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The univentricular circulation

A normal circulation has the same design in all mammals: the heart is divided by the 
septum into two halves, each consisting of  an atrium and a ventricle. The right half  
supports the pulmonary circulation and the left half  the systemic circulation. This 

means that a double pump and two circulations are present, and this is called a biventricular 
circulation1. 

Some congenital cardiac defects challenge this design. In the Netherlands, around 1200 
children with congenital cardiac defects are born every year2. Over a hundred different 
congenital cardiac defects are described, ranging from ‘simple’ cardiac defects (for instance an 
atrial septal defect) to multiple complex congenital cardiac defects. Certain complex congenital 
cardiac defects have a common denominator: only one ventricle is fully developed and serves 
both the pulmonary and systemic circulation. The other ventricle is usually underdeveloped 
or absent. Hence, in these patients, the circulatory anatomy consists of  a single pump serving 
a double circulation. These so-called functional univentricular hearts form 4-5% of  the total 
group of  congenital cardiac diseases2. This group includes, among others, patients with 
tricuspid atresia, hypoplastic left heart syndrome, double inlet ventricles, unbalanced (atrio)
ventricular septal defects, and pulmonary atresia with an intact ventricular septum. 

As a consequence of  the functional univentricular morphology, the single ventricle is volume-
overloaded and continuous mixing of  saturated and desaturated blood occurs. Depending on 
the degree of  pulmonary stenosis, these patients have either a pulmonary “overcirculation” 
and are prone to develop heart failure in early life, or suffer from severe cyanosis and die of  
profound hypoxemia3,4. 

The Fontan operation

In 1971/72, both Fontan and Kreutzer in respectively France and Argentina published 
an exceptional operation to treat the ventricular volume overload or cyanosis of  a 
univentricular heart5,6. Their reports described the creation of  a direct connection 

between the right atrium and the pulmonary arteries in patients with tricuspid atresia. This 
operation created a unique, unphysiologic circulation, in which the functionally single ventricle 
is used to support the systemic circulation, and the systemic venous return flows “passively”, 
without the help of  a ventricular pump, through the pulmonary vascular bed. As a result, the 
patients are relieved from the chronic cyanosis or ventricular volume-overload, at the expense 
of  living without a subpulmonary ventricle to support the pulmonary blood flow. This unique 
type of  circulation has become known as the Fontan circulation. 

Over the past decades, the Fontan operation has been subjected to changes in patient selection 
criteria as well as various modifications in the operative technique. The ten commandments for 
ideal patient selection, initially proposed by Choussat et al. in 1978, are displayed in table 17. 
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These commandments have gradually been adapted over the years, in particular the age 
criterion has been modified7,8. Furthermore, the classic Fontan operation was performed 
in patients with tricuspid atresia6, but gradually more univentricular cardiac defects were 
referred for a Fontan correction, including double inlet ventricles, pulmonary atresia with 
intact ventricular septum, hypoplastic left heart syndrome, and other complex congenital 
cardiac defects that are not suitable for biventricular repair. These changes in patient selection 
have resulted in a very heterogeneous group of  Fontan patients, in which different cardiac 
diseases carry different risks and ask for different approaches prior to the Fontan surgery9-11. 
Finally, the surgical techniques have evolved over time. Fontans’ classic atriopulmonary 
connection (APC) involved a valved conduit between atrial tissue and pulmonary artery. Later 
on, a direct atriopulmonary connection and a right atrium- to right ventricular connection 
emerged as a response to the high incidence of  valvular dysfunction12. In 1987, the first 
total cavopulmonary connection (TCPC) was performed to provide better streamlining and 
lower energy loss in the Fontan conduit13. The TCPC consisted of  an intra-atrial tunnel 
incorporating the right atrial posterior wall and a Goretex patch or pericardial baffle to tunnel 
the inferior caval vein (VCI) to the pulmonary artery. This has become known as the TCPC 
with a lateral tunnel13-15. Furthermore, a lateral tunnel using only autologous tissue, totally 
created from the right heart auricle, was described16. Finally, the TCPC with an extracardiac 
tunnel was developed, in which the inferior caval flow is directed to the pulmonary artery 
through a synthetic (PTFE) conduit externally of  the heart17. The extracardiac tunnel has 
theoretical advantages in reducing suture lines in the right atrium and relieving it from high 
systemic pressures, potentially reducing the incidence of  arrhythmias18. 

In the early decades of  TCPC surgery, the early postoperative mortality was high19,20. Rapid 
changes in ventricular geometry due to volume-unloading during Fontan surgery were 
thought to alter diastolic function and attribute to the mortality rates. Therefore, a stepwise 
Fontan procedure was introduced, using a bidirectional Glenn procedure (BDG) to achieve 
early volume-unloading21. With the BDG, the superior caval vein is directly anastomosed to 
the pulmonary artery. Nowadays, the energetically favorable lateral tunnel and extracardiac 

1. Minimum age 4 years
2. Sinus rhythm
3. Normal caval drainage
4. Right atrium of  normal volume
5. Mean pulmonary artery pressure ≤ 15 mm Hg
6. Pulmonary arterial resistance < 4 U/m2
7. Pulmonary artery to aorta diameter ratio ≥ 0.75
8. Normal ventricular function (ejection fraction > 0.60)
9. Competent left atrioventricular valve
10. No impairing effects of  previous shunts

Table 1. Primary selection criteria for patients with tricuspid atresia for the Fontan operation 
(‘the ten commandments’)
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conduits are the most commonly applied Fontan techniques. The BDG is usually performed 
when the patient is around 3 to 6 months of  age and can be considered the first stage of  the 
Fontan procedure21,22. 

Characteristics of  a Fontan circulation

T he common denominator of  all Fontan techniques is the pulmonary flow depending 
on a non-pulsatile driving pressure due to the lack of  a sub-pulmonary pump. This 
so-called passive pulmonary blood flow and the serial (instead of  parallel) connection 

of  the pulmonary and systemic circulations result in several adverse characteristics inherent to 
the Fontan circulation. Firstly, due to the absence of  a subpulmonary pump to overcome the 
pulmonary vascular resistance (PVR), the central venous pressure, together with the muscular 
and ventilatory pump, becomes the driving force of  pulmonary blood flow. Consequently, 
central venous pressure increases up to 2 to 4 times of  normal23 and the patients suffer from 
chronic systemic venous congestion. Secondly, the preload of  the single ventricle becomes 
dependent on the passive pulmonary blood flow24. In the Fontan circulation, the ventricular 
preload is thought to be limited to 60-80% of  normal for body surface area, and possibly even 
less when normalized to ventricular size, with potentially limited ability to increase during 
exercise25. Thirdly, an increased afterload of  the heart is caused by the serial arrangement of  
the systemic and pulmonary circulation, resulting in three resistances: the systemic vascular 
bed, the Fontan conduit and the pulmonary vascular bed26,27. Together, the increased afterload 
and decreased preload result in a restricted cardiac output, particularly during exercise. 

Sequelae of  the Fontan circulation

Due to its unphysiologic characteristics, the Fontan circulation is associated with 
gradual attrition and multiple adverse sequelae. Despite all adjustments in the past 
decades, the Fontan operation thus remains a palliative procedure and is associated 

with a reduced life expectancy8,10,28,29. This reduced life expectancy is caused by both early/peri-
operative (within 30 days of  Fontan surgery) and late mortality. Various strategies have been 
tried and tested to improve the early survival after cardiothoracic surgery in general and Fontan 
patients in particular. In addition to the different operation techniques and changes in patient 
selection described above, these strategies included changes in the peri-operative management 
and advances in anesthetic care. Previous studies investigating survival after the Fontan surgery 
found that the early and overall survival after the Fontan operation has improved over the 
past decades, with only a 2-5% early mortality rate in the most recent era8,10,28-30. The few 
reports addressing late mortality show the same trend29,31 However, it is important to bear in 
mind that the more recent Fontan procedures are commonly performed in two stages (first a 
BDG procedure followed by a Fontan completion). Previous studies on outcome have mostly 
disregarded the mortality associated with the BDG procedure and the interstage period. This 
might have underestimated the mortality associated with newer Fontan techniques. 
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Chapter 1

Trafficking and sorting in oligodendrocytes; the role of galactolipids, 
MAL and syntaxins, in establishing and maintaining the myelin sheath

Marjolein Bijlard, Wia Baron and Dick Hoekstra

Department of Cell Biology, University of Groningen, University Medical Center Groningen, 

Groningen, the Netherlands

To be submitted

With improving early survival rates, long-term sequelae of  the abnormal circulation are more 
commonly observed. These sequelae include (continuation of) impaired exercise tolerance, 
cardiac dysfunction, restricted pulmonary function, intestinal- and hepatic complications 
and a gradual increase in pulmonary vascular resistance. Eventually, gradual attrition of  the 
circulation can lead to a life-threatening failure of  the Fontan circulation. These issues will be 
consecutively addressed in the sections below. 

Firstly, let us address the exercise tolerance in Fontan patients. The peak exercise tolerance, 
described as peak VO2index, is around 53- to 65% of  predicted in Fontan patients compared 
to healthy individuals32-36. Despite the impaired exercise capacity, most Fontan patients 
ostensibly live a nearly normal life and are in New York Heart Association-Functional Class 
(NYHA-FC) I or II at a mean follow-up of  5 years10. Importantly, both NYHA-FC and peak 
VO2index seem to deteriorate with increasing interval since the Fontan operation10,10,32,34-38. 
This has been regarded as indicator of  Fontan attrition and associated with increased risk of  
mortality35. The underlying mechanisms for the impaired exercise tolerance in Fontan patients 
are assumed to be a limited ability to increase cardiac output during exercise and the restricted 
pulmonary function of  Fontan patients. 

