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Abstract 

The introduction of the strategy of staged surgical palliation, with the Fontan operation as the final 

stage, has enabled the survival of almost five generations of children born with congenital heart 

defects that result in a functional single ventricle. However, as these survivors reach adulthood, it has 

become increasingly apparent that they will likely face deterioration of their circulation over time, 

leading to premature attrition. Despite so, their long-term prognosis is poorly delineated and the 

process of late Fontan failure poorly understood, which therefore prevents effective intervention.  

 

This project aims to expand the overall understanding of the process of late Fontan failure in patients 

living with a Fontan circulation. It will allow for better risk stratification of the surviving population 

through the identification of important predictors of late Fontan failure and death in this population. It 

will delineate the roles of surgical intervention including Fontan conversion and use of mechanical 

circulatory support in the Fontan circulation. The impact of arrhythmia and permanent pacing on 

Fontan physiology will also be explored. Lastly, we will evaluate the mechanisms of late death in the 

Fontan population, to identify any modifiable factors that may help prevent late attrition.  

 

This thesis will demonstrate that: 

(i) Majority of patients living with an atriopulmonary (AP) Fontan remain alive with 

preserved function in the 2nd-3rd decades post Fontan completion 

(ii) Fontan conversion is a viable surgical option for patients with an AP Fontan when 

recommended in a timely manner. 

(iii) Permanent ventricular pacing is likely detrimental to Fontan physiology and may lead to 

poorer late survival. 

(iv) The long-term transplant-free survival of contemporary patients living with a Fontan 

circulation will likely be determined by the management of Fontan-related complications, 

and  

(v) patients with a lateral tunnel (LT) or extracardiac conduit (ECC) Fontan circulation with 

underlying cardiac deficits should be considered for reintervention to avoid late death 

secondary to Fontan circulatory failure.  

 

It is through growth in our understanding of the pathophysiology of late Fontan failure that will 

permit us to provide the necessary care and infrastructure for these surviving patients to live their best 

lives.
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Chapter 1: Introduction and Literature Review  

 

1.1 History and Evolution of the Fontan Procedure 

The Fontan Procedure was described for the first time in 1971 by Professor Francis Fontan as the first 

corrective surgical repair for patients born with the congenital heart defect, tricuspid atresia (1). These 

patients were born with a functional single ventricle and had previously only been managed with 

palliative surgical procedures that allowed for some systemic to pulmonary blood flow. These 

surgeries had allowed babies to survive the newborn period, but their life expectancies and functional 

capacities remained limited.  

 

The Fontan procedure was designed based on anastomosis of the right atrial appendage and superior 

vena cava directly to the pulmonary artery, thereby facilitating direct drainage of all venous return 

into the pulmonary vasculature without a pumping ventricle. This created a circulation that functioned 

in series, instead of a parallel configuration as in a biventricular heart. This pioneering experience had 

a 67% operative survival, with 2 of the 3 index patients surviving the early postoperative course (1). 

This paved the way for the surgical approach to be applied to a range of complex congenital heart 

defects with a single functional ventricle where biventricular repair was not possible. It was most 

often the third and final step of staged palliative surgery for patients with univentricular hearts. The 

staged approach allowed for progressive adaptation of the heart and lungs. First-stage palliation 

usually comprised of the formation of a systemic-pulmonary shunt. Second-stage surgery consisted of 

creation of a superior cavopulmonary shunt, completed once the pulmonary vasculature had 

developed enough to have a lower pulmonary resistance to accommodate this. This reduced the 

volume load on the single ventricle, preparing it for the final stage, Fontan completion (2).  

 

The Fontan procedure underwent a process of evolution. It was originally believed that in the absence 

of an anatomical right ventricle, a pumping chamber was necessary to serve the pulmonary 

circulation. The hypertrophied right atrium in the original atriopulmonary Fontan, served this 

function. However, it was soon realised that the hemodynamics of the Fontan could be optimised by 

excluding most of the right atrium with the creation of an intra-atrial tunnel, leading to the formation 

of the 2nd version of the Fontan operation – the lateral tunnel in 1987 (3). This evolved to total 

exclusion of the right atrium in the extracardiac total cavopulmonary Fontan with the creation of an 

external conduit between the inferior vena cava and the pulmonary artery (4), avoiding the problem of 

atrial dilatation and energy loss within the circulation (Figure 1). This is now the most contemporary 
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and widely adopted form of the Fontan operation worldwide, making up over 60% of Fontan surgery 

worldwide (5, 6).  

 

 

 

Figure 1: Evolution of Fontan surgical techniques: Atriopulmonary Fontan (A), Lateral tunnel (B), 

Extra-cardiac conduit (C) (7) 

 

Once the Fontan operation became the treatment of choice for all patients with anatomy incompatible 

with biventricular repair, efforts were made to improve the operative outcomes for the patients who 

made it to this final stage. The “Ten Commandments” as detailed by Choussat et al. became the 

selection criteria of patients most likely to survive the Fontan operation and was widely utilised.  The 

criteria included being more than 4 years of age, sinus rhythm, having normal systemic venous return 

and right atrial volume, low mean pulmonary artery pressure (<15mmHg), appropriate pulmonary 

vasculature (pulmonary arterial resistance < 4 wood units/m2, pulmonary artery/aorta ratio >0.75 and 

absence of pulmonary arterial distortion), ventricular ejection fraction more than 60% and a 

competent mitral valve (8). These criteria were verified in clinical practice, with all experience 

confirming a higher risk of perioperative morbidity and attrition when Fontan surgery was performed 

in patients who were deemed suboptimal candidates (9-12). Perioperative mortality improved with 

time to the 1-2% risk at present (12, 13). 

 

1.2 Long-term outcomes after Fontan completion 

The Fontan operation was widely embraced. Although it represented only 3% of congenital cardiac 

surgery, there was an exponentially increasing population of patients living with a Fontan circulation 
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due to the improved perioperative survival. A population projection study of the Australia and New 

Zealand Fontan Registry estimated that the living Fontan population would double in size by 2036 

and reach near 3000 patients in 25 years (6). Late survival at 20-years post-surgery with an intact 

Fontan circulation was predicted at 61-90% (12, 14, 15). However, these projections were mostly 

single centre experiences with patient cohorts across all surgical eras and variable techniques. As 

such, findings of these studies were greatly limited in their reliability to implement change in clinical 

practice.  

 

It became clear that compliance to the Choussat criteria did not guarantee long-term survival. Fontan 

et al discussed the long-term outcomes after a “perfect” Fontan operation and concluded that based on 

the gradually declining late survival observed with long-term follow-up, the Fontan operation 

remained a palliative instead of a curative procedure (10). There was greatest concern regarding the 

plight of patients who had received the original operation, the atriopulmonary (AP) Fontan, who had 

now been alive for the longest time and exposed to the abnormal pathophysiology of the Fontan 

circulation. They were observed to be facing increasing morbidity over time, due to the stress of a 

chronically elevated volume and pressure load that resulted in progressive atrial dilatation. This led to 

the development of arrhythmias, thromboembolic events, Fontan outflow obstruction and eventual 

Fontan failure (16). It appeared that the recipients of the now obsolete procedure were faced with 

likely inevitable attrition, but there was no understanding of how this would progress and what should 

be done to delay or halt this process.   

 

1.3 Fontan failure  

Fontan failure is a condition that is poorly defined, but is characterised by a combination of 3 main 

pathophysiological processes, namely systolic ventricular dysfunction, progressive circulatory failure 

and systemic complications secondary to the Fontan physiology. Asymptomatic ventricular 

dysfunction is common in the congenital cardiac population and may often progress over a long time 

before the development of heart failure symptoms (17). However, the degree of heart failure 

symptoms is often proportional to the extent of systolic dysfunction (18). Factors predicting for the 

development of ventricular dysfunction in a Fontan circulation include older age at time of Fontan 

surgery and significant atrioventricular valve regurgitation, suggesting the importance of minimising 

volume overload on the single ventricle (18). Patients with systemic right ventricles are likely to be 

more vulnerable to progressive systolic dysfunction due to its maladaptation to dealing with the high 

afterload of the systemic circulation (19, 20). Patients with heart failure symptoms were at much 

higher risk of late mortality than those without heart failure (18, 21, 22).  
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Fontan failure is also observed in the absence of systolic dysfunction, solely as a result of progressive 

circulatory failure. There is likely an element of diastolic dysfunction that is increasingly recognised, 

which leads to a reduced preload and impaired ventricular relaxation (23, 24). Patients with a Fontan 

circulation live in a chronic low output state, which leads to a gradual increase in systemic vascular 

resistance in order to generate adequate organ perfusion pressure. This is associated with other 

hemodynamic features such as an elevated central venous pressure and raised ventricular end-diastolic 

pressure, both factors correlating with a higher risk of heart failure and late death (25). There is also 

increasing evidence to suggest that the portal circulation plays a major role in the progressive 

circulatory failure. It is hypothesized that prolonged exposure to high post-sinusoidal Fontan 

pressures leads to hepatic injury and fibrosis, resulting in physiology similar to that in portal 

hypertension (26). The loss of pulsatile flow into the pulmonary circulation may also lead to 

endothelial dysfunction and pulmonary vasoconstriction (27). When the afterload eventually 

overwhelms the single pumping ventricle with increasing ventriculo-arterial mismatch, there is 

reduced efficiency and eventual collapse of the Fontan circulation. 

 

The systemic manifestations of Fontan failure are a result of maladaptation of the lymphatic system to 

the Fontan circulation. They include protein-losing enteropathy (PLE), plastic bronchitis (PB), 

treatment-refractory pleural effusions and ascites. In PLE, chronically elevated venous pressures lead 

to the development of intestinal lymphangiectasia and gastrointestinal loss of protein, diagnosed by 

elevated level of α1-antitrypsin level in stool. Associated sequelae include malnutrition, pleural 

effusions, ascites and opportunistic infections (28, 29). It may also predispose to thromboembolism 

due to loss of coagulation factors. PB develops when protein loss occurs into the airways, leading to 

formation of bronchial casts that present as hypoxemia and occasionally fatal airway obstruction (30). 

The development of PLE or PB often predict for a poor prognosis even in the short term (14, 22, 31, 

32), with a 5-year survival post diagnosis predicted to be as low as 50% (33, 34). However, with 

contemporary advances in medical management, survival after diagnosis of these complications has 

been suggested to have improved to 78-88% at 5 years (35, 36).  
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1.4 Management of Fontan Failure  

There remains a poor understanding of the pathophysiology that result in late failure of the Fontan 

circulation. Many patients often remain asymptomatic for a prolonged period of clinical surveillance, 

before a rapid decline. For the pioneering cohort with the atriopulmonary Fontan, it appears that 

progressive atrial dilatation and deterioration of the circulation is inevitable. There are limited options 

for these patients, who are often in severe symptomatic heart failure with systemic comorbidities of 

Fontan failure by the time that intervention is often initiated.  

 

1.4.1 Heart Transplantation 

Heart transplantation is often the first treatment option considered in patients with congenital heart 

disease in end stage heart failure, but is associated with unique challenges in the Fontan patient. The 

incidence of heart transplantation in the Fontan population is low in Australia and New Zealand, 

averaging 7% at 20 years, despite a much higher Fontan failure rate (37). This is lower than that in the 

United States, where patients post Fontan completion represent above 10% of the total transplantation 

patient load (38). Earlier descriptions of heart transplantation in the Fontan population have revealed 

very discouraging results, reporting a markedly lower post-transplant survival in Fontan patients as 

compared to those with other forms of congenital heart disease (38-40). In fact, a multi-institutional 

registry review of over 7000 patients post-transplantation found that having a previous Fontan 

procedure increased the risk of death post-transplant by 8 times compared to that of patients with 

other congenital heart disease with a 5 year survival at 60%, versus 74% in non-Fontan patients (38). 

