to explore alternative therapeutic strategies 
beyond pulmonary vasodilators to mitigate the 
sequelae of Fontan circulation.

A prospective observational study by Alsaied et 
al. recruited 25 Fontan patients with a mean 
age of 16.3 ± 6.8 years [100]. This study high-
lighted that both baseline and stress Fontan 
hemodynamics were significantly associated 
with increased extracellular volume fraction as 
a measure of myocardial fibrosis. Furthermore, 
evidence of myocardial fibrosis in these pa- 
tients was associated with diastolic dysfunc-
tion, increased liver stiffness, and elevated cir-
culating biomarkers of fibrosis. Another retro-
spective population-based study demonstrated 
a strong association between severe FALD and 
mortality [101]. The medical records of 512 
patients who underwent the Fontan procedure 
were reviewed. In Fontan patients, 11.95% 
developed severe FALD after 10 years, and 
52.24% developed severe FALD after 35 years. 

dynamics, and the development of FALD. 
Despite its clinical significance, FALD remains 
insufficiently characterized with no universally 
accepted diagnostic criteria or surveillance 
guidelines. Most available data is derived from 
retrospective cohorts with heterogeneous fol-
low-up durations and liver assessment meth-
ods. These limitations underscore the need for 
standardized, proactive monitoring strategies 
to enable earlier detection and timely interven-
tion. The manifestations of FALD can be sum-
marized in Figure 2.

Discussion

An important clinical variable affecting the 
Fontan outcome is age at the time of operation. 
It has been shown that earlier age at Fontan 
completion is associated with improved out-
comes. Atallah et al. [80] reported significantly 
improved neurocognitive outcomes with earlier 
age at Fontan completion. In addition, Egbe et 

Figure 2. This figure demonstrates the physiological manifestations of FALD.

The 5-year mortality rate for 
Fontan patients with severe 
FALD was 12.6%. Identified 
risk factors for FALD deve- 
lopment included congestive 
heart failure, poor hemody-
namics, and supraventricular 
tachycardia. 

A retrospective observational 
multicenter study in a European 
cohort of patients reviewed the 
data of 2141 Fontan patients 
[102]. Among the cohort, 343 
patients were diagnosed with 
FALD, with a median age of 18 
years and a median follow-up 
of 14 years following Fontan 
surgery. Among these, there 
were 19 deaths, with 5 cases 
being related to advanced liver 
disease or cancer. Factors sig-
nificantly associated with FA- 
LD included absence of Fontan 
fenestration, systemic ventric-
ular dysfunction, and AVV dys-
function, whereas the type of 
Fontan surgery showed no sig-
nificant association.

The previous studies highlight 
an association between Fon- 
tan physiology, altered hemo-
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al. [85] identified older age at baseline as a uni-
variable risk factor death/transplant. The stud-
ies included in this paper are comparable in 
terms of early survival outcomes regardless of 
age at Fontan where the cohorts of Sethasa- 
thien et al. [78], Gutierrez-Gil et al. [74], and 
Yang et al. [84] had early survival rates above 
90% with median ages between 3.1 to 5.7 
years old. As for long-term survival, the 10-year 
survival of the Sethasathien et al. [78], Al 
Najashi et al. [82], and Ishigami et al. [83] 
cohorts were 87, 93, and 96% respectively with 
median ages between 5-7 years old. 

Long-term outcomes in general were excellent 
for the procedure regardless of whether the 
procedure was performed from ages 3 to 7 
years old. However, the lowest long-term sur-
vival rates were reported by Arrigoni et al. [81] 
which were 71.2, 70, and 68.5% at 10-, 15-, 
and 20-years post-Fontan respectively but their 
median age was unspecified and those patients 
had unbalanced AVSD as a possible confound-
er. As for the Yang et al. [84] cohort which had 
the youngest median age, they had the lowest 
30-year survival but that could be attributed to 
records from older surgical eras being used. Al 
Najashi et al. [82] proved older surgical era to 
be an independent risk factor of death/trans-
plant. As for the 83.5% survival rate of the 
Constantine et al. [22] cohort which had the 
oldest median age of 9.1, this could either be 
attributable to the older age itself or the older 
surgical Fontan technique of APF which was 
used or both. Older Fontan techniques like the 
APF were associated with worse outcomes 
whereas the majority used the extracardiac 
method and were associated with the best out-
comes in terms of morbidity and mortality. 

As for fenestration status, Gutierrez-Gil et al. 
[74] demonstrated a sharp decrease in mortal-
ity rate from 8.6 to 1.2% upon the introduction 
of fenestration into general practice in 2010. 
Moreover, they reported a lower thoracostomy 
duration of 9.5 days for fenestrated patients 
compared to 11 days for the unfenestrated 
patients [74]. Lack of fenestration was identi-
fied by Al Najashi et al. [82] as an independent 
risk factor of death/transplant. Moreover, the 
studies with the highest fenestration rates of 
76.4, 83, and 84% were associated with the 
best survival rates of 96, 94, and 97.1% respec-
tively [79, 80, 83].