Secondly, the unphysiologic circumstances of  the Fontan circulation affect the cardiac 
function. The single ventricle in the Fontan circulation is subjected to abnormal loading 
conditions, including a decreased ventricular preload and increased ventricular afterload. 
The preload depletion is suggested to be associated with systolic and diastolic ventricular 
dysfunction, and results in a limited ability to increase stroke volume during exercise39. The 
increased afterload increases workload for the single ventricle and reduces the ventricular 
efficiency, requiring more power to forward flow26,27. Furthermore, Fontan patients are 
prone to develop arrhythmias due to atrial myocardial scarring from surgery and progressive 
atrial dilatation when the atrium is exposed to the higher systemic venous pressure24,34. The 
progressive atrial dilatation predisposes Fontan patients to atrioventricular valve dysfunction40 
and, in combination with the sluggish blood flow and high incidence of  coagulation disorders, 
to a higher incidence of  thromboembolic events41. Together, the reduced preload, increased 
afterload, arrhythmias and atrioventricular valve regurgitation all contribute to a limited 
cardiac output in Fontan patients, leading to potential deterioration over time and eventually 
Fontan failure42. 

A biomarker to monitor the cardiac function and circulatory performance over time would 
be extremely valuable in the Fontan circulation. The N-terminal pro natriuretic peptide (NT-
proBNP), which is released from the cardiac tissue in response to increased wall-stress due to 
volume- or pressure load, is a potential candidate. In patients with biventricular hearts, NT-
proBNP is essential in the recognition and monitoring of  cardiac dysfunction and congestive 
heart failure43. However, the unique cardiac characteristics in the Fontan circulation hamper 
the extrapolation of  studies on NT-proBNP in biventricular patients to univentricular 
patients. Therefore, studies aiming at investigating the value of  NT-proBNP in the evaluation 
of  cardiac function and circulatory performance of  the Fontan circulation are needed. 
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Thirdly, previous studies have shown that pulmonary function is impaired in almost all 
Fontan patients. The forced vital capacity, a measure of  the pulmonary volume available for 
ventilation, is generally 80-90% of  normal and the pulmonary diffusion capacity, indicating 
diffusion capacity for oxygen through the alveolar membrane to the blood vessels, is around 
70-80% of  normal44-46. The reason for the restricted pulmonary function presumably lies in 
an impaired pulmonary development and repeated thoracic surgeries45.

Furthermore, patients with a Fontan circulation can develop protein losing enteropathy 
(PLE), which is a debilitating intestinal complication, occurring with a reported incidence 
of  3-18% years in late survivors47-49. It is caused by a break in the mucosal integrity of  
the intestinal mucosa, and results in protein loss and nutrient malabsorption49. The exact 
cause of  the break in the mucosal integrity is unknown, but inflammation and abnormal 
elevation in mesenteric vascular resistance due to the chronic systemic venous congestion 
are thought to play a role50. Clinical signs of  PLE are ascites, diarrhea, periphereal edema 
and, when PLE has started prior to adolescence, delayed growth and development. It is 
one of  the most life-threatening complications, with a five-year survival after its onset of  
less than 60%48,51. 

Hepatic fibrosis is increasingly recognized in Fontan patients and hepatic cirrhosis is seen 
in up to 55% of  adult Fontan survivors52-55. Potential drivers of  Fontan associated hepatic 
disease appear to be the chronic systemic venous congestion, limited cardiac output and 
thrombo-embolic insults56,57. Fontan associated hepatic disease can result in liver failure, 
gastro-intestinal bleeding, hepatic encephalopathy52 and even hepatocellular carcinomas, 
which have an estimated incidence of  1.5-5.0% per year in Fontan patients53-55. These 
adverse hepatic events are associated with significant morbidity and mortality, independent 
of  the time since the Fontan operation52. Unfortunately, the evaluation of  hepatic fibrosis- 
and cirrhosis in Fontan patients is difficult, because a liver biopsy, often considered the 
golden standard58, is hazardous in Fontan patients due to coagulation disorders and hepatic 
congestion. One of  the potential alternatives for a liver biopsy is the diffusion-weighted 
magnetic resonance imaging (DWI), which might be promising in Fontan patients due to 
its ability to distinguish microperfusion components (congestion) from cellular diffusion 
(associated with hepatic fibrosis/cirrhosis)59. However, its relation with hepatic and 
functional parameters of  the Fontan circulation has not yet been described.

Finally, the pulmonary vascular resistance is an important issue in the Fontan circulation. 
A low pulmonary vascular resistance (PVR) is essential in the Fontan circulation for the 
systemic venous return to flow passively through the pulmonary vasculature. Even small 
increases in PVR will significantly reduce the cardiac preload and cardiac output8,60,61, 
and will further increase the central venous pressure. An increase in pulmonary vascular 
resistance might result from adverse pulmonary vascular remodeling. There are two potential 
underlying mechanisms of  pulmonary vascular remodeling in the Fontan circulation. The 
first mechanism includes microemboli in the pulmonary vascular bed which occur with an 
increased incidence in Fontan patients due to the hypercoagulable state62. Secondly, the 
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non-pulsatile pulmonary flow results in changes in circumferential strain and shear stress 
in the vessel, and is demonstrated to cause endothelial dysfunction, vascular remodeling 
and an increase in PVR in animal models63,64. Studies exploring the changes in pulmonary 
vasculature have primarily focused on the peri-operative period, whereas data on the long-
term changes in pulmonary vasculature are currently lacking. 

Despite the restricted exercise tolerance and other adverse sequelae, previous reports 
have shown that patients with a Fontan operation have a relatively good quality of  life10. 
However, they do seem to score lower on physical functioning, mental health and general 
health than their healthy peers65-67, and worry about their health, job employment, ability to 
work and living independently68. Previous reports pointed out that worse quality of  life in 
Fontan patients is related to respiratory problems and protein losing enteropathy, but not 
with exercise tolerance67,69-71. One important aspect of  quality of  life is sexual wellbeing. 
Previous studies demonstrated patients with congenital cardiac diseases to have increased 
concerns regarding fertility, inheritability and pregnancy, may experience a broad range of  
sexual problems and might lag behind in psychosexual development72,73. Although these 
studies have included a variety of  congenital cardiac disease, no patients with a Fontan 
circulation were included. This is unfortunate because the restricted cardiac output and 
exercise tolerance, the chronic systemic venous congestion, the operations at a young 
age, frequent hospital visits, previously reported menstrual cycle disorders and fertility 
problems74, and impaired life expectancy might affect patients’ development and wellbeing. 

Eventually, dysfunction of  several end-organs can occur and the Fontan patient enters a 
clinical state called “Fontan failure”75. The pathophysiology of  Fontan failure is distinct 
from the classical congestive heart failure in biventricular hearts; In biventricular hearts, 
failure is mainly characterized by a decreased contractility of  the heart76,77, whereas in 
univentricular hearts various factors play a role, including hepatic, gastro-intestinal, 
pulmonary or cardiac complications. A failing Fontan, with an estimated incidence of  
2-13%, has a very poor prognosis and therapeutic options are few40,78. Nowadays, three 
surgical options are embraced worldwide: Fontan takedown79, Fontan conversion from 
an atriopulmonary connection to an energetically more favorable connection (i.e. lateral 
tunnel or extra-cardiac conduit)80, and heart transplantation (HTX)81,82. A Fontan takedown 
is usually performed as a bailout option for early Fontan failure, which occurs after 2-6% of  
the Fontan operations83,84. An Australian- and New Zealand series reported a 75% hospital 
survival after Fontan takedown surgery85. Early mortality rates after Fontan conversion 
or a heart transplantation vary substantially: ranging from 0.9% to 13% for Fontan 
conversion80,86, and 4-30% for heart transplantation87,88. Very limited data is available on 
long-term outcome of  failing Fontan surgery and there are no reports comparing survival 
after the different surgical options for the failing Fontan circulation. 
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Aims of  this thesis

In summary, the Fontan operation is currently the treatment of  choice for patients 
who are born with a univentricular heart. The Fontan operation results in a unique, 
unphysiologic circulation characterized by the absence of  a subpulmonary ventricle, 

chronic systemic venous congestion and abnormal cardiac loading conditions. The literature 
discussed above showed that the Fontan circulation has many adverse sequelae that affect 
the patients’ health. However, it also demonstrated that there are considerable gaps in our 
knowledge regarding multiple aspects of  the Fontan physiology. Therefore, the aims of  this 
thesis are to investigate survival and functional outcome after the Fontan operation, to gain 
better understanding and identify potential markers of  the Fontan attrition and to evaluate 
different treatment strategies for a failing Fontan circulation. To elucidate these issues, we 
addressed the following topics in the subsequent chapters of  this thesis: 

1. To characterize survival of  Fontan patients over the four decades in which the Fontan operation is performed 
Although previous studies have reported an improved survival after the Fontan operation 
over the past decades, they usually disregard the mortality related with the first stage of  the 
Fontan procedure. In a scientific letter introducing chapter 2, we highlighted the difficulties 
faced when evaluating survival after the Fontan procedure and the importance of  starting 
the retrospective survival analyses at the initiation of  the Fontan procedure, which is the 
bidirectional Glenn operation or one-stage Fontan operation. Subsequently, we performed 
a retrospective study to investigate the early and late mortality and its determinants after the 
Fontan procedure, including the bidirectional Glenn through Fontan completion. 