This is likely a result of higher surgical complexity secondary to multiple previous sternotomies and a 

longer ischemic time pre-transplant (41), as well as higher incidence of co-morbidities such as protein 

losing enteropathy (42). The role of heart transplantation in patients with early failure post Fontan 

completion has also been revealed to be limited, with a significantly higher risk of death when 

transplantation was performed within 6 months after Fontan surgery (43). Patients with preserved 

systemic ventricular function but requiring heart transplantation for other sequelae of Fontan failure 

such as PLE, ascites or edema, had poorer outcomes post transplantation than patients with impaired 

ventricular function (44). This suggests that the clinical presentation of patients preceding heart 

transplantation is likely to influence perioperative risk.  

 

Despite this, contemporary reports now suggest that outcomes in the Fontan population have 

improved to be comparable to that of the other congenital cohort. This is a result of improvement in 

perioperative care and surgical techniques, leading to better early-phase survival (45). Therefore, 
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heart transplantation should be considered as a viable therapy option for patients with late Fontan 

failure. In view of the foreseeable increase in number of patients with Fontan failure over time, 

strategies for heart transplantation in this complex population need to be further refined to maximise 

access and perioperative outcomes.  

 

1.4.2 Fontan conversion  

Fontan conversion is an alternative rescue strategy for late Fontan failure in patients living with a 

classical AP Fontan circulation. As mentioned earlier, these patients are projected to face progressive 

atrial dilatation due to chronic pressure and volume loading, which leads to reduced hemodynamic 

efficiency. This leads to reduced exercise tolerance (46), treatment-refractory atrial tachyarrhythmias 

(47) and venous thromboembolism (48). Fontan conversion, first described in 1993 by Laschinger et 

al. involves the conversion of the AP Fontan to either an LT or more commonly, ECC Fontan. This 

procedure excludes the dilated atria in order to improve hemodynamics in the Fontan circulation (49). 

This is often performed with right atrial reduction alongside concurrent cryoablation in the atria, for 

management of atrial arrhythmia which is prevalent in the cohort (50). It has been associated with 

clinical improvement in functional status, as well as resolution of complications including arrhythmia 

and protein losing enteropathy(51-54). Despite so, it remains far from an obvious treatment choice for 

all patients still alive with an AP Fontan. This is due to the high perioperative mortality rate described 

to be as high as 8-15% (52, 55-57). In fact, the Society of Thoracic Surgeons database confirms a 

significant risk of operative mortality following Fontan conversion at 11% (58).  

 

There is some evidence suggesting that delayed re-intervention could be associated with poorer post-

operative survival (57). The indications and timing to recommend Fontan conversion are unclear, 

although it is usually performed for management of refractory atrial tachyarrhythmias or pathway 

obstruction secondary to a dilated right atrium (59, 60). However, it remains a challenge to offer 

Fontan conversion in a timely fashion, due to the often insidious deterioration of the Fontan 

circulation. Many patients remain mostly asymptomatic for a prolonged period of clinical surveillance 

before a rapid decline into Fontan failure, leaving a narrow therapeutic window for intervention. 

There has been attempts to delineate the appropriate time-point for re-intervention, using tools such as 

cardiopulmonary exercise testing (51) or  P-wave dispersion in electrocardiogram (61). However, it is 

only the contraindications for conversion, such as severe systemic ventricular dysfunction, more than 

moderate atrioventricular valve regurgitation and irreversible liver dysfunction, that have been clearly 

established (57, 62). PLE has been proposed as a possible contraindication for Fontan conversion but 

there has been experiences documenting improvement or even resolution of PLE following Fontan 



Introduction  7 

conversion (52-54). However, Fontan conversion has not been shown to prolong survival following 

PLE diagnosis and hence PLE still serves as a contraindication for conversion in some units.  

 

1.4.3 Late arrhythmia management  

The practice of concomitant pacemaker implantation with Fontan conversion remains variable 

amongst centres, with some units offering it only when it is indicated in the post-operative setting 

(63). However, there is a shift in practice towards a more aggressive approach, with concurrent 

implantation of permanent pacing leads with/without a device during Fontan conversion due to the 

high likelihood of sinus node dysfunction following conversion (53, 55, 56, 64).  

 

As for other patients late after Fontan completion, atrial arrhythmias remain a burdensome 

complication, particularly plaguing the population living with an AP Fontan. Incidence of 

tachyarrhythmias have been reported to be as high as up to 50% at late follow-up beyond 10 years 

post Fontan completion (65, 66). Risk of arrhythmia increases over time with a Fontan circulation (67, 

68). In fact, the review of the Mayo Clinic experience revealed that 30-year freedom from late 

arrhythmias was as low as 24% (69). Moreover, it is likely that this remains an underestimate of the 

true incidence of arrhythmia in the Fontan population. Other predictors of the development of 

tachyarrhythmia include having an AP Fontan (69-71), being older at time of Fontan surgery (69, 72, 

73) and the presence of significant atrioventricular valve regurgitation (65). The management 

strategies of arrhythmia in a Fontan circulation may differ from patients with a biventricular 

circulation. In regards to strategies for resolution of arrhythmia, the procedural success rate of direct 

current cardioversion is significantly lower than in the biventricular population, with high rates of 

arrhythmia recurrence at follow-up (74). Radiofrequency ablation has been associated with a high 

acute procedural success but has a significant risk of recurrence at 29-60% at 5 years (75-77).  

 

Due to the low flow state in the Fontan circulation, the risk of thromboembolism in the setting of 

atrial arrhythmia is also higher. This has been reported to affect up to 29% of patients, with over half 

of the patients asymptomatic at time of diagnosis (78).  The occurrence of thromboembolism is 

strongly associated with an increased risk of heart failure and death (78). As such, some modality of 

thromboprophylaxis is widely recommended post Fontan surgery. However, there remains a lack of 

consensus about the optimal method of thrombophrophylactic therapy. Reviews in the form of 
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propensity-score matched retrospective analyses (79) and randomized controlled trials (80) have yet 

to prove the superiority of warfarin over aspirin in the prevention of thromboembolism. However, 

having no prophylaxis is associated with a 9 times increase in risk of thromboembolic events than 

treatment with either agent (81), reinforcing the need for some form of thromboprophylaxis.  

 

It is clear that the management of arrhythmia and its associated sequelae have major implications on 

the long-term function and survival of patients with a Fontan circulation. The development of 

tachyarrhythmia has been consistently found to drastically increase the risk of late Fontan failure (75, 

82, 83) and death (69, 83). Despite so, the mechanism underlying this association is poorly 

understood. It is hypothesized that the Fontan physiology may be intolerant of the hemodynamic 

implications of prolonged tachyarrhythmias. However, the onset of arrhythmia may simply represent 

a declining Fontan state. Regardless, there is growing recognition that maintenance of sinus rhythm is 

an important element of long-term survival with a Fontan circulation, and will therefore be an 

important focus of this thesis.   

 

1.5 Long-term survivorship and predictors of late death 

It is a common belief that patients with Fontan physiology are fundamentally living with a palliative 

condition. The long-term survival of patients with Fontan physiology remains uncertain, although the 

consensus is that progressive circulatory failure is inevitable. Reviews of late outcomes of these 

patients have reflected surprisingly optimistic results, with 10 and 20-year survival post Fontan 

surgery being estimated at 75-92% (10, 15, 31, 47) and 60-80% (12, 14, 15, 31) respectively. Patients 

with an AP Fontan circulation are predicted to face a faster rate of decline compared to patients with 

more contemporary modes of the Fontan circulation, with 10 year survival estimated at 58-89% (12, 

21). As such, having an AP Fontan circulation has been consistently identified as a strong predictor of 

increased risk of late death (12, 84). The decline to failure and death in these patients, appear to be 

precipitated by the onset of atrial arrhythmias, although the duration of arrhythmia tolerated by the 

Fontan circulation before physiological decline is poorly stratified (65, 83).  

 

There are many baseline characteristics associated with reduced late survival in the Fontan 

population. This include being male (12), having Down Syndrome (85), having the primary diagnosis 

of HLHS (31) and heterotaxy (21, 86). Having significant atrioventricular valve dysfunction pre-

Fontan (15, 86) or a common atrioventricular valve (11) appear to have late prognostic implications. 

Right ventricular dominance has been examined closely due to the anticipation of its inability to 
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handle the chronic exposure to systemic pressures, and is a possible predictor of late mortality. 

However, its impact appears greatest on interstage mortality, most prominently following BCPS (87, 

88). Perioperative features such as having Fontan completion at an earlier era (86, 89) or older age 

(10, 12) and longer cross-clamp (90) and bypass times (91) continue to be linked with a greater risk of 

late death. However, the strongest predictor in the perioperative phase remains the presence of 

prolonged pleural effusions following Fontan completion (12, 14, 90). This is likely a surrogate 

marker of high pulmonary arterial pressures, which itself is consistently associated with late mortality 

in the population (11, 14, 86, 92). These predictors identify the patient cohort at highest risk of Fontan 

failure and late death, but are limited in their value in prevention of this late outcome as non-

modifiable variables, hence merely serving to remind us of the importance of careful patient selection. 

 

There is a growing importance placed on the identification of risk factors of late death that develop in 

the post-Fontan period, with the hope of introducing risk-modifying intervention. The development of 

Fontan-related morbidities, including tachyarrhythmia, thromboembolism or protein-losing 

enteropathy is associated with an over 30-times increase in risk of Fontan failure or death (34). The 

development of liver cirrhosis and portal hypertension is strongly associated with premature death, 

with survival after diagnosis as low as 35% at 5 years (36, 93). Systemic ventricular failure, often 

presenting as increased ventricular end-diastolic volume (21, 22) and elevated brain natriuretic 

peptide level (94, 95), predicts the onset of a rapid collapse of the Fontan circulation. The role of 

cardiopulmonary exercise testing is also being recognised. A lower peak oxygen uptake (VO2 max), 

specifically a VO2 max <16.6mL/kg/min is predictive of late mortality (96, 97). The presence of a 

pacemaker has been identified as a strong predictor of late mortality in several large studies (98, 99). 

It has been found to be associated with poorer functional status and systolic ventricular function 

(100), although it is unclear whether the relationship is causal or if it represents a “sicker” ventricle. 

 

Some work has been done in the realm of risk stratification, with the aim of developing a form of risk 

calculation to identify patients at highest risk of decline and death. Alsaied et al. developed a Fontan 

mortality risk score based on their systemic review of 28 studies, which included variables such as the 

diagnosis of HLHS or heterotaxy, having an AP Fontan, elevated pulmonary arterial pressures, heart 

failure, significant ventricular dysfunction or atrioventricular valvular dysfunction, PLE, end-organ 

injury or heart failure, in a weighted additive score (101). Although it remains to be validated in the 

practical setting, it likely forms the start of a useful resource that will continue to be refined with the 

inclusion of other useful variables yet to be defined.  
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1.6 Surveillance strategies in the Fontan population 

Facing an expanding population of adult survivors with a Fontan circulation (6), there is a growing 

attention on improving long-term surveillance in a way that accurately identifies patients at highest 

risk of functional decline or late death. Due to a lack of clarity regarding the necessary frequency and 

modality of testing in the Fontan population, there exists significant variability in surveillance 

protocols even within centres in Australia and New Zealand (102). The multidisciplinary care 

programs are similarly varied throughout the United States (103). There is a move to manage patients 

with Fontan physiology in a similar fashion as for patients post heart transplantation, with clinical 

decisions evaluated by a multidisciplinary team including surgeons, cardiologists, hepatologists, 

pulmonologists and psychologists. The frequency of clinical review, although most commonly 

performed on an annual basis, varies amongst cardiologists. The best modality or appropriate safe 

duration between cardiac imaging or invasive cardiac monitoring such as cardiac catheterisation is not 

known (104, 105). Furthermore, the role of active regular screening for post Fontan morbidity 

including arrhythmia, PLE or liver fibrosis in asymptomatic patients is being discussed but remains to 

be controversial today.  