The findings presented in this review are con-
sistent with recent literature through several 
aspects. In a meta-analysis by Schwartz et al. 
[103], nineteen articles with a total of 5859 
patients showed a 10-year survival rate of 
87.2% which aligns with our findings of excel-
lent long-term survival rates for these patients. 
Moreover, their study also listed APF and older 
age at Fontan as risk factors for mortality. 
Another meta-analysis by Bouhout et al. [104] 
compared the early outcomes of 4806 pa- 
tients across 19 studies based on whether 
their Fontan procedure involved fenestration  
or not. While the fenestrated group had low- 
er oxygen saturation rates (mean difference 
-3.07%, P<0.001), they had both significantly 
lower need for pleural drainage (odds ratio (OR) 
0.59, P=0.03) and mean pulmonary arterial 
pressure (mean difference -0.99 mmHg, P= 
0.005) with no significant difference in stroke 
occurrence (OR 1.32, P=0.65). This proves that 
Fontan fenestration significantly reduces both 
prolonged pleural drainage and mean pulmo-
nary artery pressure supporting the favorable 
outcomes of fenestration in this review.

As for the type of Fontan, a systematic review 
and meta-analysis by Talla et al. [105] studied 
the long-term outcomes of Fontan patients with 
an extracardiac conduit. Whilst this population 
exhibited an excellent 10-year survival rate of 
95% favoring the extracardiac Fontan proce-
dure, they reported that an estimated 7% of 
these patients will develop conduit obstruction 
over 10 years. Patients with Dacron polyethyl-
ene-terephthalate conduits experienced higher 
rates of stenosis identifying an additional risk 
factor for long-term morbidity and mortality.

A review by Abdulkarim et al. [106] describes 
pulmonary Fontan complications that were not 
focused on in this review such as restrictive 
lung disease (approximately two thirds of pa- 
tients), plastic bronchitis (reported incidence of 
4-14%), and pulmonary arteriovenous malfor-
mations (in up to 60% of patients with inter-
rupted IVCs/heterotaxy following Fontan). The- 
se are mostly due to the chronic elevation of 
systemic venous pressure further emphasizing 
the importance of multi-system monitoring of 
these patients.

Conclusion

In conclusion, the Fontan procedure has be- 
come associated with improved survival rates 
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over time compared to older surgical tech-
niques where modern techniques like the ex- 
tracardiac Fontan and fenestration have domi-
nated recent practice. Early postoperative sur-
vival rates are excellent with great improve-
ment of long-term outcomes as well. However, 
long-term survival rates still drop significantly 
after 20-30 years possibly due to the morbidi-
ties of the Fontan circulation. This emphasizes 
a transition in the management of Fontan 
patients from managing their immediate mor-
tality to addressing the morbidities these pa- 
tients deal over a lifetime of Fontan circulation 
which may impact their quality of life. 

The prominent morbidities of Fontan circula- 
tion include complications like arrhythmias, HF, 
neurocognitive delays, PLE, renal dysfunction, 
and FALD. FALD has become one of the most 
prominent long-term complications to address 
due to many patients experiencing severe FALD 
along with the serious risk of progression to cir-
rhosis and hepatocellular carcinoma. As such, 
universal diagnostic criteria and standardized 
surveillance protocols are essential and must 
be tailored to each potential complication and 
especially for FALD. As for risk factors for com-
plications, demographic (older age, earlier sur-
gical era), surgical/hemodynamic (absence of 
fenestration, APF, elevated PA pressure), and 
biochemical markers (low albumin, high NT- 
proBNP, high MELD-XI, reduced GFR) have been 
identified as the most prominent. 

Lifelong multidisciplinary monitoring is essen-
tial to optimize these patients’ quality of life. 
Early FALD monitoring potentially through he- 
patic biomarkers along with the integration of 
risk scores like the MELD-XI into clinical prac-
tice may improve hepatorenal outcomes. The 
availability of multicenter studies on Fontan 
patients with sufficient long-term follow-up is 
still limited which emphasizes the need for fur-
ther investigation of this population. While the 
procedure is lifesaving, it is not a curative 
option but rather a palliative one which requir- 
es a lifetime of dedicated care to both prevent 
and address long-term complications in a time-
ly manner. As the focus shifts to lifelong mor-
bidity and quality of life concerns, our resear- 
ch ought to follow that shift and address every 
way to improve these patients’ outcomes. 
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