2. To determine the functional outcome of  Fontan patients after mid- to long-term follow-up
It is believed that the functional outcome progressively deteriorates with longer time after 
the Fontan operation. The nature of  the impaired functional status is far from unraveled, 
and variation in functional outcome might be affected by cardiac and pulmonary function. 
Unfortunately, few studies have included both cardiac and pulmonary parameters to investigate 
determinants of  exercise tolerance. Furthermore, most studies reported the absolute value 
of  peak oxygen uptake (VO2index) during exercise, whereas the peak VO2 as percentage 
of  predicted could provide important information on how functional performance of  the 
Fontan patients over time compares to healthy individuals. This is addressed in chapter 3. 

3. To investigate NT-proBNP as a biomarker in the assessment of  the Fontan circulation
The peptide NT-proBNP is an important biomarker in the clinical evaluation of  patients with 
biventricular congestive heart failure. However, the value of  NT-proBNP in the evaluation 
of  cardiac function and circulatory performance of  the Fontan circulation is still unknown. 
Chapter 4 is introduced by our editorial on the challenges regarding the interpretation of  
NT-proBNP serum levels in the Fontan circulation. Thereafter, we address in the value of  
NT-proBNP as a marker of  cardiac function or circulatory performance of  the Fontan 
circulation in a cross-sectional cohort study. 
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4. To address the hepatic function in Fontan patients and its relation with functional parameters
Patients with a Fontan circulation tend to develop hepatic diseases as a consequence of  the 
unphysiologic circumstances of  this circulation. In chapter 5 and 6 we display the diffusion-
weighted imaging technique, newly applied in the assessment of  hepatic fibrosis and cirrhosis, 
and its relation with the functional parameters of  the Fontan circulation. 

5. To identify whether the Fontan circulation is associated with adverse pulmonary vascular remodeling and to 
characterize this potential pulmonary vascular remodeling. 
Pulmonary vascular remodeling might be one of  the underlying causes of  Fontan attrition. In 
chapter 7, we describe the histomorphometric and immunohistochemical characteristics of  
pulmonary vessels in Fontan patients, and compare the vascular characteristics of  the patients 
who died peri-operatively, with the characteristics of  the patients who died more than 5 years 
after the Fontan operation.

6. To explore quality of  life and sexual wellbeing in Fontan patients
Quality of  life is an important measure to assess the self-perceived health status. Sexual 
development and wellbeing is an underexposed aspect of  quality of  life, but may be 
considerably affected by the Fontan operation. A qualitative pilot study concerning quality of  
life and sexual wellbeing is presented in chapter 8.

7. To investigate the outcome of  surgical interventions after failing of  the Fontan circulation
Attrition of  the Fontan circulation can lead to life-threatening Fontan failure. There are three 
main options for Fontan failure surgery; the Fontan takedown, the Fontan conversion and a 
heart transplantation. To determine the long-term outcome of  failing Fontan surgery and to 
compare the outcome after these different surgical options for the failing Fontan circulation, 
we performed a multicenter study (chapter 9). Furthermore, in chapter 10 we present our 
multi-institutional retrospective analyses aiming to identify predictors of  outcome after hart 
transplantation after failure of  the Fontan circulation.

Finally, in chapter 11 the main findings of  this thesis are summarized and discussed, followed 
by a section on future perspectives. 
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With great interest we read the study of  Rogers et al. about their impressive 
number of  771 patients who underwent Fontan palliation at their institution1. 
We compliment the authors on excellent results. Systematic issues in their set-up 

however, compel us to comment on their paper. 

The Fontan circulation aims at unloading a functionally single ventricle from its previously 
volume overloaded state, while simultaneously treating cyanosis. The majority of  Rogers’ 
patients have a hypoplastic left heart syndrome (HLHS). Therefore, the authors call the 
Norwood procedure stage 1, cavopulmonary shunt (CPS) stage 2, and the Fontan completion 
stage 3 palliation. In this frame of  reference the authors are possibly unwittingly extending 
HLHS terminology to all other single ventricular diagnoses. These different diagnoses call 
for various different procedures prior to the Fontan operation, in order to either augment or 
reduce the pulmonary circulation, but all resulting in a ventricular volume overload. It is the 
initiation of  the Fontan circulation, which normalizes ventricular preload, that is the crucial 
step in altering fundamentally the circulation and ventricular preload. In the current era, this 
initiation is the CPS, which is for that reason the 1st stage of  the Fontan palliation and is where 
outcome analyses should start. Fontan completion (inferior caval to pulmonary connection) 
does not alter ventricular preload. 

It used to be customary to institute a Fontan circulation in one single operation, associated 
with one single early mortality and no interstage mortality. However, in staged procedures 
interstage mortality can be substantial2. Hence it seems odd, in Rogers’ paper, to combine 21 
one-stage Fontan procedures with only the 2nd stage of  the other patients. Ignoring 1st stage 
and interstage mortality in such an analysis conceals the genuine two-stage Fontan mortality 
rates. Rogers’ relatively low mortality rate is strongly influenced by ignoring the mortality 
associated with CPS and the interstage period.  Much more could have been concluded from 
this dataset if  patients were entered at the initiation of  the Fontan circulation, which is at the 
CPS.

Finally, in response to their excellent early survival after 2nd stage Fontan procedure, we are 
curious how their Fontan patients are currently doing. Since Rogers’ study deals with 18 years 
of  operations it would have been interesting to see the long term attrition in the Fontan 
circulation. 

Concluding, reporting only the outcome of  the second stage of  a two-staged Fontan 
circulation, as in this paper, sheds no light on the real issues at stake being results including 
the entire Fontan palliative sequence. Calling CPS a 2nd stage palliation prior to the real Fontan 
seems to us an obfuscated paradigm shift, because the Fontan circulation has actually started 
with the CPS.
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Abstract

O bjectives: The Fontan procedure has been subjected to several developments, 
including the evolution from a one-stage to a two-stage procedure. With such 
adjustments made, attention should shift towards survival analysis including 

bidirectional cavopulmonary shunt (BCPS) and interstage mortality. The purpose of  this 
study is to investigate trends in overall mortality of  all patients who underwent a BCPS or 
one-stage Fontan procedure at our institution in the period 1975-2011.

Methods: Using a single-institution, retrospective design, we reviewed patient records of  203 
patients from the University Medical Center Groningen, the Netherlands, who underwent 
a Fontan procedure or a BCPS (with the intention to complete cavopulmonary connection 
at a second later stage) between 1975 and 2011. Trends in mortality were investigated by 
comparing survival rates during 4 consecutive decades (1975-1984; 1985-1994; 1995-2004; 
2005-2011) and predictors for mortality were identified.

Results: During a mean follow-up of  12 years, survival was 69%. Overall mortality declined 
significantly during the past decades (p=0.017).  This was driven by a decrease in early mortality 
(p=0.016), whereas no changes in late mortality could be demonstrated. Multivariate analyses 
identified a diagnosis of  heterotaxy (p=0.049) and an atriopulmonary connection type of  
Fontan circulation (p=0.015) as independent risk factors for overall mortality. 

Conclusions: We demonstrate that also with the inclusion of  first stage and interstage 
mortality, overall survival after Fontan procedures improved over time. This improvement 
however is mainly caused by a decline in early mortality. Improvement in long term survival 
of  patients operated over the past four decades could not (yet) be demonstrated in this series. 
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Introduction

The care for patients with functionally univentricular hearts has evolved tremendously 
over the past decades; the surgical connection between the right atrium and pulmonary 
artery being a milestone1,2. This procedure evolved into the total cavopulmonary 

connection (TCPC) in order to decrease resistance of  the anastomotic system3,4. Thereafter, 
the bidirectional cavopulmonary shunt (BCPS) was introduced as an intermediate step to 
achieve early volume unloading of  the ventricle, postpone completion of  Fontan circulation 
and to decrease mortality5,6. 

Although several studies have described mortality rates after the Fontan procedure7-12, reports 
relating to long term survival are scarce and mortality associated with the BCPS and the 
interstage period in two-staged Fontan procedures is usually ignored in survival analyses. With 
the BCPS now being the crucial step in altering the circulation and ventricular preload, this 
procedure forms the initiation of  the Fontan circulation and that is where survival analyses 
should start13. Hence, the purpose of  this study is to investigate trends in overall mortality of  
all patients who underwent a BCPS or one-stage Fontan procedure at our institution in the 
period 1975-2011. 

Methods

Patients

This retrospective, single-institution study included all consecutive patients at the 
University Medical Center Groningen between January 1975 and December 2011, 
who underwent a one-stage Fontan procedure or BCPS with the intention of  

proceeding to a completed Fontan circulation at a later stage. In this context, the one-stage 
Fontan or BCPS procedure will be referred to as “initial procedure” in this report. In our 
institution, we follow the strategy in which timing of  Fontan completion is indicated by 
progressive cyanosis or increasing dyspnea on exertion. 

Data collection

All recorded data are listed in table 1. Systemic-to-pulmonary shunting procedures included 
both Blalock-Taussig and Waterston shunts. A diagnosis of  heterotaxy was assigned to patients 
with either left or right atrial isomerism or situs inversus. The right atrial auricle tunnel (RAA), 
a modification of  the conventional lateral conduit in which the right atrial auricle is used 
to construct a totally autologous lateral tunnel, has been in use at our institution14. For the 
purpose of  stratification, patients who underwent a BCPS procedure were considered to have 
a fenestration, since from a physiological point of  view this circulation is largely comparable 
to a fenestration. 
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For the evaluation of  different surgical techniques in risk factor analyses, the variable 
“operative technique” was categorized as APC, 1-stage TCPC, 2-stage TCPC, and Kawashima. 
The Björk-modification was classified as APC. The distinction between APC and TCPC was 
made for the angles, and thus flow disturbances in the APC circuit that increases resistance 
in comparison to TCPC15. 