 

Therefore, we wanted to achieve a better understanding of the pathophysiology and phenotype of late 

Fontan failure, with the goal of improving the current surveillance practices worldwide at this dire 

time. 

 

 

1.7 Thesis Outline 

As patients born with a functional single ventricle outlive their predicted life expectancies, there is an 

ever-expanding population of patients living with a Fontan circulation. Despite this, many of these 

patients are plagued with complications that lead to the progressive decline in their functional status 

and quality of life. While these patients continued to demand increasingly complex care, the 

understanding about their long-term course of illness was surprisingly poor at the time of 

commencement of this PhD. This resulted in great variability in the efficiency of clinical surveillance 

of these patients even within Australia and New Zealand. Despite regular clinical review, there 

remained a persistent threat that a significant proportion of these patients will face an acute 

unexpected decline that may lead to early demise. Moreover, the projection that late Fontan failure 

was an inevitable outcome remained widely accepted but unproven. 
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Hence, through this PhD, we strived to first delineate the long-term outcomes of all patients living 

with a Fontan circulation in Australia and New Zealand. In order to improve the long-term prognosis 

of these patients, the roles of late surgical interventions and management strategies were investigated. 

Lastly, we focused on understanding the phenotype of late Fontan failure, in order to improve the 

efficiency of current surveillance strategies and help risk-stratify the surviving patients.    

 

 

Aims:  

Aim 1: To examine the long-term survival and outcomes of patients with a 

functional single ventricle and living with a Fontan circulation in Australia 

and New Zealand  

Hypothesis 1: Majority of the patients with a Fontan circulation, including patients with 

the classical Atriopulmonary Fontan circulation are alive with preserved 

functional capacity. 

 

Aim 2: To delineate the outcomes and patient selection criteria for Fontan 

conversion 

Hypothesis 2:  With careful patient selection, Fontan conversion is a good surgical option 

for some patients with a failing Atriopulmonary Fontan circulation. 

 

Aim 3:  To identify the contemporary predictors of late death in patients alive with 

a Fontan circulation 

Hypothesis 3: The factors that predict for a higher risk of late death in the Fontan 

population today likely differ from those identified in earlier experiences. 

Some late deaths may be preventable with better patient surveillance and 

appropriate reintervention in late follow-up.  
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Chapter Objectives: 

 

Chapter 2:  

 

Evaluate the long-term outcomes of patients who received the first-generation 

AP Fontan circulation. 

 

Chapter 3:  Determine the role of Fontan conversion in improving transplant-free survival 

in patients with an AP Fontan. 

 

Chapter 4: Establish the success and limitations of mechanical circulatory support in the 

Fontan circulation 

 

Chapter 5:  To determine the predictors of late death and transplantation in the 

contemporary Fontan population  

 

Chapter 6: Examine the impact of permanent pacing on Fontan physiology and late 

survival 

 

Chapter 7: Delineate the mechanisms and patient phenotype of late Fontan death, and to 

examine if any late deaths could be modifiable. 
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Chapter 2:  Outcomes of patients with an Atriopulmonary Fontan circulation 

 

2.1 Introduction 

The first description of the Fontan circulation was reported by Professor Fontan in 1971 as treatment 

for 3 patients with tricuspid atresia. This was the first successful description of total right heart bypass 

in the form of the atriopulmonary anastomosis – anastomosis of the right pulmonary artery to the right 

atrium, with disconnection of the main pulmonary artery from the hypoplastic right ventricle (1). This 

was believed to allow for “ventriculization” of the right atrium, permitting the single left ventricle for 

systemic perfusion. Although the initial version of the AP Fontan was performed via valved 

homograft conduits at the atrial inlet and outlet, it was quickly recognised that the valves were 

dispensable and direct anastomosis of the right atrium and pulmonary artery was performed. Over the 

next two decades as patients survived beyond the expected few years after this “palliative” procedure, 

it became recognised that this circulation faced the risk of progressive atrial dilatation and 

deterioration of hemodynamic efficiency over time. This was associated with major morbidity 

including the development of Fontan circuit obstruction, thromboembolism, treatment-refractory 

arrhythmia and circulatory failure. As a result, this is now abandoned as an obsolete procedure, 

replaced by contemporary forms of the Fontan circulation namely the lateral tunnel and extra-cardiac 

conduit. It was reported to be less than 1% of Fontan operations in the EACTS and STS Congenital 

Heart Surgery database (5).  

 

Despite so, there remains a large proportion of patients living with an AP Fontan worldwide. They 

continue to make up more than half of the study population in most reviews of Fontan patients and 

contribute significantly to the demand for hospitalization and heart failure management (69, 106, 

107). There appears to be a general sense of hopelessness towards the fate of these patients, because 

of what is believed to be inevitable Fontan failure and demise. However, almost two-third of the 

original recipients of an AP Fontan remain alive in Australia and New Zealand. As such, it was 

appropriate that these patients at the highest risk of heart failure and death became the first focus of 

my PhD.  
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2.2 Three decades later: The fate of the population of patients who underwent the 

Atriopulmonary Fontan procedure 

 

This retrospective cross-sectional study reviewed the outcomes of all 215 patients who survived to 

hospital discharge following Fontan completion with an AP Fontan in Australia and New Zealand. 

This was the first focused review of the AP Fontan population worldwide, with comprehensive review 

of long-term follow-up data at median duration of 26 years post Fontan completion. We found that 

two-third of the original population remained alive at 3 decades post Fontan completion, with half of 

the patients free from late Fontan failure, but many plagued with atrial arrhythmia. One of the most 

important findings highlighted in this study was the survival benefit of receiving ongoing care from 

cardiologists with specialist training in congenital heart disease, instead of general cardiologists.  

 

This work was presented as a poster presentation at the American Heart Association (AHA)’s 2015 

Scientific Sessions and Resuscitative Science Symposium, Orlando, Florida, USA, Nov 7-11 2015.  
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Chapter 3: Fontan Conversion in the Management of Fontan Failure  

 

3.1 Introduction 

The review of outcomes in the population living with an AP Fontan reinforced the disease burden 

associated with progressive Fontan failure beyond the 2nd-3rd decade post Fontan completion. This 

presented not only as heart failure, but also as sequelae specific to the Fontan physiology such as PLE 

or PB. The AP Fontan circulation developed marked atrial dilatation and fibrosis over time due to 

raised atrial pressures, leading to the development of venous stasis, thrombosis and atrial arrhythmias. 

Late Fontan failure also developed insidiously such that patients were often diagnosed only in the 

state of advanced failure. This meant that medical optimisation was rarely a viable option for many 

patients, and a more definitive intervention such as heart transplantation was needed. However, its 

practice remained limited due to the scarcity of donor organs (37, 108). As such, this reinforced the 

importance of evaluating alternative therapeutic options, such as Fontan conversion, to determine its 

applicability in this patient cohort.       

 

Fontan conversion, which is the revision of the AP Fontan to the LT or more commonly, ECC Fontan 

circuit, was commonly performed with concomitant cryoablation, atrial reduction surgery and 

pacemaker implantation. First described in 1993, Fontan conversion is recognised to be a potentially 

successful strategy of rescue from late Fontan failure (109). However, the challenge has been to 

delineate the indications and patient selection criteria that predicted for a good postoperative outcome. 

The main deterrent of practice has been the significant operative mortality, described to be as high as 

15-20% (52, 110), hence permitting this option to be often offered late as salvage therapy in the 

setting of fulminant Fontan failure. We hypothesized that this conservative approach may be possibly 

compromising the outcomes achievable with the procedure. As such, I sought to review the practice 

of Fontan conversion in Australia and New Zealand.  

 

3.2 Ten-year outcomes of Fontan conversion in Australia and New Zealand demonstrate the 

superiority of a strategy of early conversion 

  

In this study, we reviewed the experience of Fontan conversion in Australia and New Zealand from 

1990 to 2014. Although this was a small experience of only 39 patients overall, this was the first of 
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such a detailed review of the variable practice of Fontan conversion across different centres. 

Permitted by the long-term follow-up data collated, we were able to examine the effects of early 

versus delayed intervention. This study found that patients who underwent Fontan conversion at an 

earlier stage of decline experienced superior late survival and functional outcomes when compared to 

peers who underwent surgery at a later stage.  

 

This work was presented as an oral presentation at the 28th European Association for Cardio-Thoracic 

Surgery (EACTS) Annual Meeting, Milan, Italy, October 11-15 2014.  
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Chapter 4: Short-term mechanical circulatory support for the failing Fontan circulation 

 

4.1 Introduction  

The work completed on Fontan conversion in Chapter 3 confirmed that there was a significant group 

of patients with an AP Fontan that were likely ineligible to benefit from Fontan conversion. As such, 

the demand for heart transplantation for the support of patients with progressive Fontan failure is 

likely to eventually overwhelm the scarce organ supply. Therefore, there is an urgent need to improve 

our capacity in mechanical circulatory support of the failing single ventricle circulation, as a bridge or 

even as destination therapy. The support of patients with single ventricle circulation is challenging 

and has been consistently associated with outcomes inferior to that of patients with biventricular 

circulation (111, 112). However, the literature available on mechanical support in patients with single 

ventricle circulation was extremely sparse, with most evidence limited to case reports or case series. 

There was also a poor understanding of the different considerations that may be associated with 

support of the single ventricle circulation at different stages of palliation. Moreover, little was known 

about the differences encountered in the support of the Fontan circulation in the setting of isolated 

circulatory failure, as opposed to ventricular pump failure.  We decided to evaluate our local 

experience in the provision of mechanical circulatory support in patients with single ventricle 

physiology, to advance the current understanding of mechanical support in this challenging 

population.   

 

4.2 Ventricular assist device support in patients with single ventricles: the Melbourne 

experience 

In this study, we reviewed all patients with a functional single ventricle who received short or long-

term ventricular assist device (VAD) support in the Royal Children’s Hospital (Melbourne, Australia) 

between 1990 and 2015. There was a preference in our institution for mechanical support via 

centrifugal pump VAD instead of extracorporeal membrane oxygenation, which is the favoured 

modality in most units. This is due to the perceived advantages of VAD including reduced hemolysis 

and lower anticoagulation requirement (113). This provided the unique opportunity for a review of 

this support strategy.  

 

We confirmed the suspicion of a bleak prognosis that patients with a single ventricle face in the 

setting of needing mechanical circulatory support, with only one-third of patients achieving late 
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survival after successful wean of support. More importantly, the provision of circulatory support in 

patients with early failure following surgical palliation was likely futile. Definitive surgical re-

intervention to address their intolerance of the new circulation should be provided instead.  

 

This work was presented as an oral presentation at the 30th European Association for Cardio-Thoracic 

Surgery (EACTS) Annual Meeting, Barcelona, Spain, October 1-5 2016. 
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Chapter 5: Predicting late death and transplantation in the Fontan survivors – improving          

patient surveillance and risk stratification 

 

5.1 Introduction  

As we recognised the immense challenges and limitations associated with managing late stage Fontan 

failure, it became evident that we needed to be capable of early detection of the onslaught of Fontan 

failure. With the growing population of patients living with a Fontan circulation who are often 

associated with insidious deterioration, this is far from a straightforward task. Many units have 

attempted to identify the higher risk patient. Through the review of perioperative and follow-up data, 

factors predicting for late death or need for heart transplantation had been identified. However, the 

relevance and applicability of these findings remained limited by the size of the patient cohort and 

over-representation of patients with an AP Fontan. Therefore, as part of my PhD, I sought to first 

perform a review of the late outcomes of the contemporary Fontan population represented by the 

Australia and New Zealand Fontan Registry today.  Following this, a systematic review and meta-

analysis of all relevant literature was performed, with the hopes of honing our abilities at 

prognosticating this patient population.  

 

5.2 Introduction: Predicting Late death and Transplantation in Fontan Survivors: Shifting the 

Paradigm of Care  

With improvements in pre-Fontan patient selection and surgical technique, we hypothesized that the 

risk factors previously identified as predictive for a higher risk of late death or Fontan failure in 

earlier studies may no longer be relevant in the contemporary population. We reviewed up to 40-year 

follow-up data of 1561 patients who underwent the Fontan procedure between 1975 to present in 

Australia and New Zealand. Our results suggest that the focus in long-term risk minimisation for these 

patients should now be shifted to prioritise prevention and management of post-Fontan sequelae. 

 

5.3 Life After Surviving Fontan Surgery: A Meta-analysis of the Incidence and Predictors of 

Late Death  

We performed the first systematic review and meta-analysis at that time-point of all reported late 

survival outcomes of patients living with a Fontan circulation. All relevant studies published between 

1990 to December 2015 were reviewed with the final inclusion of 41 cohort studies (7536 patients) 

collated for the final analysis. Summary survival analysis confirmed an optimistic prognosis with 82% 
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of patients alive at 20 years post initial Fontan surgery. The findings of this review reinforced the 

earlier observation in the meta-analysis that postoperative factors have overtaken preoperative 

baseline characteristics in its influence on long term survival in this population. The most detrimental 

risk factor identified in this review, was the need for a permanent pacemaker in a Fontan circulation, 

which became the focus of subsequent research.  

 

This work was presented as an oral presentation at the Australia and New Zealand Society of Cardiac 

& Thoracic Surgeons (ANZSCTS) Annual Scientific Meeting, Cairns, Australia, November 6-9 2016. 
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5.4 Predicting Late death and Transplantation in Fontan Survivors: Shifting the Paradigm of 

Care 

(Preparation for submission to Eur J Cardiothorac Surg) 

 

Introduction 

The Fontan Procedure has provided survival odds beyond that originally conceived by Professor 

Fontan in 1990, when he first described his outcomes after a “perfect” Fontan (10). However, his 

observation about the Fontan procedure being palliative rather than curative remain relevant today. 

There have been significant advancements in the surgical techniques and perioperative outcomes of 

the Fontan procedure. However, patients are faced with the same inevitable risk of progressive 

attrition (14, 114). Only a few predictors of mortality have so far been identified and most of the 

studies have focussed on pre- and peri-operative parameters. As this population is aging, we wanted 

to identify to what extent that events occurring late after the surgery would influence the risk of 

mortality of these patients. The Australia and New Zealand Fontan Registry which is a large 

population-based registry with data accumulated over more than 3 decades of follow-up was studied 

to identify predictors of death.  

 

Methods 

All patients who had undergone a Fontan Procedure in Australia or New Zealand from 1975 to 

present are recruited for surveillance as part of the Australia and New Zealand Fontan Registry. At 

present, 1561 patients who have survived to hospital discharge after Fontan completion are included. 

The initiation of this registry has been previously described (102) and currently includes 

comprehensive information regarding peri-Fontan characteristics, surgical and long-term follow-up 

clinical data gathered via prospective and retrospective data collation. The Australian National Death 

Registry is reviewed biannually, with all information fed back to the registry to ensure data regarding 

late deaths are complete.  All deaths in New Zealand are automatically reported to the principal 

treating hospital, which are noted by site representatives for the registry. Approval for this study was 

obtained as part of ongoing ethical approval for the registry at the respective sites.  

 

We wanted to identify the predictors of mortality late after Fontan. The majority of patients with a 

Fontan circulation who undergo a heart transplantation are perceived to be at a high risk of death and 
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were assimilated to those who died. The principal endpoint was therefore the need for heart 

transplantation or death. An extensive analysis was performed to identify significant predictors of this 

endpoint. This included baseline demographics and perioperative characteristics of their Fontan 

procedure. Features of late morbidity were also considered. This included the onset of atrial 

arrhythmia, plastic bronchitis, protein losing enteropathy, and significant systemic ventricular 

dysfunction. A pulmonary artery pressure above 15mmHg preceding Fontan surgery was defined to 

be elevated. Significant late systemic ventricular dysfunction was defined as moderate or severe 

dysfunction diagnosed on follow-up cardiac investigations. Atrioventricular valve dysfunction was 

defined as significant when it was classified as moderate or severe regurgitation. Prolonged pleural 

effusions post Fontan completion was defined as effusions lasting longer than 30 days post-op. Atrial 

arrhythmia was defined as the onset of supraventricular tachycardia including atrial flutter or atrial 

fibrillation.  

 

Statistical analysis 

Patient baseline characteristics were summarised using proportions (based on non-missing data) for 

categorical variables and mean (± standard deviation) or median (± interquartile range) for continuous 

variables. The endpoint examined was the onset of death or heart transplantation post Fontan 

completion. Freedom from death and heart transplantation were examined using Kaplan-Meier 

analysis. The censoring distribution with the Kaplan-Meier method was used to estimate median 

follow-up time. All risk factors were examined as predictors for the primary endpoint using 

univariable Cox regression models and the Likelihood Ratio Test, as time-dependent or time-

independent covariates accordingly. The proportional hazards assumption was assessed based on the 

method of Harrell-Lee (115) and via diagnostic plots. If the assumption was violated, an interaction 

term with the exposure time was added to the regression model to satisfy the assumption. Factors with 

adequate evidence  (p<0.1) refuting against the null hypothesis with univariable modelling were 

included in the multivariable model. Stepwise selection was used to reduce the number of factors such 

that all remaining factors had a p value of less than 0.05. The discrimination power of the 

multivariable model was assessed using the c-index. Data analysis was performed using R version 

3.4.3 software (R Foundation for Statistical Computing, Vienna, Austria, http://www.R-project.org). 

 

Results  

Between 1975 to 2018, a total of 1561 patients underwent and survived Fontan surgery in Australia 

and New Zealand. The baseline characteristics of the 1561 patients included in the review are 
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described in Table 5-1. Hypoplastic left heart syndrome (HLHS) was the primary diagnosis in 201 

patients (13%). Prior staging with bi-directional cavopulmonary shunt surgery was completed for 

1004 patients (66%). The predominant type of Fontan procedure performed was the extra-cardiac 

conduit (ECC) as of 2007, and predictably made up 2/3 of the total cohort at 67%. Mean age at 

Fontan completion was 5.7±3.8 years old.  

 

Death and Transplantation 

Patients were followed up over a median duration of 11.3 years (range 6 days to 40.2 years). There 

were a total of 117 deaths (7%) and 32 heart transplantations (2%) at median duration of 10.8 (IQR 

4.9-18.8) and 8.4 (IQR 4.2 – 14.6) years post Fontan completion. Freedom from death and heart 

transplantation at 10, 20 and 35 years post Fontan surgery were 94% (95% CI 93-96%), 87% (95%CI 

85-90%) and 66% (95%CI 57-78%) respectively (Figure 5-1).  

 

As for events of late morbidity during late follow-up, 207 patients (13%) developed atrial arrhythmia 

at median time of 10.2 years (IQR 1.9 – 18.0) post Fontan surgery. Fifty-five patients (4%) were 

diagnosed with protein losing enteropathy or plastic bronchitis at median time-point of 4.5 years (IQR 

1.0 – 7.9) post Fontan completion. Only 79 patients (5%) had significant systemic ventricular 

dysfunction at latest follow-up. The development of atrial arrhythmia, protein-losing enteropathy 

(PLE)/ plastic bronchitis (PB), or significant systemic ventricular dysfunction were found to be 

predictive of late death or transplantation on univariate analysis. The risk factors identified on 

univariate analysis to predict for late death and heart transplantation are listed in Table 5-2.  

 

Having prior bi-directional cavopulmonary shunt (BCPS) was associated with a lower risk of the 

primary end-point of death or transplantation (HR 0.53 95%CI 0.36-0.79, p=0.002). The need for 

concomitant atrioventricular valve repair predicted for a higher likelihood of death or transplantation 

(HR 3.31 95%CI 1.71- 6.39, p=0.002). All predictors identified on univariate analysis remained 

significant on multivariable analysis (Table 5-3). Most prominently, having PLE or PB was strongly 

predictive of the outcome (HR 6.15, 95%CI 3.58-10.56, p<0.001). The development of systemic 

ventricular dysfunction and atrial arrhythmia similarly remained important predictors of death or heart 

transplantation (HR 5.54, 95%CI 2.75-11.2, p<0.001 and HR 2.25, 95%CI 1.38-3.66, p=0.001 

respectively). Patients who needed atrioventricular valve intervention also continued to face higher 

risk of death or heart transplantation at late follow-up (HR 3.76, 95%CI 1.84-7.69, p<0.001). The c-
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index for the final multivariate model with addition of the time-dependent covariates to the baseline 

variables was satisfactory at 0.77.  

 

Discussion 

The Fontan operation represents 3% of all congenital cardiac operations today (5) and is now 

regarded as the treatment of choice for a wide spectrum of congenital cardiac defects that are not 

amenable to biventricular repair. Since its first iteration, surgical evolution has taken place to improve 

the perioperative mortality of the Fontan procedure to as low as 2-3% worldwide (5, 7, 116). In fact, 

the Society of Thoracic Surgeons recently estimated the in-hospital mortality post Fontan surgery to 

be 1.4%, albeit significantly higher in the adult cohort at under 7% (13). The improved surgical 

success is likely be attributable to improved patients selection (8).  

 

Pre- and peri-operative predictors of mortality and transplantation identified in our patients are similar 

to those previously published. Male gender, older age at Fontan, having a “classical” atrio-pulmonary 

Fontan and prolonged pleural effusions at the time of Fontan all predicted death and transplantation. 

As we collated the late post-operative data in our patients, it had becoming obvious that the 

occurrence of post-operative events seemed to be influencing the fate of these patients more than their 

pre-operative characteristics. Developing protein-losing enteropathy or ventricular dysfunction 

appeared to be one of the main drivers of late mortality and risk of transplantation in our study. This is 

consistent with findings from a recent review of a contemporary group of Fontan patients post ECC 

Fontan, which demonstrated that there was a stark difference in survival at 20 years free from Fontan 

failure in patients with and without late morbidity such as tachyarrhythmia, thrombosis or PLE (34). 

As such, the management of these complications need to be the area of focus in the current era, in 

order to maximise the life expectancy of the surviving patients.  