Primary endpoint is overall mortality (death by any cause) at any time during the entire follow-
up.  Secondary endpoints are early and late mortality (death by any cause) before respectively 
after thirty days following the primary procedure. 

Statistical Analyses

Categorical variables are reported as count (percentages) and continuous variables as mean 
(standard deviations) or median (interquartile ranges). Survival was calculated from the date 
of  initial procedure (T=0 for overall and early mortality analyses) to the date of  last follow-
up or death and was compared between groups using log-rank tests. None of  our patients 
received heart transplantation during follow-up. For survival analyses of  late mortality, 30 
days after initial procedure was considered as T=0.

Included in the risk analyses are all predefined variables mentioned in the data collection 
section. A probability value of  p < 0.05 was considered significant. Multivariate risk analyses 
for mortality were performed using stepwise Cox regression analysis and included only those 
variables that reached significance in univariate Cox regression analyses. One patient was lost 
to follow-up, and was therefore excluded from further analyses. Data were analyzed using 
SPSS for Windows (version 18, SPSS inc, Chicago, Illinois, USA) and Stata 12.0 for Windows 
(StataCorp LP, College Station, TX, USA). Graphs were plotted using SigmaPlot 12.0 (Systat 
Software, Chicago, IL).

Finally, for reasons of  comparison with previous reports, we additionally analyzed mortality 
rates and its risk factors for Fontan-completion procedures only (APC, TCPC, and 
Kawashima). BCPS and interstage mortality are thereby excluded. In that analysis, date of  
Fontan completion was used as T=0. 

Results

Between 1975 and 2011, 203 patients underwent a Fontan operation or BCPS at our 
institution. Of  these, 54% were male. The median age was 3.0 years (IQR 1.2-5.0) 
at the initial operation and 4.5 years (IQR 3.5-6.7) at Fontan completion. Patient 

characteristics are displayed in table 1. The most frequent diagnosis was tricuspid atresia 
in 79 patients (39%). The category of  patients with heterogeneous anomalies consisted 
of  patients that could not be classified otherwise, i.e. 1 patient with Ebstein’s anomaly, 
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Table 1 Patient characteristics 

1975-1984 1985-1994 1995-2004 2005-2011 Overall 

Alive 
(N=14)

Died 
(N=27)

Alive 
(N=40)

Died 
(N=26)

Alive 
(N=65)

Died 
(N=12)

Alive 
(N=17)

Died 
(N=2)

Alive 
(N=136)

Died 
(N=67)

 Male  6(43%) 14(52%) 16(40%) 17(65%) 39(60%) 4(33%) 13(77%) 1(50%) 74(54%) 36(54%)

 Diagnosis  

  TA 

  HLHS 

  DILV/DIRV 

  PA with intact ventricular septum 

  Heterotaxy  

  Mitral valve atresia 

  Heterogeneous anomalies 

8(57%)

0(0%)

2(14%)

3(21%)

1(7%)

0(0%)

0(0%)

11(41%)

1(4%)

9(33%)

3(11%)

2(7%)

0(0%)

1(0%)

18(45%)

0(0%)

14(35%)

5(13%)

3(7%)

0(0%)

0(0%)

10(39%)

2(8%)

6(23%)

1(4%)

5(19%)

1(4%)

1(4%)

23(35%)

6(9%)

14(22%)

8(12%)

10(15%)

3(5%)

1(2%)

4(33%)

0(0%)

2(17%)

1(8%)

4(33%)

0(0%)

1(8%)

4(24%)

2(12%)

4(24%)

4(24%)

2(12%)

1(6%)

0(0%)

1(50%)

1(50%)

0(0%)

0(0%)

0(0%)

0(0%)

0(0%)

53(39%)

8(6%)

34(25%)

20(15%)

16(12%)

4(3%)

1(1%)

26(39%)

4(6%)

17(25%)

5(8%)

11(16%)

1(1%)

3(5%)

 Left dominant ventricular morphology  11(79%) 24(89%) 37(93%) 18(69%) 50(77%) 8(67%) 10(59%) 1(50%) 108(79) 51(76%)

 Banding pulmonary artery 1(7%) 4(15%) 10(25%) 12(46%) 20(31%) 2(17%) 3(18%) 0(0%) 34(25%) 18(27%)

 Rashkind/ atrioseptostomie 1(7%) 5(19%) 2(5%) 2(8%) 10(15%) 0(0%) 4(24%) 1(50%) 17(13%) 8(12%)

 Systemic-to-pulmonary shunt 6(43%) 16(59%) 40(50%) 13(50%) 33(51%) 4(33%) 10(59%) 2(100%) 69(51%) 34(52%)

 Hemoglobin before operation, mmol/l 8.7 9.4 10.2 10.2 9.7 9.6 10.2 8.2 9.9 9.9

 Age at operation, years 6,98 4,97 3,86 3,95 1,41 2,09 1,21 ,32 2.64 4.18

 Weight at operation, Kg 22,50 17,00 16,00 15,00 9,80 11,50 9,85 5,20 12.20 15.00

 Operative technique 

  APC 

  1 stage TCPC 

  2 stage TCPC 

  Kawashima 

14(100)

0(0%)

0(0%)

0(0%)

27(100)

0(0%)

0(0%)

0(0%)

9(23%)

22(55%)

8(20%)

1(2%)

15(58%)

9(35%)

2(8%)

0(0%)

0(0%)

8(12%)

51(79%)

6(9%)

1(8%)

3(25%)

8(67%)

0(0%)

0(0%)

1(6%)

14(82%)

2(12%)

0(0%)

0(0%)

2(100)

0(0%)

23(17%)

31(23%)

73(54%)

9(7%)

43(64%)

12(18%)

12(18%)

0(0%)

 Fenestration 0(0%) 0(0%) 17(43%) 3(12%) 32(49%) 8(67%) 9(53%) 2(100%) 58(43%) 13(19%)

 

Table 1. Patient characteristics

Values are expressed as count (N) and percentages of  the denominator, being the N stated at top of  the row (%) 
in nominal variables, mean in normally distributed variables or median in skewed variables. APC=atriopulmonary 
connection; DILV/DIRV=double inlet left/right ventricle; HLHS=hypoplastic left heart syndrome; PA=pulmonary 
valve atresia; TA= tricuspid valve atresia; TCPC=total cavopulmonary connection. Alive means alive at end of  
follow-up; dead means dead during entire study period.
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6.98           4.97          3.86           3.95           1.41          2.09           1.21            .32

22.50         17.00        16.00        15.00           9.80         11.50          9.85           5.20
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1 patient with unbalanced complete atrioventricular septum defect, 1 patient with pulmonary 
valve stenosis and multiple, irreparable ventricular septal defects and 1 patient with 
unknown diagnosis (this patient was lost to follow-up and excluded from further analyses).  
Of  the total of  203 patients a one stage Fontan procedure of  any technique was performed 
in 118 patients (58%), while in the remaining 85 patients (42%) a BCPS was performed as the 
first procedure in the staged strategy (figure 1). 

In 185 patients of  the initial 203 (91%) a completed Fontan circulation was achieved, of  the 
remaining 18 patients are 9 patients deceased waiting for Fontan completion, 7 patients are 
still awaiting Fontan completion, while 2 became unsuitable for that. 

Mortality after all stages of  Fontan surgery

Mean follow-up was 12 years (SD 9), with a maximum of  37 years. This accounts for 2436 
patient years. Overall, 67 patients (33%) died during the entire follow-up period, of  whom 
31 patients died within thirty days after operation, resulting in a hospital mortality of  15%. 
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Figure 1. The flowchard of  patients in sequence of  operations leading to Fontan circulation

Total population
203/†67

BCPS
85/†12

Became unsuitable
for TCPC

2/†0

Waiting for
TCPC
16/†9

2-stage
TCPC
67/†3

1-stage
TCPC
43/†12

Kawashima
9/†0

APC
58/†40

Björk
8/†3

EC
37/†3

LT
30/†6

RAA
43/†6

Values are N total number of  patients / † number of  patients deceased during entire follow-up period. 
APC=atriopulmonary connection; BCPS=bidirectional cavopulmonary shunt; EC=extracardiac conduit; LT=lateral 
tunnel; RAA=right atrial auricular tunnel; TCPC=total cavopulmonary connection.
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Figure 2. Overall mortality of  any cause after Fontan procedure, including BCPS and interstage 
mortality, stratified by decade
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Figure 3. Early mortality of  any cause after Fontan procedure, including BCPS and interstage 
mortality, stratified by decade
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T=0 at date of  initial procedure (N=203). Numbers of  patients in follow-up are shown. P-values presented are 
comparing the particular decade with the earliest decade in the study. BCPS=bidirectional cavopulmonary shunt.

T=0 at date of  initial procedure (N=203). Numbers of  patients in follow-up are shown. P-values presented are 
comparing the particular decade with the earliest decade in the study. BCPS=bidirectional cavopulmonary shunt.

Trends in mortality after Fontan surgery



All deceased patients died at a median age of  7.7 years (IQR 2.2–19). Median survival after 
hospital discharge was 31 years.

Time related analysis demonstrated a decline in overall mortality, with 5-year survivals from 
71% in patients operated in the first decade 1975-1984, to 89% in patients operated in the 
latest decade 2005-2011 (p=0.017, figure 2).