 

Conclusion 

Fontan patients continue to face a limited life expectancy as compared to the normal population, 

plagued with late complications and impairment. Beyond refining the current regimen of long-term 

patient surveillance, there remains gaps in our knowledge regarding the management of these 

challenging patients and the complex late issues such as arrhythmia, ventricular and valve failure that 
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need to be resolved. It is important not to accept Fontan failure and premature attrition as inevitable 

outcomes, by confronting these new issues with the same fervour as that was given to the Choussat’s 

commandments four decades earlier.  
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Table 5-1: Baseline characteristics of 1561 patients  

 

Variable  n =1561 (%) Patients alive 
free from Tx 

(n= 1420) 

Patients 
dead/Tx 
(n = 141) 

Gender Female 669 (42.9%) 619 (44%) 50 (35%) 
 Male 892 (57.1%) 801 (56%) 91 (65%) 
Ventricle 
Morphology 

Left 897 (58.2%) 813 (57%) 84 (60%) 

 Right 512 (33.2%) 465 (33%) 47 (33%) 
 Biventricular 94 (6.1%) 87 (6%) 7 (5%) 
 Indeterminate 38 (2.5%) 37 (3%) 1 (1%) 
Morphological 
Group 

Tricuspid Atresia 346 (22.3%) 308 (22%) 38 (27%) 

 DILV 261 (16.8%) 241 (17%) 20 (14%) 
 DORV 210 (13.5%) 184 (13%) 26 (18%) 
 AVSD  121 (7.8%) 112 (8%) 9 (6%) 
 PA-VSD 33 (2.1%) 32 (3%) 1 (1%) 
 PA-IVS 127 (8.2%) 118 (8%) 9 (6%) 
 HLHS 201 (13.0%) 189 (13%) 12 (9%) 
 Ebstein's 

Anomaly 
14 (0.9%) 11 (1%) 3 (2%) 

 ccTGA  96 (6.2%) 88 (6%) 8 (6%) 
 Other 143 (9.2%) 129 (9%) 14 (10%) 
 Unknown  9 8 (1%) 1 (1%) 
Isomerism Yes 109 (7.1%) 97 (7%) 12 (9%) 
Dextrocardia Yes 137 (9.0%) 123 (9%) 14 (10%) 
Number of 
Palliations 

Mean (SD) 2.0 (1.0) 2.0 (1.0) 1.43 (1.1) 

Prior aortic arch 
intervention 

Yes 80 (5.2%) 77 (5%) 3 (2%) 

Prior pulmonary 
artery banding 

Yes 367 (24.0%) 333 (23%) 34 (24%) 

Prior staging 
BCPS 

Yes 1004 (66%) 964 (68%) 40 (28%) 
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Prior 
atrioventricular 
valve repair 

Yes 77 (5.0%) 67 (5%) 10 (7%) 

Pre-Fontan 
Arrhythmia 

Yes 22 (1.4%) 16 (1%) 6 (4%) 

Pre-Fontan 
ventricular 
dysfunction 

Yes 36 (6.1%) 27 (2%) 9 (6%) 

Pre-Fontan 
Thromboembolism 

Yes 15 (1.0%) 12 (1%) 3 (2%) 

Pre-operative 
regurgitation 

Yes 116 (9.4%) 102 (7%) 13 (9%) 

Pre-Fontan 
pacemaker 

Yes 6 (0.4%) 5 (0.3%) 1 (1%) 

Age at Fontan Median (IQR) 4.6 (3.6 – 6.1) 4.6 (3.6 – 5.8) 5.6 (3.8 – 10.1) 
Fontan type AP 230 (14.7%) 157 (11%) 73 (52%) 
 LT 286 (18.3%) 257 (18%) 29 (21%) 
 ECC 1045 (66.9%) 1006 (71%) 39 (28%) 
Year Fontan 
operation   

1975-1989 192 (12.3%) 130 (9%) 62 (44%) 

 1990-1999 359 (23.0%) 314 (22%) 45 (32%) 
 2000-2009 525 (33.6%) 500 (35%) 25 (18%) 
 2010-2017 485 (31.1%) 476 (34%) 9 (6%) 
Concomitant 
procedures 

Yes 446 (28.6%) 402 (28%) 44 (31%) 

Arch intervention Yes 80 (5.2%) 77 (5%) 2 (1%) 
Fenestration Yes 573 (37.2%) 536 (38%) 37 (26%) 
Concomitant 
Pulmonary artery 
reconstruction 

Yes 91 (5.8%) 82 (6%) 9 (6%) 

Concomitant 
atrioventricular 
valve repair 

Yes 32 (2.0%) 30 (2%) 2 (1%) 

Prolonged pleural 
effusions 

Yes 88 (5.6%) 73 (5%) 15 (11%) 

 

DILV- Double inlet left ventricle; DORV- Double outlet right ventricle; AVSD-Atrioventricular 
septal defect; PA-VSD – Pulmonary atresia with ventricular septal defect; PA-IVS- Pulmonary atresia 
with intact ventricular septum; HLHS – Hypoplastic left heart syndrome; ccTGA-congenitally 
corrected transposition of great arteries; BCPS – bidirectional cavopulmonary shunting; AP –
Atriopulmonary; LT-Lateral tunnel; ECC-Extracardiac conduit 
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Table 5-2: Univariable analysis of predictors of death and heart transplantation 

 

 

Time-independent variables  N No. of 
events 

HR (95% 
CI) 

P(LRT) 

Gender Female 669 50 1 0.009 
 Male 

892 90 
1.58 (1.11-

2.24) 
 

Ventricle morphology Left 897 83 1 0.1 
 Right 

512 47 
1.52 (1.06-

2.18) 
 

 Biventricular 
94 7 

1.22 (0.56-
2.65) 

 

 Indeterminate 
38 1 

0.44 (0.06-
3.19) 

 

HLHS No 1352 128 1 0.2 
 Yes 

209 12 
1.55 (0.84-

2.85) 
 

Isomerism No 1423 126 1 0.3 
 Yes 

109 12 
1.39 (0.77-

2.51) 
 

Dextrocardia No 1377 123 1 0.5 
 Yes 

137 14 
1.20 (0.69-

2.09) 
 

Fontan type AP 230 72 1 <0.001 
 LT 

286 29 
0.47 (0.30-

0.73) 
 

 ECC 
1045 39 

0.43 (0.27-
0.67) 

 

Year Fontan operation  1975-1989 192 61 1 0.01 
 1990-1999 

359 45 
0.61 (0.41-

0.93) 
 

 2000-2009 
525 25 

0.43 (0.25-
0.72) 

 

 2010-2017 
485 9 

0.49 (0.22-
1.06) 

 

Number Palliations Per unit increase 
1531 138 

0.84 (0.71-
1.00) 

0.05  

Prior aortic arch intervention No 1451 135 1 0.6 
 Yes 

80 3 
0.74 (0.24-

2.35) 
 

Prior pulmonary artery 
banding 

No 
1164 104 1 

0.8 

 Yes 
367 34 

1.04 (0.71-
1.54) 

 

Prior staging BCPS No 527 98 1 0.002 
 Yes 

1004 40 
0.53 (0.36-

0.79) 
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Bilateral BCPS No 1416 133 1 0.8 
 Yes 

115 5 
0.89 (0.36-

2.18) 
 

Age at first BCPS Per unit increase 
971 38 

0.99 (0.84-
1.16) 

0.9 

Pulmonary artery 
reconstruction 

No 
1459 137 1 

0.1 

 Yes 
102 3 

0.44 (0.14-
1.38) 

 

Pre-Fontan O2 saturation Per unit increase 
1145 78 

0.98 (0.95-
1.01) 

0.3 

Pre-Fontan pulmonary artery 
pressure (mmHg) 

Per unit increase 
1172 99 

0.99 (0.95-
1.04) 

0.8 

Aortic pulmonary or venous 
Collaterals 

No 
825 72 1 

0.4 

 Yes 
345 12 

0.76 (0.41-
1.42) 

 

Preoperative elevated PAP 
(>15) 

No 
1065 87 1 

0.5 

 Yes 
107 12 

0.81 (0.44-
1.48) 

 

Pre-Fontan Arrhythmia No 1539 134 1 0.02 
 Yes 

22 6 
3.04 (1.34-

6.91) 
 

Pre-operative atrioventricular 
regurgitation 

No 
1116 103 1 

0.05 

 Yes 
116 13 

1.88 (1.05-
3.36) 

 

Pre-Fontan Atrioventricular 
valve repair 

No 
1454 128 1 

0.002 

 Yes 
77 10 

3.31 (1.71-
6.39) 

 

Pre -Fontan pacemaker No 1555 139 1 0.8 
 Yes 

6 1 
1.32 (0.19-

9.47) 
 

Arch intervention No 1451 135 1 0.6 
 Yes 

80 3 
0.74 (0.24-

2.35) 
 

Age at Fontan Per unit increase 
1561 140 

1.05 (1.02-
1.08) 

0.001 

Fenestration No 967 102 1 0.9 
 Yes 

573 37 
1.02 (0.69-

1.50) 
 

Concomitant procedures No 1115 96 1 0.2 
 Yes 

446 44 
1.27 (0.89-

1.82) 
 

Concomitant Pulmonary 
artery reconstruction 

No 
1470 131 1 

0.4 

 Yes 
91 9 

1.34 (0.68-
2.63) 

 

Concomitant atrioventricular 
valve repair 

No 
1529 138 1 

0.6 
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 Yes 
32 2 

0.71 (0.18-
2.87) 

 

Prolonged pleural effusions 
post-Fontan 

No 
1473 125 1 

0.005 

 Yes 
88 15 

2.34 (1.37-
4.01) 

 

 

Time-dependent variables  N No. of 
events 

HR (95% 
CI) 

P(LRT) 

Arrhythmia (Flutter, SVT or 
Fibrillation) No 1354 92 1 <0.001 

 Yes 207 48 2.99 (1.99-
4.48)  

    3.21 (2.02-
5.12)*  

PLE/plastic bronchitis No 1506 121 1 <0.001 

 Yes 55 19 8.54 (5.17-
14.1)  

Late ventricular dysfunction No 1482 129 1 0.0002 

 Yes 79 11 4.17 (2.20-
7.90)  

 

*Fitted with Arrhythmia x time interaction to adjust for proportional hazards assumption violation 

 

  



Predicting late death and transplantation in the Fontan survivors         50	

 

	

Table 5-3: Multivariable time-dependent Cox regression models for death and/or heart transplantation  

 

 

 

 

  

 Baseline only Time-varying only Time-varying + baseline 

Variable   HR (95% CI) p HR (95% CI) p HR (95% CI) p 

Gender = Male 1.71 (1.20-2.43) 0.003 -  1.67 (1.17-2.38) 0.005 

Fontan type = ECC vs AP (reference) 0.36 (0.22-0.58) <0.001 -  0.33 (0.2-0.55) <0.001 

Fontan type = LT vs AP (reference) 0.51 (0.32-0.81) 0.004 -  0.49 (0.31-0.78) 0.003 

Age at Fontan (per year increase) 1.054 (1.024-1.086) <0.001 -  1.041 (1.008-1.074) 0.014 

Pre-Fontan Atrioventricular valve repair   4.37 (2.17-8.79) <0.001 -  3.76 (1.84-7.69) <0.001 

Prolonged pleural effusions post Fontan 2.68 (1.51-4.79) <0.001   2.58 (1.45-4.61) 0.001 

Arrhythmia (Flutter, SVT or 

Fibrillation)* 
-  3.41 (2.13-5.44) <0.001 2.25 (1.38-3.66) 0.001 

PLE/plastic bronchitis -  6.72 (3.96-11.4) <0.001 6.15 (3.58-10.56) <0.001 

Ventricular dysfunction -  4.68 (2.42-9.04) <0.001 5.54 (2.75-11.2) <0.001 

c-index 0.733  0.643  0.77  
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Figure 5-1: Kaplan Meier curve of freedom from death and transplantation 
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5.5 Poh CL, et al. Heart Lung Cir. 2018; 27: 552-559
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Chapter 6: Impact of Permanent Pacing on the Fontan circulation  

 

6.1 Introduction  

In the previous chapter where we performed a systematic analysis to identify risk factors that 

predicted for a poorer prognosis at late follow-up, we identified that having a permanent pacemaker 

was the strongest risk factor associated with late death in the Fontan population. This was a surprising 

finding as the implantation or revision of a permanent pacemaker was the most common intervention 

performed post Fontan surgery, making up 22-50% of reinterventions (117, 118). Studies have 

identified that up to 13-38% of the Fontan population have undergone pacemaker insertion (70, 100, 

119). Some centres have even advocated for atrioventricular junction ablation with concurrent 

pacemaker implantation as a management strategy for treatment resistant arrhythmia, which often led 

to pacemaker dependence (120, 121). As such, we felt that it was important to try and delineate if 

there was a causal relationship between permanent pacing and poorer late survival, or whether the 

need for pacing was merely a surrogate marker for a patient with a “sicker” Fontan circulation. 