Early mortality declined from 26% to 20%, 7% and 5% in patients operated in the first, 
second, third and fourth decade, respectively (p=0.016, figure 3).
Late mortality decreased from 53% to 6% in the consecutive decades. However, when the 
incidence of  late mortality per decade was corrected for follow-up duration, no significant 
differences in survival between decades could be identified (p=0.77, figure 4a).

Univariate and multivariate cox regression analyses of  risk factors for mortality are displayed 
in tables 2 and 3. 
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 Table 2. *P<0.05.  The symbol  “-” indicates the particular category consists of  insufficient patients to calculate HR 
and 95%CI. APC=atriopulmonary connection; DILV/DIRV=double inlet left/right ventricle; HLHS=hypoplastic left 
heart syndrome; PA=pulmonary valve atresia; TA= tricuspid valve atresia; TCPC=total cavopulmonary connection.

Figure 4a. Late mortality of  any cause after Fontan procedure, including BCPS and interstage 
mortality, stratified by decade
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T=0 at 30 days after initial procedure (N=172). P-values presented are comparing the particular decade with the 
earliest decade in the study. BCPS=bidirectional cavopulmonary shunt.
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Table 2. Univariate risk factor analysis

 

 Operative technique, vs 2-stage TCPC 

         Kawashima - - - - - - 

        APC 3.52 (1.80-6.87) 0.000* 8.02 (2.75-23.39) 0.000* 1.52 (0.61-3.83) 0.370 

        1-stage TCPC 1.67 (0.75-3.74) 0.213 3.05 (0.86-10.82) 0.084 1.12 (0.40-3.15) 0.835 

  Fenestration 0.55 (0.30-1.03) 0.061 0.34 (0.13-0.87) 0.025* 0.84 (0.36-1.93) 0.677 

Table 2 Univariate risk factor analysis 

Overall mortality Early mortality Late mortality 

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value 

 Male gender 1.10 (0.62-1.65) 0.955 1.98 (0.96-4.08) 0.064 1.69 (0.85-3.35) 0.132 

Diagnosis, vs TA 

        HLHS 1.78 (0.59-5.02) 0.323 1.30 (0.38-4.44) 0.682 1.92 (0.24-15.59) 0.541 

         DILV/DIRV 0.95 (0.51-1.75) 0.861 0.36 (0.12-1.08) 0.069 1.73 (0.77-3.94) 0.195 

         PA with intact ventricular septum 0.58 (0.22-1.51) 0.265 0.38 (0.09-1.63) 0.191 0.83 (0.23-3.04) 0.783 

         Heterotaxy 1.49 (0.73-3.06) 0.271 0.53 (0.15-1.81) 0.310 3.17 (1.23-8.14) 0.017*

         Mitral valve atresia 0.93 (0.13-6.93) 0.944 0.90 (0.13-6.82) 0.922 - - 

         Heterogeneous anomalies 4.46 (1.32-14.99) 0.016* 2.96 (0.68-12.87) 0.149 7.89 (0.98-63.47) 0.052 

 Left ventricular morphology 0.74 (0.29-1.30) 0.294 0.96 (0.41-2.22) 0.920 0.61 (0.28-1.31) 0.205 

 Banding pulmonary artery 0.79 (0.46-1.36) 0.388 0.99 (0.45-2.22) 0.990 0.68 (0.33-1.42) 0.307 

 Rashkind/atrioseptostomie 1.16 (0.55-2.44) 0.690 0.71 (0.27-1.85) 0.484 0.88 (0.27-2.89) 0.835 

Systemic-to-pulmonary shunt 0.91 (0.56-1.47) 0.686 0.99 (0.49-2.01) 0.988 0.78 (0.40-1.51) 0.453 

 Hemoglobin before operation 0.99 (0.80-1.23) 0.964 1.00 (0.74-1.35) 0.987 0.99 (0.73-1.33) 0.927 

 Age at operation 1.03 (0.97-1.08) 0.376 0.99 (0.90-1.09) 0.781 1.05 (0.98-1.12) 0.159 

 Weight at operation 0.99 (0.99-1.01) 0.593 0.99 (0.98-1.01) 0.445 0.99 (0.99-1.01) 0.906 

Decade of operation, vs 1975-1984 

        1985-1994 0.71 (0.40-1.25) 0.230 0.70 (0.31-1.57) 0.391 0.70 (0.31-1.57) 0.390 

        1995-2004 0.35 (0.17-0.72) 0.004* 0.26 (0.10-0.71) 0.008* 0.62 (0.23-1.72) 0.358 

        2005-2011 0.29 (0.07-1.25) 0.097 0.17 (0.02-1.34) 0.093 0.69 (0.08-5.84) 0.735 
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Table 3 Multivariate risk factor analysis 

Overall mortality Early mortality Late mortality 

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value 

 Diagnosis, vs TA  

        HLHS 2.24 (0.74-6.81) 0.155 1.92 (0.24-15.59) 0.541 

        DILV/DIRV 0.89 (0.48-1.65) 0.701   1.73 (0.77-3.94) 0.195 

       PA with intact ventricular septum 0.51 (0.19-1.35) 0.174   0.83 (0.23-3.04) 0.783 

        Heterotaxy 2.06 (1.00-4.22) 0.049*   3.17 (1.23-8.14) 0.017*

        Mitral valve atresia 1.67 (0.21-13.00) 0.625   - - 

        Heterogeneous anomalies 2.94 (0.80-10.79) 0.104   7.89 (0.98-63.47) 0.052 

 Decade of operation,  vs 1975-1984

        1985-1994 1.20 (0.63-2.31) 0.580 1.65 (0.70-3.90) 0.251   

        1995-2004 1.21 (0.36-4.05) 0.754 4.08 (0.82-20.31) 0.086   

        2005-2011 1.24 (0.19-8.00) 0.820 3.77 (0.30-47.71) 0.305   

Operative technique,  vs 2 stage TCPC 

      Kawashima - - - -  

      APC 4.36 (1.34-14.23) 0.015* 23.85 (3.75-151.87) 0.001*

      1 stage TCPC 1.65 (0.58-4.68) 0.349 4.91 (1.16-20.78) 0.031*

Fenestration   0.98 (0.28-3.41) 0.970  

Table 3. Multivariate risk factor analysis
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Overall mortality Early mortality Late mortality 

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value 

 Diagnosis, vs TA  

        HLHS 2.24 (0.74-6.81) 0.155 1.92 (0.24-15.59) 0.541 

        DILV/DIRV 0.89 (0.48-1.65) 0.701   1.73 (0.77-3.94) 0.195 

       PA with intact ventricular septum 0.51 (0.19-1.35) 0.174   0.83 (0.23-3.04) 0.783 

        Heterotaxy 2.06 (1.00-4.22) 0.049*   3.17 (1.23-8.14) 0.017*

        Mitral valve atresia 1.67 (0.21-13.00) 0.625   - - 

        Heterogeneous anomalies 2.94 (0.80-10.79) 0.104   7.89 (0.98-63.47) 0.052 
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        1995-2004 1.21 (0.36-4.05) 0.754 4.08 (0.82-20.31) 0.086   

        2005-2011 1.24 (0.19-8.00) 0.820 3.77 (0.30-47.71) 0.305   

Operative technique,  vs 2 stage TCPC 

      Kawashima - - - -  

      APC 4.36 (1.34-14.23) 0.015* 23.85 (3.75-151.87) 0.001*

      1 stage TCPC 1.65 (0.58-4.68) 0.349 4.91 (1.16-20.78) 0.031*

Fenestration   0.98 (0.28-3.41) 0.970  

*P<0.05.  The symbol  “-” indicates the particular category consists of  insufficient patients to calculate HR and 
95%CI.  APC=atriopulmonary connection; DILV/DIRV=double inlet left/right ventricle; HLHS=hypoplastic left 
heart syndrome; PA=pulmonary valve atresia; TA= tricuspid valve atresia; TCPC=total cavopulmonary connection.
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Mortality after Fontan-completion only

Time related analyses after Fontan completion procedures only, so excluding BCPS mortality, 
revealed similar improvements over decades in early and overall mortality (p=0.002 respectively 
p<0.001). However, in late survival analyses, patients operated between 1995-2004 showed 
a trend towards improved mortality rates compared to those operated in the first decade in 
which Fontan operations were performed (p=0.058, figure 4b).
 
In addition to the risk factors for the total cohort, a Fontan-completion procedure performed 
during the last two decades was associated with lower risk of  overall mortality when compared 
to a single stage procedure performed in the first decade of  our study (p=0.014 respectively 
p=0.016). Further, the presence of  a fenestration was associated with lower mortality (p=0.037). 

Risk factor analyses for early mortality revealed the same predictors as those as described in 
table 3 for the total cohort. For late mortality after Fontan-completion procedures risk factor 
analysis revealed that only the presence of  a fenestration was independently associated with a 
lower risk for late mortality (p=0.032).  This in addition to a diagnosis of  heterotaxy, the risk 
factor as described for late mortality of  the total cohort. 

Figure 4b. Late mortality of  any cause after Fontan procedure, without BCPS and interstage 
mortality, stratified by decade
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T=0 at 30 days after Fontan completion (N=157). P-values presented are comparing the particular decade with the 
earliest decade in the study. BCPS=bidirectional cavopulmonary shunt.
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Discussion

In this time-trend analysis we retrospectively analyzed outcome after Fontan procedure in 203 
consecutive patients operated at the University Medical Center Groningen, The Netherlands, 
between 1975 and 2011. We identified a significant decrease in overall mortality rates in the 

past decades. This decrease was caused by changes in early rather than late mortality rates. 