 

6.2 Pacemakers are associated with a higher risk of late death and transplantation in the 

Fontan population 

We performed a propensity score-matched analysis comparing the late risk of death or heart 

transplantation in patients with and without a permanent pacemaker. In acknowledgement of the fact 

that patients who develop atrial arrhythmia were likely at a later stage of disease, only patients with a 

known history of atrial arrhythmia were included in the analysis, with patients matched for duration of 

arrhythmia. Other variables including baseline demographics (being male, having HLHS, right 

ventricular dominance), Fontan-related factors (age at Fontan, having an AP Fontan, prolonged 

pleural effusions post-Fontan), and late morbidity (having PLE, previous radiofrequency ablation or 

Fontan conversion) were accounted in the propensity score matching. This was done in order to 

account for all possible confounders of a higher risk Fontan patient, so as to analyse the independent 

impact of having a pacemaker. We found that patients requiring ventricular pacing for over half of the 

time were at significantly greater risk of facing late death or heart transplantation despite risk 

adjustment, which suggested that ventricular pacing is likely to harmful to the Fontan physiology.  
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Chapter 7: Identifying the causes and phenotype of the Failing Fontan – Is premature failure 

and death inevitable? 

 

7.1 Introduction 

As our understanding of the process of late Fontan failure developed, the most important goal of this 

work was to improve the efficiency of current clinical surveillance strategies to more reliably 

prognosticate the surviving patients. It had been empirically noted that a significant proportion of 

patients living with a Fontan circulation continued to encounter acute clinical deterioration or even 

sudden death without warning, despite regular clinical review. The literature available regarding the 

mechanisms of late death in the Fontan population was limited, with large proportion of deaths 

accounted as sudden deaths, with little evaluation of the likely precipitant of the event (31, 122). The 

clinical status of these patients preceding the death remained unknown.  

 

Living with an AP Fontan has been dismissed by most clinicians to likely be a palliative condition if 

uncorrected, with progressive atrial dilation leading to intractable atrial arrhythmias, suboptimal 

hemodynamics and inevitable deterioration to circulatory failure likely in the 3rd or 4th decade post-

surgery. The prognosis of patients living with contemporary forms of the Fontan circulation, ie the LT 

or ECC, was believed to be superior. However, it was unknown if the LT or ECC Fontan were 

compatible with long-term survival, or whether these configurations merely delayed the inevitable 

decline to late circulatory failure. Hence, we sought to perform a comprehensive review of all clinical 

data of patients in Australia and New Zealand who died following Fontan surgery, with the hope of 

answering some of these questions.  

 

7.2 Introduction: Modes of mortality in patients with a Fontan circulation: Are some deaths 
potentially preventable? 

 

We analysed the circumstances of late death that occurred between 1975 and 2018 in all 105 patients 

who died beyond the first year following Fontan completion in Australia and New Zealand. This was 

the first of such a comprehensive death audit, with analysis of all original source material relevant to 

the patients who died following Fontan surgery. We identified that over two-third of the patients were 

reviewed closely prior to their deaths, with one-third diagnosed to be clinically well. This confirmed 
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our suspicions that conventional clinical surveillance is currently inadequate in detecting a significant 

proportion of patients at risk of late death.  

 

Fontan circulatory failure was the most common mechanism of late death in patients with all forms of 

Fontan circulation. However, patients living with a LT or ECC Fontan only died from Fontan failure 

in the setting of having cardiac defects that may have been amendable to intervention. This suggested 

that a more proactive management strategy may need to be considered in the management of patients 

with potentially correctable lesions.  

 

This work was presented at an oral presentation at the American Association for Thoracic Surgery 

(AATS) 99th Annual Meeting, Toronto, Canada, May 4-7 2019. 
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7.3 Modes of mortality in patients with a Fontan circulation: Are some deaths potentially 

preventable? 

(Submitted for consideration at J Thorac Cardiovasc Surg) 
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ABSTRACT  

Objectives 

The mechanisms of attrition of the Fontan population have been poorly characterized and it is unclear 

whether some of the deaths are potentially preventable. We analysed the circumstances of late death 

in patients with a Fontan circulation, with a special focus on identifying lesions amenable to 

intervention that may have contributed to the decline of their circulation.  
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Methods 

Between 1975-2018, a total of 105 patients from a Bi-National Registry died beyond 1 year post 

Fontan completion, at a median age of 18.6 (IQR 13.8-26.0) years old, 12.7 (IQR 6.0-19.3) years post 

Fontan completion.  

 

Results 

A total of 105 patients died - 63 patients (60%) with an atriopulmonary (AP) Fontan, 21 patients 

(20%) with a lateral tunnel (LT) and 21 patients (20%) with an extracardiac conduit (ECC). Seventy-

two patients (69%) were reviewed within 2 years preceding death with 32% (23/72) deemed clinically 

well. Fontan circulatory failure was the most common cause of death in 42 patients (45%). Other 

causes of death included sudden death/arrhythmia (19%), perioperative death (12%), neurological 

complication (7%) and thromboembolism (7%). All patients with an LT or ECC who died from 

Fontan failure had at least one surgical defect that was amenable to intervention at time of death.  

 

Conclusion 

Conventional clinical surveillance has been insensitive in detecting a significant proportion of patients 

at risk of late death. Fontan circulatory failure contributes to half of the late deaths. Patients with a 

lateral tunnel or extracardiac conduit Fontan who died with a clinical picture of circulation failure 

have potentially correctable lesions.  
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INTRODUCTION 

The introduction of the Fontan operation via staged palliation has enabled the survival of children 

born with a functionally single ventricle (12). The evolution of surgical techniques to the lateral 

tunnel (LT) and extracardiac conduit (ECC) Fontan circulations has resulted in improved survival and 

decreased rate of complications (123, 124). But late death continues to occur even in this 

contemporary cohort at a constant rate (6), despite regular vigilant clinical surveillance. The literature 

currently available about the late demise of patients with a Fontan circulation have been focused on 

identifying predictors of late death, with limited descriptions of the modality or circumstances of late 

death. Patients have often been broadly classified to have died from Fontan failure or sudden death, 

with little elaboration about whether there were precipitants leading to this outcome.  Hence, we 

sought to review the mechanisms and circumstances of late death in patients with a Fontan circulation 

identified in our Bi-National Registry, with the aim of identifying if there were any underlying causes 

or deficits that could have been amenable to improvement.   

 

METHODS 

Patients and data collection 

A total of 1577 patients were enrolled for surveillance as part of the Australia and New Zealand 

Fontan Registry between 1975 to 2018. The Registry was created in 2008 and prospective and 

retrospective data collection included all patients who had survived to hospital discharge post Fontan 

completion (102). All patients who died beyond 1 year post Fontan completion were included in this 

review. Waiver of consent has been granted for all retrospective studies performed within the 

Registry.  

 

A detailed retrospective review of all perioperative details and cardiac investigations was performed 

using data from the Registry and original medical records. All available echocardiographic and 

catheterizations examinations available were reviewed by the two main investigators (CP, Yd). All 

follow-up data preceding death, particularly in the 2 years before death were carefully reviewed. Care 

was taken to collate all clinical signs and symptoms at time of presentation, as well as final outpatient 

follow-up preceding death in order to define the patient phenotype prior to death.  

 

Mechanisms of death 
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The main cause of death was determined by the two main investigators using original source material 

when available. This mainly consisted of clinical documentation at time of hospital presentation and 

post-mortem evaluation when available. For patients where this was not available, further information 

regarding the cause of death was obtained via cross-referencing of the National Death Index Database 

(Australian Institute of Health and Welfare). All deaths in New Zealand are automatically reported to 

the principal treating hospital, warranting complete data collection.    

Death was classified to be secondary to Fontan circulatory failure when death occurred in the 

presence of systemic venous congestion and/or inadequate oxygen delivery. Patients known to suffer 

from complications that were clearly stemming from the deficiency of the Fontan circulation at the 

time of their death such as protein losing enteropathy or significant reduction in exercise capacity 

were considered to have died of Fontan circulatory failure (125). Fontan circulatory failure therefore 

happened in the presence or absence of ventricular systolic dysfunction. Patients were regarded to 

have died from arrhythmia when death occurred in the setting of documented ventricular arrhythmia 

at the time of presentation, without an alternative cause of death. Sudden cardiac death was defined as 

death within 1 hour of onset or worsening of symptoms, or unwitnessed death (126). Death was 

considered to be caused by thromboembolism when intracardiac or pulmonary circulation thrombus 

was diagnosed on clinical investigation or autopsy. Perioperative death was defined as one that 

occurred within 30 days of surgery or prior to hospital discharge post-surgery. Significant atrio-

ventricular valve regurgitation described moderate or severe regurgitation on echocardiogram. Fontan 

failure was defined as being symptomatic with New York Heart Association (NYHA) class 3 

symptoms or worse, severe systemic ventricular dysfunction, protein losing enteropathy, plastic 

bronchitis or requiring heart transplantation. All clinical information available were examined with 

the aim of identifying factors that could have contributed to eventual death, with a focus on lesions 

that could have been potentially amended with intervention.  

Statistical analysis  

Continuous data was expressed as mean (standard deviation) or median (interquantile range IQR) as 

appropriate. Categorical data was represented as counts and percentile proportion. The date of death 

was unknown for 1 of the patients who was excluded, and the remaining 104 patients were included in 

the analysis. The cumulative hazard rate of death was analysed using the Nelson-Aaelen non-

parametric estimator for the entire patient cohort. This was plotted on a linear scale using the product-

limit technique. Univariate analysis using the Cox proportional hazards model was used to determine 

the association of potential predictors on risk of death. The proportional hazards assumption was 

assessed based on the method of Harrell-Lea and via diagnostic plots. All analyses were performed 

using Stata 14.0 (Statacorp, College Station, TX, USA).  
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RESULTS 

 

Patient characteristics 

There was a total of 1577 patients followed up in the Fontan Registry over a median duration of 11.0 

(IQR 5.1-19.0) years and a total of 18763 patient years. There were 105 deaths at median age of 18.6 

(IQR 13.8-26.0) years, 12.7 (IQR 6.0-19.3) years post Fontan completion. The patient characteristics 

of the 105 patients are described in Table 7-1. Seventy-nine patients (75%) had stage I palliation and 

29 patients (28%) had stage II palliation before Fontan surgery. Mean age at Fontan completion was 

7.8±6.1 years old. The majority of the patients were recipients of an atriopulmonary (AP) Fontan 

(63/105, 60%). There were 21 (20%) patients with lateral tunnels (LT) and 21 (20%) with extra-

cardiac conduits (ECC). The incidence of death for patients with AP, LT and ECC Fontan were 

63/230 (27%), 21/286 (7%) and 21/1061 (2%) respectively. There were 2 patients (3%) with 

Hypoplastic Left Heart Syndrome (HLHS) amongst the patients with an AP Fontan, and 6 patients 

(14%) with HLHS amongst those with an LT or ECC.  