Inclusion of  associated BCPS and interstage mortality

Several studies have described outcome after the Fontan procedure and its changes in consecutive 
decades10-11. However, by limitation to mortality after completion of  the Fontan circulation, 
none of  these studies described mortality associated with BCPS and the interstage period, for 
comparison with previous single stage Fontan results.
  
The main objectives of  the creation of  a Fontan circulation are to unload the functionally 
single ventricle and to alleviate cyanosis. Operative procedures prior to the Fontan operation are 
designed to either augment or reduce the pulmonary circulation, but all result in some degree 
of  ventricular volume overload. With the staging of  the Fontan procedure, the normalization 
of  the ventricular volume load occurs at the BCPS, which thereby is the first stage in the Fontan 
palliation by definition. This is where Fontan survival analysis should start. Comparing only 
the second stage of  the TCPC with a one-stage APC is totally inappropriate, because then one 
compares only the second stage which mainly aims at alleviating cyanosis, with a procedure 
wherein all important elements are performed at once. Mortality associated with the BCPS itself  
as with the interstage period ending with the Fontan completion can be substantial16-18. Ignoring 
first stage and interstage mortality in the analyses would therefore inappropriately conceal the 
genuine two-stage Fontan mortality rates. 

The notion that initiation of  the Fontan circulation starts at time of  the BCPS is further 
supported by the following observation: Median survival after hospitalization found in the 
current study (including patients with either BCPS or Fontan completion) was 31 years and 
strikingly comparable to the 27.5 years found in Toronto, who analyzed survival following partial 
cavopulmonary shunts with or without a subsequent Fontan procedure19. The authors did not 
find any difference in long term survival between patients with long-term partial cavopulmonary 
anastomosis and those who had a subsequent completion of  the Fontan circulation, and 
concluded that a single ventricle circulation appears to have a limited durability of, on average, 
30-40 years. These findings substantiate our conviction that the Fontan circulation starts with 
the (partial) cavopulmonary shunt. 

Trends in mortality after Fontan surgery

In the current study, overall as well as early mortality declined significantly over the 
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consecutive decades. While mortality rates in the first decades can be regarded as high, it is 
important to notice that the current study population comprised consecutive patients, starting 
in the earliest years of  Fontan surgery, containing all diagnoses, indications and surgical 
techniques. Previous studies, analyzing approximately the same decades but excluding BCPS 
and interstage mortality, showed mortality rates varying from only 3% to 50%7,8,10,20. By using 
the total cohort of  consecutive patients, including mortality associated with BCPS and the 
interstage period we were able to produce comprehensive mortality rates and risk analyses 
and compare different decades. 

The improvement in early mortality rates in this study is consistent with findings in previous 
studies who investigated mortality after Fontan completion surgery10-11. Several developments 
may have contributed to this improvement, such as improvements in peri-operative and 
anesthetic care resulting in improved care for low cardiac output and Fontan procedure 
without cardiopulmonary bypass to minimize the risk of  a systemic inflammatory reaction21-22. 
In addition, surgical approach to patients with univentricular hearts has evolved tremendously, 
including both the evolution from the APC to various forms of  the TCPC procedure and the 
staging of  the complete procedure1,5-7. The benefits of  these adjustments are displayed in the 
current study, with multivariate analyses showing the one-stage APC procedure and the one-
stage TCPC procedure to be independent risk factors for early mortality when compared to 
the 2-stage TCPC procedure for both early as well as overall mortality, also after adjustment 
for combined BCPS and interstage mortality. Multivariate risk analyses for late mortality rates 
in the current study showed heterotaxy to be a predictor of  late mortality. This increased 
risk in Fontan-patients with heterotaxy is in concurrence with previous reports. Moreover, 
the majority of  patients with heterotaxy syndrome in our population also had common AV 
valves, which also has been identified as a risk factor for poor early outcome9.
 
After excluding the patients who died within 30 days postoperatively, the current study has not 
been able to identify robust improvement in the late mortality after Fontan procedure over 
the four decades in which the Fontan operation is performed. This contradicts the findings of  
Mair, who described a decline in late mortality rates during 13 year follow-up (p=0.046)10. In 
contrast, Hirsch and co-workers also did not show a significant change in late survival11. Their 
relatively short median follow-up time (4 years) may explain why no long term improvement 
could be demonstrated. Although in the current study median follow-up time was significantly 
longer (12 years), patients who have been operated in the latest decade inevitably have a 
relatively short follow-up. Already in 1990, Fontan and colleagues in their classic paper on 
“outcome after a perfect Fontan operation” indicated that in patients with a Fontan-circulation, 
the hazard function for death and decline in functional class starts to rise after about 6 years 
postoperatively23. In other words, since this time of  follow-up will be required to demonstrate 
potential effects of  changing surgical strategies on late survival, only the near future can tell 
whether this increase in mortality will also occur in more recently operated Fontan patients.  

Previous studies showed hemodynamic parameters such as mean pulmonary artery pressure and 
pulmonary vascular resistance prior to the Fontan operation to be predictors of  mortality7-9. 
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Because of  incomplete data due to the historic scope of  the current study, pre-operative 
hemodynamic variables could not be included reliably in the analyses. Besides, long term 
prognosis is not determined only by mortality, but also by morbidity. Although not investigated 
in the current study, previous reports have described significant late morbidity of  the Fontan 
circulation, including debilitating arrhythmias, protein losing enteropathy, pulmonary emboli, 
low cardiac output state and liver disease24-25. Thus, although the Fontan circulation is an 
accepted treatment or palliation for univentricular hearts, long term prognosis is still a matter 
of  concern.

Conclusions

This study highlights the importance of  including BCPS and interstage mortality in survival 
analysis on Fontan patients. We demonstrate that with the inclusion of  BCPS and interstage 
mortality, overall survival after Fontan procedure has improved over time. However, this 
improvement is mainly driven by the significant improvement in early survival rather than late 
survival rates. We hypothesize that different factors underlie early and late mortality, whereby 
early mortality is most likely attributable to patient selection and general (peri-)operative care. 
After having survived the operation, late mortality may be attributable to factors related to the 
continuing and increasing sequels of  the Fontan circulation itself. Beneficial effects of  type 
and timing of  evolving surgical strategies on this Fontan attrition remain to be demonstrated.  
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Abstract

A ims: The nature of  the impaired functional status of  Fontan patients is far from 
unraveled. This study aims to investigate the functional status in a cohort of  Fontan 
patients, and to identify its determinants, including cardiac characteristics, pulmonary 

characteristics and time since Fontan completion.

Methods and results: Eighty-five consecutive Fontan patients ≥ 10 years who performed 
adequate cardiopulmonary exercise testing (respiratory exchange ratio > 1.01) in 2012 or 
2013, were included. Mean time since Fontan completion was 15 ± 9 years (range 2 - 37 years). 
New York Heart Association Functional Class (NYHA-FC) was I in 36 patients (42%), II in 
41 patients (48%) and III in 8 patients (9%). Peak oxygen uptake during exercise (VO2index) 
was 25.7 ± 7.9 ml/min/m2 (58 ± 14% of  predicted). NYHA-FC and peak VO2index both 
correlated with time since the Fontan operation, but peak VO2 as percentage of  predicted 
did not. In multivariate analyses, peak VO2 as percentage of  predicted was independently 
associated with maximum heart rate, oxygen pulse at peak exercise and forced expiratory 
volume in 1 second (Rsquare = 0.579), but not with cardiac output in rest.

Conclusions: In Fontan patients, functional status is restricted compared to normal values, 
already early after completion of  the Fontan circulation. The decrease in peak exercise capacity 
with longer time since the Fontan operation appears to be comparable to natural decline of  
aging. Additionally, functional status in Fontan patients appears to be related with pulmonary 
function and cardiac functional parameters during exercise, but not with conventional cardiac 
measurements at rest. 
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Introduction

The Fontan procedure is designed for patients with a functionally univentricular heart 
who are not suitable for a biventricular repair. It results in the unique, unphysiologic 
Fontan circulation, in which the systemic venous return passively flows through the 

pulmonary vasculature without the aid of  a subpulmonary ventricle1,2. Attrition of  the Fontan 
circulation, most likely related to the unphysiologic characteristics, is an emerging problem 
currently faced by a growing cohort of  patients. Previously, we showed an increase in overall 
survival over four decades of  Fontan procedures, mainly driven by a decrease in early mortality3. 

With a growing cohort of  Fontan survivors, there has been increasing interest in functional 
status of  these patients. Previous studies on functional status in Fontan patients showed a 
decreased exercise capacity and mildly impaired New York Heart Association Functional 
Class (NYHA-FC), and suggested a progressive deterioration of  functional status with age 
or time since the Fontan surgery4-5. The nature of  this impaired functional status is far from 
unraveled, but is believed to be related to impaired cardiac function due to abnormal cardiac 
loading conditions, including restricted ventricular preload as well as increased ventricular 
afterload, and to restricted pulmonary function6-7. Unfortunately, only few studies have 
included both pulmonary and cardiac parameters to investigate determinants of  functional 
status6,8. Moreover, most of  the previous studies were either performed in children, and 
consequently hampered by relatively short follow-up durations after Fontan completion8-9 
or studied a heterogeneous population comprising patients with various congenital heart 
diseases10. Finally, most studies reported the absolute value of  peak oxygen uptake (VO2index) 
during exercise, whereas the peak VO2 as percentage of  predicted (VO2(pred)) could provide 
important information on how functional performance of  the Fontan patients over time 
compares to healthy individuals. 

Therefore, the aim of  this study is to investigate the functional status, measured by functional 
class and peak exercise capacity, in a cohort of  patients with a Fontan circulation, and to 
identify its determinants, including cardiac characteristics, pulmonary characteristics and time 
since Fontan completion.

Methods

Study population

We performed a cross-sectional study among Fontan patients ≥ 10 years old who 
were followed at the outpatient clinics of  the Center for Congenital Heart Disease 
of  the University Medical Center Groningen, the Netherlands. All consecutive 

patients who underwent cardiopulmonary exercise testing (CPET) between January 2012 and 
October 2013 and reached a respiratory exchange ratio (RER) ≥ 1.01 were included. This 
study was conducted in accordance with the declaration of  Helsinki and was approved by 
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the institutional ethics committee. Informed consent was obtained from all study participants 
and/or their legally authorized representative. 

Clinical variables

Patient characteristics were collected from medical records and included sex, date of  birth, 
cardiac anatomical diagnosis, surgical procedures performed prior to the Fontan operation, 
type and date of  the Fontan procedure and current medication use. During routine follow-
up, information on height, weight, heart rate, blood pressure and transcutaneous oxygen 
saturation at rest (tcO2) was obtained at the outpatient clinic. Body surface area (BSA) was 
calculated using Haycock’s formula11. NYHA-FC was assessed by two experienced physicians. 
The degree of  atrioventricular valve regurgitation was assessed using echocardiography. 
Venous blood samples were drawn from all patients during routine follow-up and hemoglobin 
(Hb) was measured using mass spectrometry. 

Cardiac magnetic resonance (CMR)

All CMR studies were performed on a 1.5 Tesla system (Siemens, Magnetom Avanto, 
Erlangen, Germany). Sedation was not applied. The CMR protocol included a stack of  short-
axis slices from the base to the apex of  the heart using cine-steady-state free precession 
(SSFP) with end-expiratory breath holding. The following scan parameters were used: slice 
thickness 6 mm; slice gap 4 mm; TR 2.7-3.4 ms; TE 1.1-1.7 ms; flip angle 80-90; matrix 
171-192; voxel size 1.25x1.25x8.0 mm and 1.7x1.7x6.0 mm. Imaging analysis was performed 
by using commercially available software (Qmass, version 7.6.14.0 Medis Medical Imaging 
Leiden, the Netherlands). End-systolic and end-diastolic phase were visually selected, using 
the largest and smallest systemic ventricular cavity on the longitudinal and short axis views. 
The contours of  the systemic and hypoplastic ventricle were manually drawn on epicardial 
and endocardial borders from the most apical to the most basal short axis slice. The end-
systolic and end-diastolic blood volumes were calculated from the endocardial contours; both 
the volumes of  the systemic and hypoplastic ventricle were included except for patients with 
pulmonary atresia and intact ventricular septum. Furthermore, trabecular and papillary tissue 
mass was calculated by using MassK semi-automatic threshold-based segmentation software 
and calculated as ventricular mass12-13. The ejection fraction (EF) and cardiac index (CI) were 
calculated from end-diastolic and end-systolic blood volumes, heart rate and BSA. 

Cardiopulmonary exercise testing 

Exercise testing was performed on a stationary cycle ergometer in children and on a treadmill 
in adults. For children, we used a ramp protocol with an increase of  15 or 20 watt per minute 
depending upon the height14. For adults, a Bruce protocol or modified Bruce protocol was used. 
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Arterial oxygen saturation was continuously monitored by transcutaneous pulse oxymetry. 
Oxygen uptake was measured using breath-by-breath gas analysis. The RER was calculated as 
the ratio between VO2 uptake and VCO2 production at peak exercise. Adequate performance 
of  the CPET was defined as a RER > 1.01, conform previous pediatric publications21. Peak 
oxygen uptake was calculated as the mean of  the two highest VO2 measurements during 
exercise, and indexed by body weight (peak VO2index). Maximal workload was reported. 
The peak VO2(pred) was calculated using Takken’s formula for the patients < 18 years and 
Wasserman’s formula for patients ≥ 18 years15-16. 

Pulmonary function tests (PFT)

Spirometry was performed with the patient in sitting position, wearing a nose clip and using 
a pneumotachograph. In patients < 18 years, a whole body plethysmography was used to 
calculate total lung capacity (TLC) and residual volume (RV). In adults, the Helium dilution 
test was used. The percentage of  predicted was calculated from reference data17-19.

Statistical analyses

Data were analyzed using SPSS for Windows (version 18, SPSS inc, Chicago, Illinois, USA). 
Continuous data were reported as mean ± standard deviations (SD) or median (interquartile 
range (IQR)) and categorical data as number of  patients (percentage of  total). Concerning 
patient characteristics, patients who underwent a Björk modification were assigned to the 
category ‘atriopulmonary connection’. Functional endpoints included NYHA-FC, peak 
VO2index as well as peak VO2(pred). Functional covariates were ventilation/carbondioxide 
emission-slope (VE/VCO2slope), maximum heart rate during exercise, heart rate reserve 
during exercise, oxygen pulse at peak exercise (O2pulse) and the O2 difference between rest 
and peak exercise (delta O2 saturation), forced expiratory volume in 1 second as percentage 
of  predicted (FEV1), forced expiratory vital capacity as percentage of  predicted (FVC), 
the RV%TLC proportion and the diffusion capacity for carbon monoxide corrected for 
hemoglobin and alveolar volume as percentage of  predicted (DLCOc/VA), indexed end-
diastolic volume (EDVi), ejection fraction, cardiac index.

Linear and logistic regression analyses were performed to identify predictors of  peak 
VO2(pred) respectively NYHA-FC (NYHA-FC I/II versus NYHA-FC III/IV). Interaction 
between significant covariates and time since the Fontan completion was tested. Multivariable 
regression analyses were performed using a backwards approach, including all independent 
covariates with p < 0.05 in univariable regression analyses. Additional analyses included 1). 
Regression analyses for VO2(pred) excluding patients with pacemakers or on anti-arrhythmic 
drugs, 2). Regression analyses for maximum workload as percentage of  predicted, 3) 
Regression analyses using O2pulse as percentage of  predicted as covariate instead of  the 
absolute value. A probability value of  p < 0.05 was considered significant. 
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Results

Patient characteristics

Ninety-two patients underwent CPET in the study period, of  whom 85 patients (92%) 
reached a RER > 1.01 and were included in the current study (figure 1). The study 
population comprised of  36 children (42%) and 49 adults (58%). Eighty-two patients 

(97%) had a PFT and 59 patients (69%) had a CMR examination, within a median time window 
around the CPET of  5 days (IQR 0-31 days) and 0 days (IQR 0-21 days) respectively. Patients 
were excluded from CMR assessment because of  an implanted pacemaker system (n=14) or 
pacemaker leads (n=4), severe claustrophobia (n=2) or patient refusal (n=6). 

185 Fontan patients 
operated in UMCG

132 survivors

99 patients

6 additional patients 
who underwent Fontan 

operation elsewhere59 patients deceased

33 patients excluded

15 patients <10 yrs old 
18 patients follow-up 

at other centers

92 patients with CPET

85 patients included

7 patients without CPET

7 patients did not reach 
RER > 1.01

Figure 1. Flow diagram for patients included in the current study

 Table 1. Values are expressed as count (N) and percentages of  the denominator in nominal variables, mean±SD in 
normally distributed variables or median (interquartile range) in skewed variables. (A)VSD=(atrio)ventricular septum defect; 
CPET=cardiopulmonary exercise test; DILV=double inlet left ventricle; HLHS=hypoplastic left heart syndrome; IVS=intact 
ventricular septum; O2=oxygen; PA=pulmonary atresia; TA=tricuspid atresia; TCPC=total cavopulmonary connection.

CPET=cardiopulmonary exercise test; RER=respiratory exchange ratio; UMCG=university medical center Groningen
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Table 1. Patient characteristics (n=85)

Male, N(%) 43 (51%)  

Diagnosis, N(%) 

    TA 

    DILV  

    AVSD / unbalanced VSD 

    PA with IVS 

    Heterogeneous anomalies 

    HLHS 

33 (39%) 

21 (25%) 

11 (13%) 

10 (12%) 

6 (7%) 

4 (5%) 

Heterotaxy, N(%) 13 (15%) 

Ventricular morphology, N(%) 

    Left dominant 

    Right dominant 

68 (80%) 

17 (20%) 

Previous procedures, N(%) 

    Banding pulmonary artery 

     Rashkind/atrioseptectomy 

     Systemic-to-pulmonary shunt 

     Partial cavopulmonary shunt 

24 (28%) 

13 (15%) 

37 (44%) 

50 (59%) 

Type of Fontan procedure, N(%) 

  TCPC lateral tunnel 

  TCPC extracardiac conduit 

  Atriopulmonary connection 

  Kawashima procedure 

44 (52%) 

22 (26%) 

15 (17%) 

4 (5%) 

Age at Fontan procedure, years 4.5 (3.5-6.9) 

Characteristics at current evaluation 

 Age, years  19.8 (14.3-26.8)  

Body mass index, kg/m2 21.2±4.2 

Negative chronotropic arrhythmic drugs, N(%) 21 (25%) 

Implanted pacemaker, N(%) 14 (17%) 

Hemoglobin, mmol/L 9.5±1.0 

O2 saturation in rest, % 94 (91-96) 

Moderate/severe atrioventricular valve regurgitation, N(%) 11(13%) 
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Patient characteristics are displayed in table 1. Mean time between Fontan completion and current 
evaluation was 15.3 ± 8.5 years, with a minimum of  2.3 years and maximum of  37.3 years. 