Of the 105 patients, half of the cohort (55/105, 52%) required reintervention during follow-up at mean 

6.9±7.1 years post Fontan completion, with 33 patients (31%) requiring surgical reintervention. There 

were 9 patients who underwent cardiac transplantation at median duration of 40.2 days (IQR 11 days -

3.55 years, range 1 day -13.9 years) before death. Fifty-five patients (52%) had known atrial 

arrhythmias for a median duration of 6.9 (IQR 3.5-11.8) years preceding death and 31 patients (30%) 

had permanent pacemakers. Protein losing enteropathy was diagnosed in 19 patients (18%) for a 

median duration of 2.0 (IQR 1.1-12.0) years before death. Plastic bronchitis was diagnosed in 4 

patients (4%) for a median duration of 2.3 (IQR 1.7 – 3.1) years before death.  

 

Status before death 

Of the 105 patients, 66 patients were reviewed in the year before death and an additional 6 patients 

were reviewed within 2 years preceding death. Twenty-three patients out of the 72 (32%) were 

described to be asymptomatic or clinically stable at the point of final review. For the remaining 

patients, symptoms at review included dyspnoea (17), malaise (11), chest pain (10), abdominal 

symptoms (9), palpitations (6), syncope (4), confusion (2), leg pain (2) and hemoptysis (1). The 

predominant clinical findings at time of review were peripheral edema (13), ascites (13), cyanosis (7) 

and hepatomegaly (3). Majority of the patients (45/72 (63%)) were in NYHA class I or II. Mean pulse 

rate was 90±21 and mean arterial oxygen saturation on pulse oximetry was 86.3±6.9%. Fifty-two 
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patients had electrocardiography (ECG) at review of which 31 (60%) were in sinus rhythm, 14 

patients were paced and 7 patients were in atrial fibrillation/flutter.  

 

Sixty-one patients (58%) had a transthoracic echocardiogram within 2 years before death, of which 26 

(43%) had moderate or severe systemic ventricular dysfunction and 20 patients (33%) had significant 

atrioventricular valve dysfunction. Intracardiac thrombus was detected in 7 patients (11%) on echo at 

time preceding death. Only 23 patients had cardiac catheterisation within 2 years of death. Of these 

patients, mean pressure in the pulmonary arteries was elevated at 19.8±7.4mmHg and mean systemic 

ventricular end diastolic pressure was 18.0±8.0mmHg. There were 7 patients with known pulmonary 

artery stenosis and an additional 8 patients with Fontan conduit or IVC distortion diagnosed on 

cardiac catheterisation or magnetic resonance imaging.  

 

Circumstances at death 

Median age at time of death was 18.6 (IQR 13.8-26.0) years (Figure 7-1). There was no difference in 

the age at death in patients with dominant right ventricles and those without (20.0±13.8 vs 20.8±10.6, 

p=0.77). Mean duration from Fontan surgery to death in patients with an AP, a lateral tunnel or an 

ECC Fontan were 13.4±7.9, 15.0±9.7 and 7.7±4.8 years respectively (p<0.001). The location of death 

was known for 74 patients, 49 patients (66%) died in hospital, 23 patients (31%) died at home/out of 

hospital and 2 patients (3%) died overseas. Specific details on the clinical presentation of patients at 

the time preceding death was known for 51 patients. Dyspnoea and chest pain were the most common 

symptoms, present in 17 (33%) and 10 patients (20%) respectively. Other symptoms included malaise 

(10), abdominal pain or vomiting (9), palpitations (7), neurological symptoms (6), limb pain (2) and 

hemoptysis (1). Four patients had no preceding symptoms. Abdominal distension (14pts; 60%) and 

pedal edema (10pts; 43%) were the most commonly observed signs at the time of presentation. Of the 

patients with documented arterial oxygen saturations prior to death, 56% (27/48) of the patients had 

saturations less than 90%. 

 

The main cause of death was identified for 92 patients and is described in Table 7-2. Fontan 

circulatory failure remained the predominant cause of death in 42 patients (46%). Patients who died 

from arrhythmia or thromboembolism-related deaths died earlier than those who died of Fontan 

failure (p=0.03). The median duration from Fontan completion to death in patients who died from 
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Fontan failure was 13.5 (IQR 7.7-22.1) years and was 8.1 (IQR 4.7-13.9) and 10.5 (IQR 2.9-13.0) 

years for 

those dying from arrhythmia/sudden death and thromboembolism respectively. Of the 17 patients who 

died from arrhythmia or sudden death, 11 patients (65%) had known atrial arrhythmia and 5 patients 

(29%) had moderate or severe ventricular dysfunction. There were 11 deaths that occurred in the 

perioperative period after a surgical procedure that occurred at a mean duration of 13.8±10.0 years 

after Fontan completion. All but 1 patient were undergoing elective cardiac surgery: heart 

transplantation (4), Fontan conversion (2), atrioventricular valve replacement (1), subaortic stenosis 

resection (1), pulmonary venous baffle obstruction repair (1), ascending aortic replacement (1). Four 

of these 10 patients were supported with ECMO for heart failure (3) and uncontrollable bleeding to 

allow for heparin reversal (1) prior to their death. Causes of death in the 10 patients who underwent 

cardiac surgery were heart failure (4), multi-organ failure (2), stroke (2), infection (1) and bleeding 

(1). The last patient died from perioperative complications following liver transplantation for 

treatment of hepatocellular carcinoma. There were 2 patients who died from non-cardiac causes 

namely suicide and motor vehicle accident. The need for surgical reintervention post Fontan 

completion was not associated with an earlier death as compared to those without reintervention (HR 

0.70 95%CI 0.46-1.06, p=0.09). 

 

Factors potentially contributing to death.  

AP Fontan. 

Twenty-nine patients (46%) with AP Fontan circulations were in a state of Fontan failure preceding 

death. Atrial dilatation was identified in 23 of the 63 patients (37%) who died, via echocardiogram 

(20), MRI (2) and cardiac catheterisation (1). There were 3 patients with conduit narrowing or 

distortion. Of the 9 patients who died from sudden death or arrhythmic events (Table 7-2), 4 had a 

history of arrhythmia for a median duration of 1.9 (IQR 0.3-4.2) years before death. Fourteen of the 

39 patients (36%) with cardiac imaging in the 2 years preceding death had significant systemic 

ventricular dysfunction. Of the 24 patients who died of Fontan failure, 14 patients had cardiac 

imaging pre-death and only 5 patients (36%) had significant ventricular dysfunction.  

 

Lateral tunnel and extra-cardiac conduit. 

Eight patients died of sudden death or cardiac arrhythmia (Table 7-2), of which 6 had a history of 

known arrhythmia for median duration of 6.9 (IQR 4.5-12.7) years preceding death. Of the 6 patients 
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with an ECC who died from sudden death or arrhythmia, 5 patients had known atrioventricular 

conduction abnormalities, namely second-degree heart block (2), junctional bradycardia (1), sinus 

node dysfunction (1), and atrioventricular dissociation (1). Only one of the 5 patients had a permanent 

pacemaker. The patient without known conduction abnormality had severe Fontan failure complicated 

by protein losing enteropathy and plastic bronchitis. 

A total of 18 patients died in a state of Fontan failure. Of the 18 patients, 6 had protein losing 

enteropathy and 11 had known history of arrhythmia of which 6 had permanent pacemakers. Six 

patients (33%) had significant ventricular dysfunction. One patient was lost to follow-up and had no 

investigations preceding death. All remaining 17 patients (94%) had anatomical defects or 

pathophysiology amenable to intervention. Eleven patients had significant atrio-ventricular valve 

regurgitation. Other defects included pulmonary artery stenosis (8), Fontan conduit stenosis (3), 

pulmonary venous obstruction (3), systemic ventricular outflow tract obstruction (2), aortic arch 

stenosis (1) and post-operative constrictive pericarditis (1). One patient had intractable ventricular 

arrhythmias with associated ventricular dysfunction.  

 

DISCUSSION 

In this study, we reviewed the clinical status of patients preceding their death after Fontan completion. 

Although more and more patients with functional single ventricles are surviving into adulthood (12, 

31), progress in our management of late Fontan failure has been minimal. There has been attempts to 

stratify patients alive with a Fontan circulation for their risk of death by identifying predictors of late 

mortality and Fontan failure (122, 127, 128). However, most of the factors identified, such as 

prolonged pleural effusions post Fontan or protein-losing enteropathy, have been non-modifiable 

characteristics that are not useful in the late surveillance of these patients. We framed the current 

study to obtain a better understanding of the causes of death and the state of patients preceding death, 

with the hope of identifying methods to prevent late mortality in this growing population.  

We found that one-third of patients who died were assessed to be asymptomatic or clinically stable at 

their final clinical review by their regular cardiologist. Only 10% of our patients died suddenly, which 

showed us that a significant proportion had rapid clinical decline even when deemed to be clinically 

stable. This highlights the limitation of our current clinical surveillance strategies. We are not 

equipped to identify the early warning signs of failure in the Fontan population. In Australia and New 

Zealand, we have historically applied a very conventional follow-up strategy for our patients, with 

regular clinical examination, ECG and transthoracic echocardiography making up the main 

investigations routinely performed. These investigations are well-directed to detect ventricular 
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dysfunction in a normal two ventricular circulation, but are highly insensitive in our patient cohort 

with single ventricles. Only 43% of all patients in this review had some degree of systolic dysfunction 

preceding death, and merely a third of those identified to have died from failure of their Fontan 

circulation had systolic dysfunction. Our findings support the American Heart Association guidelines 

for the management of chronic heart failure in congenital heart disease. They recognized that the 

diagnosis of heart failure has been challenging in patients with congenital heart disease, due to their 

lack of a clinically apparent decline and adaptability to a chronically reduced output state. As such, 

they have recommended more objective testing including functional testing, as well as frequent 

anatomical and hemodynamic evaluation to detect any reversible or repairable structural 

abnormalities (129). Interestingly more than half of the patients suffering a late death having oxygen 

saturations less than 90% before death. Low oxygen saturation is recognised as a predictor of late 

death and major adverse events post Fontan palliation (98, 130). The presence of fenestration has 

been identified by some to be predictive of poor tolerance of the Fontan physiology and has been 

associated with a higher risk of death (131). It is possible that a reduced oxygen saturation may be an 

important warning sign for impending failure of the Fontan circulation. 

  

Sudden death, arrhythmia and thrombo-embolic events were significant contributors to mortality. 

Therefore, stringent monitoring, prevention and treatment of these complications is of paramount 

importance. In particular, this supports the recommendation for regular Holter monitoring to be 

instilled as part of regular surveillance. It is perhaps worthwhile to also consider a lower threshold for 

implantation of cardioversion defibrillator (ICD), as recommended by the ESC guidelines for 

treatment of heart failure in adult congenital heart disease (132). ICD therapy should be considered in 

patients with symptomatic heart failure, impaired ventricular function, complex ventricular 

arrhythmias or even severe atrioventricular valve regurgitation.  

 

The patients who died with an ECC Fontan had a mode of death somewhat different from the rest of 

the cohort with 30% of deaths of patients with ECC Fontans related to arrhythmia or sudden death, 

compared to 10-18% for the remaining forms of the Fontan. However, it is important to keep in mind 

that they have a better survival overall than patients with an AP Fontan, with an overall shorter 

duration of follow-up. Interestingly, one should note that amongst the 6 patients with ECC who died 

from arrhythmia or sudden death in our group, 5 had documented atrioventricular conduction 

abnormalities but only one of these 5 had a permanent pacemaker. This may reflect the practical 
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challenges of endocardial access and subsequent reluctance of pacemaker implantation in patients 

with an ECC Fontan.  

 

Lastly, it was surprising to note that all the patients with an LT or ECC Fontan that died from Fontan 

failure had structural abnormalities that could have been amenable to intervention. This finding was 

essentially subjective, but based on our opinion, it seems Fontan failure did not occur in the setting of 

a “perfect” contemporary Fontan with perfect pulmonary arteries, Fontan circuitry and normal 

ventricular and atrio-ventricular valve function. It has been suggested that we should only strive for 

perfection in a Fontan circulation and not tolerate even subtle residual defects (133). However, the 

significant risk of perioperative mortality in this cohort has served to be a strong deterrent in 

translating this into practice, as emphasized in this review by the 12% of deaths related to 

perioperative complications. This incidence is consistent with that found in previous reviews on 

causes of death in the Fontan population (31, 134). Despite so, it may be considered if reintervention 

may have been a necessary evil that could have delayed or prevented some of these late deaths.  

 

Limitations 

There are limitations to the current study. Its retrospective nature in the setting of reviewing patients 

with a known outcome likely introduces bias to the process of data collection. The main mechanism 

of death was reliant on the assessment of the coroners or medical team responsible for assessment at 

time of presentation. In majority of the patients who did not undergo an autopsy, the mechanism of 

death such as ventricular arrhythmia deemed to be responsible could have represent another 

undiagnosed pathology. However, we believe this review provides important insights into the patient 

phenotype and circumstances at late death with a Fontan circulation at a bi-national level.  

 

Conclusion 

Late Fontan death occurred in 7% of the Australia and New Zealand Fontan population. Regular 

clinical surveillance is limited in predicting late death, with one-third of patients deemed to be well at 

the final clinical review preceding late death. More than half of the patients had preserved systemic 

ventricular function at type of death. All patients with a LT or ECC Fontan who died from Fontan 

circulatory failure had defects that were amendable to intervention at time of death.  
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Table 7-1: Patient characteristics of 105 patients who died post Fontan completion 

Variables  N=105  

Gender Male 68 (65%) 

Morphology 

 

TA  

DORV 

DILV 

PA-IVS 

TGA 

HLHS 

CAVC 

Ebstein’s Anomaly 

29 (28%) 

21 (20%) 

18 (17%) 

12 (11%) 

9  (9%) 

8  (8%) 

6  (6%) 

2  (2%) 

Dominant ventricle 

 

Left  

Right 

Biventricular 

68 (65%) 

32 (30%) 

5   (5%) 

Common AV valve  13 (13%) 

Mean pulmonary artery pressures 

pre-Fontan (mmHg)  

 12.6 ± 4.3 

 

Pre-Fontan Palliation   

       1st stage 

 

BT Shunt 

PA Band 

Central shunt 

Norwood 

39 

23 

9 

8 

       2nd stage 

 

BCPS 

Kawashima 

25 

4 

      Fontan AP 

LT  

ECC 

63 (60%) 

21 (20%) 

21 (20%) 

 

TA- Tricuspid atresia; DORV-Double outlet right ventricle; DILV-Double inlet left ventricle, PA-

IVS- Pulmonary atresia with intact ventricular septum; TGA- Transposition of great arteries; HLHS-

Hypoplastic left heart syndrome; CAVC-Common atrioventricular canal; BT-Blalock-Taussig shunt; 

BCPS-Bidirectional cavopulmonary shunt; AP-Atriopulmonary; LT-Lateral tunnel; ECC-Extracardiac 

conduit 
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Table 7-2: Main mechanisms of death  

 

Main cause of death N = 92 AP (n=53) LT (n=19) ECC (n=20) 

Fontan failure 42 (46%) 24 (45 %) 9  (47%) 9 (45%) 

Perioperative death 11 (12%) 7  (13%) 2   (10%) 2 (10%) 

Sudden death 9   (10%) 4  (8%) 2   (10%) 3 (15%) 

Cardiac arrhythmia 8   (9%) 5  (10%) 0     3 (15%) 

Neurological complication 6   (7%) 4  (8%) 0     2 (10%) 

Thromboembolism 6   (7%) 4  (8%) 2   (10%) 0 

Myocardial infarction  

Infection 

4   (4%) 

2   (2%) 

2  (4%) 

1  (2%) 

2   (10%) 

1   (5%) 

0 

0 

Non-cardiac causes 2   (2%) 1  (2%) 0    1 (5%) 

Hemoptysis 

Respiratory failure 

1   (1%) 

1   (1%) 

0 

1  (2%) 

1   (5%) 

0 

0 

0 
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Figure 7-1: Cumulative incidence of death for total patient cohort 
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Figure 7-2: Cardiac investigations of Fontan patients who died of Fontan circulatory failure 

demonstrating amendable defects namely pulmonary artery stenosis (A,B), Fontan conduit 

stenosis* (C) and conduit distortion (D) 
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Chapter 8 Conclusions 

 

8.1 Overview 

As we gain understanding of the long-term prospects of the patients in their 4th and 5th decades of life 

with a Fontan circulation, we may now start to move away from the paradigm of palliation and 

instead move towards one of disease modification. With that, it is important to be critical of the 

efficacy and impact of our current management strategies of these patients to determine if more can 

be done for these patients. This was the primary focus of this work.  

 

8.2 Findings  

Analysis of the data from the Australia and New Zealand Fontan Registry has confirmed that majority 

of patients have achieved survival beyond twenty-five years following Fontan completion. The goal 

of this research was to identify management strategies amendable to improvement, hence allowing 

these patients to continue to maximise their life expectancy with preserved function.   

 

In Chapter 2, we found that 69% of patients who received an AP Fontan remain alive today, despite 

being regarded by most clinicians to be in a physiological state incompatible with long-term survival 

or freedom from heart failure. Despite so, these patients remain to be of greatest risk of failure and 

death, and demand the greatest need for medical intervention. Patients are plagued with the burden of 

arrhythmias, with less than 25% spared of this complication at 28 years. Moreover, it is likely that 

intolerance of arrhythmias precipitates the onset of decline to Fontan failure and hence arrhythmia 

onset should lead to aggressive intervention in this cohort.  

 

In Chapter 3, we showed that Fontan conversion, when offered in a timely manner, is associated with 

excellent mid-term survival free from heart transplantation. However, patients who undergo Fontan 

conversion as salvage therapy are unlikely to achieve similar long-term prognosis. Moreover, we 

confirmed that that the perioperative course following Fontan conversion is a challenging one that 

should take place in a specialty paediatric unit, despite the challenges associated with providing care 

for adults in a paediatric facility. These findings have already had clinical impact in the local units, 

and have led to the initiation of multidisciplinary Fontan team meetings to proactively evaluate all 

remaining patients in Australia and New Zealand with an AP Fontan for their suitability for Fontan 

conversion. 
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For some patients with an AP Fontan who have missed the window for intervention, they often face a 

state of Fontan failure that is rarely amendable to medical optimisation. The provision of mechanical 

circulatory support in Fontan failure is limited by the paucity of experience in this challenging arena. 

In Chapter 4, we explored the role of mechanical circulatory support of single ventricle circulations. 

We affirmed that VAD support was not a viable option to support circulation incompatibility in the 

setting of early failure in the postoperative period. Moreover, VAD support in its current form may 

only be useful in the support of patients in late Fontan failure with isolated systemic ventricular 

dysfunction, but is unlikely successful in its support of patients with a failing Fontan due to systemic 

circulatory failure with preserved ventricular function. The bleak outcomes with short term 

mechanical support reaffirm the need to better prognosticate patients with a Fontan circulation, so as 

to prevent the onset of late Fontan failure until better circulatory support strategies are available.  

 

One of the greatest challenges in the long-term care of patients living with a Fontan circulation, is to 

identify the patients that would benefit from re-intervention. Many patients learn to compensate and 

live with their diminished functional capacity, therefore making it challenging to identify patients at a 

higher risk of late death or Fontan failure in spite of regular clinical surveillance. Physicians are often 

faced with the clinical dilemma of having to choose between high risk re-intervention in 

“asymptomatic patients” or a more conservative “watch and wait” approach. As such, it is 

understandable that a significant subset of patients continue to miss their window of candidacy for re-

intervention, be it Fontan conversion or surgical optimisation of their circulation.  

 

In Chapter 5, we attempted to delineate the risk profile of Fontan-related morbidities that had a 

cumulative risk of late death that would likely outweigh the risks of re-intervention. We identified that 

patients with PLE, systemic ventricular dysfunction, arrhythmias or atrioventricular valve 

incompetence were at significantly higher risk of death and need for transplantation, and should 

warrant consideration for any surgical reintervention that may optimise their circulation. However, 

the strong correlation between the need for permanent pacing and late Fontan death was the most 

surprising finding, which formed the basis of the following chapter.  

 

The question of whether permanent pacing had a negative impact on the Fontan circulation was one 

that needed to be answered, as clinicians turned to strategies such as radiofrequency or surgical 

ablation to manage the treatment-resistant arrhythmias that often plagued this patient population.  We 

believe that our work in Chapter 6 suggests that there may be a causal relationship between 

ventricular pacing and significant deterioration of the Fontan circulation. Hence, we believe more 

caution is required in the management of atrial arrhythmia in this population. Preservation of 
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atrioventricular conduction may warrant a survival benefit that has yet to be clearly demonstrated at 

this stage.  

 

Finally, in Chapter 7, we evaluated the patient phenotype at time of late Fontan death. Our findings 

affirm the suspicion that current routine clinical reviews are not sensitive enough to predict or 

prevent up to almost one-third of deaths. This supports the introduction of routine quantitative 

assessment of function via hemodynamic or cardiopulmonary functional testing. The most important 

finding, however, is the observation that patients with contemporary forms of the Fontan circulation 

(the LT or ECC) only die from Fontan circulatory failure in the presence of underlying cardiac 

lesions. We believe this to be the most clinically significant finding of this PhD work, albeit a 

controversial one, as it suggests that some of the late Fontan deaths could have been preventable with 

more proactive intervention. We aspire for this work to motivate a re-assessment of our current 

“watch and wait” strategy. Despite our appreciation for the high perioperative risk these complex 

patients face, we now believe that the contemporary Fontan circulation is fundamentally intolerant of 

defects and a failure to intervene will ultimately lead to deterioration and premature demise.  We hope 

these findings may lead to a paradigm shift in the approach to managing patients living with a Fontan 

circulation. 

 

 

8.3 Future directions    

  

With the growing success of current care strategies for patients living with a Fontan circulation, there 

will be an increasing demand to move towards primary prevention of Fontan failure. Congenital heart 

units worldwide are working hard to achieve an overall consensus on the best methods to follow up 

patients with the Fontan circulation, in order to manage the complications that develop with time. As 

illustrated by the most recent American Heart Association Scientific Statement on the management of 

patients with a Fontan circulation (135), a more proactive approach towards serial surveillance testing 

of cardiovascular and end-organ health will be critical in supporting long-term wellbeing of these 

patients.  

 

We believe it is important to acknowledge that the majority of the AP Fontan recipients remain alive 

today. Their wellbeing as a population and their right to long-term survival should not be abandoned.  

A more aggressive approach may be necessary toward characterising the state of their Fontan 

circulation, in anticipation that the “lifespan” of their AP circulation is likely limited. With the new 

appreciation that atrial arrhythmia will precipitate the decline of their circulation, screening for atrial 
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arrhythmias in even asymptomatic patients may be warranted to facilitate early detection of failure in 

this vulnerable cohort. This will be the focus of our upcoming research.  

 

The development of a validated risk stratification model would help clinicians in prioritising the care 

of the many seemingly well-functioning patients living with a Fontan circulation that remain at 

continued risk of acute failure. With the understanding gained from the work completed, the 

establishment of such a tool will continue to be the goal of my research, to achieve accurate 

prognostication of the surviving patients.  
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B4: d’Udekem et al. Int J Cardiol. 2019 Feb 1; 276: 110-111 
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B5: Gentles et al. Longer-Term Outcomes and Management for Patients with a Functionally 

Univentricular Heart. In: Anderson’s Pediatric Cardiology. 4th ed. Philadelphia: Elsevier; 2019: 

p1317-52 

	

	

	