Functional status

Thirty-six patients (42%) were in NYHA-FC I, 41 patients (48%) were in NYHA-FC II and 
8 patients (9%) were in NYHA-FC III. Peak VO2index was 25.7 ± 7.9 ml/min/kg and the 
VO2(pred) was 58 ± 14%, with a minimum of  15% and a maximum of  90% of  predicted. 
The CPET, PFT and CMR results are listed in table 2.

Table 2. Functional variables

 N Mean±SD % of predicted, mean ± SD 

Peak VO2, ml/min 85 1468±473  

Peak VO2index, ml/min/kg 85 25.7±7.9 58±14 

VE/VCO2 slope 83 29.6±6.3 114±24 

Maximum heart rate, beats/min 84 157±24 87±12 

Heart rate reserve 84 82±31  

O2pulse at peak exercise, ml/beat 84 9.8±3.1 69±15 

Workload, Watt 84 172±78 91±32 

Delta O2 saturation, % 64 4(2-7)  

FVC, L 83 3.5±1.0 88±14 

FEV1, L 83 2.9±0.8 88±17 

RV%TLC 80 24±5  

DLCOc/VA 74 1.5±0.3 84±18 

End-diastolic volume index, ml/m2 59 76±20  

Ejection fraction, % 59 56±7  

Cardiac index, l/min/kg 59 3.1±0.9  

 

Table 2. Functional variables

Values are expressed as mean±SD in normally distributed variables or median (interquartile range) in skewed variables. 
DLCOc/VA=pulmonary diffusion coefficient for carbon monoxide, corrected for hemoglobin and alveolar volume, 
FEV1=forced expiratory volume in 1 second; FVC=forced vital capacity; O2=oxygen; RV%TLC=residual volume 
as percentage of  total lung capacity; VE=ventilation; VCO2=carbon monoxide elution; VO2=oxygen uptake.
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The results of  the univariable analyses are presented in table 3. The time since the Fontan 
procedure was longer in patients in NYHA-FC III (25 ± 10 years) compared to patients in 
NYHA-FC I (13 ± 7 years, p < 0.001) and in NYHA-FC II (15 ± 8 years, p=0.006, figure 
2A). Peak VO2index correlated negatively with the time since Fontan completion (figure 2B, 
r = -0.462, p < 0.001), whereas peak VO2(pred) did not (figure 2C). 

Table 3. Univariable regression analyses for functional outcome

 NYHA III versus I/II Peak VO2 % predicted 

 Odds Ratio 
(95%CI) 

p-value Regression coefficient 
(95%CI) 

p-value 

Patient characteristics     

Type of Fontan procedure 

    APC versus TCPC 12.6(2.6-62) 0.002 

 - 

Time since Fontan 
operation 

1.2(1.1-1.3) 0.002  - 

Body mass index 1.3(1.1-1.5) 0.010  - 

Negative chronotropic 
arrhythmica use 

6.1(1.3-28.5) 0.020  - 

Hemoglobin 0.3(0.1-0.8) 0.014  - 

tcO2 saturation in rest  - 0.9(0.3-1.5) 0.005 

Functional variables     

Peak VO2index 0.8(0.6-0.9) 0.003 

Maximum heart rate 0.9(0.9-1.0) 0.002 0.2(0.05-0.3) 0.005 

Heart rate reserve 0.9(0.9-1.0) 0.003 0.2(0.1-0.3) <0.001 

O2pulse at peak exercise  - 2.3(1.5-3.1) <0.001 

FVC % of predicted  - 0.4(0.1-0.6) 0.002 

FEV1 % of predicted 0.9(0.9-1.0) 0.006 0.4(0.2-0.5) <0.001 

RV%TLC 1.3(1.1-1.5) 0.011 -1.0(-1.6- -0.3) 0.005 

 

Table 3. Univariable regression analyses for functional outcome

APC=atriopulmonary connection; CI=confidence interval; FEV1=forced expiratory volume in 1 second; 
FVC=forced vital capacity; NYHA=New York Heart Association; O2=oxygen; RV%TLC=residual volume as 
percentage of  total lung capacity; TCPC=total cavopulmonary connection; VO2=oxygen uptake.
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The anatomical diagnosis, heterotaxy, ventricular morphology, a history of  previous pulmonary 
artery banding, Rashkind/atrioseptectomy or systemic-to-pulmonary shunt, age at Fontan-
procedure, the presence of  a pacemaker and atrioventricular valve regurgitation were not 
correlated with NYHA-FC or peak VO2(pred). Furthermore, nor the cardiac functional variables 
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Figure 2a. Relation between functional class and time since Fontan completion

Error bars display the 95% confidence interval. NYHA=New York Heart Association.

VO2=oxygen uptake.

Figure 2b. Relation between peak exercise capacity and time since Fontan completion 
(peak VO2index)
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EDVi, ejection fraction and cardiac index, nor the pulmonary functional variables VE/VCO2 
slope, delta O2 saturation, DLCOc/VA correlated with NYHA-FC or peak VO2(pred).

Multivariable regression analysis to identify independent predictors for NYHA-FC was 
not performed because of  the limited number of  patients in NYHA-FC III. Multivariable 
analyses for peak VO2(pred) revealed that O2pulse at peak exercise, maximum heart rate, and 
FEV1 are independent predictors for peak VO2(pred) (table 4, adjusted Rsquare=0.579). No 
interaction was found between significant covariates and time since Fontan completion. 

Figure 2c. Relation between peak exercise capacity and time since Fontan completion 
(peak VO2 % of  predicted)

Table 4. Multivariable regression analyses for peak VO2% predicted (N=81)Table 4. Multivariable regression analyses for peak VO2 % predicted (N=81) 

 Regression coefficient 

(92%CI) 

Standardized regression 

coefficient 

p-value 

O2pulse at peak exercise 2.7(2.0-3.5) 0.588 <0.001 

Maximum heart rate 0.2(0.1-0.3) 0.376 <0.001 

FEV1 % of predicted 0.3(0.2-0.5) 0.361 <0.001 

 Adjusted R²=0.579  

 FEV1=forced expiratory volume in 1 second; O2=oxygen; VO2=oxygen uptake.
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Subsequent analyses, where we excluded patients with an implanted pacemaker or those using 
anti-arrhythmic drugs, did not change the contribution of  heart rate in the multivariable 
model. Furthermore, analyses using O2pulse as percentage of  predicted as covariate, or using 
maximum workload as percentage of  predicted as outcome variable, did not change the 
contribution of  O2pulse (data not shown). 

Discussion

The current study shows that functional status is restricted in Fontan patients compared 
to normal values, already early after Fontan completion. The study further shows that 
NYHA-FC and peak VO2index are progressively impaired with longer time since 

the Fontan completion, whereas peak VO2(pred) showed no relation with time since Fontan 
completion. Peak VO2(pred) was independent of  ventricular ejection fraction and cardiac 
index in rest, but correlated positively with higher maximum heart rate and oxygen pulse at 
peak exercise, and better pulmonary function (forced-expiratory-volume-in-1-second). 

In the current study, we investigated the functional status of  Fontan patients by studying both 
functional class and peak exercise capacity. The majority of  the Fontan patients were diagnosed 
with a tricuspid atresia and a minority with hypoplastic left heart syndrome, representing a 
West European Fontan cohort. The NYHA-FC is a widely used descriptive instrument to 
assess physical limitations during daily activities20. The peak VO2 is generally regarded as 
the best objective instrument to assess aerobic exercise capacity21. Under normal physiologic 
circumstances, 70-85% of  the variation in aerobic exercise capacity is explained by an increase 

Figure 3. Relation between peak VO2 and NYHA functional class
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Error bars display the 95% confidence interval. NYHA=New York Heart Association; VO2=oxygen uptake.
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in cardiac output as a result of  increased ventricular preload, reduced afterload, increased 
heart rate, and increased myocardial contractility22. The rest of  the variation is potentially 
related to pulmonary function and skeletal muscle as well as cellular characteristics23-24.

In Fontan patients, the unique univentricular design characterized by abnormal cardiac loading 
conditions (low preload and high afterload), non-pulsatile pulmonary flow and chronic 
increased central venous pressure, is likely to interfere with the normal exercise physiology. 
Exercise capacity measured as peak VO2index in Fontan patients has been reported to 
be around 52- to 65% of  predicted, and to decrease with longer time since the Fontan 
operation4-5,25. In the current study, we confirmed these findings. We demonstrated, however, 
that peak VO2(pred) is not correlated with time since Fontan completion. This is in contrast 
with Andersons finding of  decreasing peak VO2(pred) in a cohort of  403 children. That 
cohort was fairly younger (mean age 12 years) and it is unknown whether adequate CPET 
was performed (RER is not reported). In the current study we applied an inclusion criterium 
of  RER > 1.01, which is rather low for adults but conventional in pediatric populations14. 
Changing the inclusion to RER > 1.05 would have excluded 14 patients, but would not have 
changed the statistical results. 

Our findings challenge the widely accepted idea of  declining peak VO2index as a sign of  
progressive attrition of  the Fontan circulation. In contrast, our data support a concept in which 
the Fontan patients have an impaired exercise capacity directly after the circulations’ installment, 
but subsequently show a rate of  decline in exercise capacity very similar to healthy individuals. 
Restrictions in daily activities (NYHA-FC III) will occur in general when the absolute peak 
VO2index falls below a certain threshold. Since the Fontan patient starts off  with a lower peak 
VO2index directly after Fontan completion, such threshold will thus be reached earlier in the life 
of  a Fontan patient than of  a healthy individual. Indeed, the impairment towards NYHA-FC 
III in the current patient cohort was present in patients who had the Fontan completion for the 
longest time and peak VO2index was significantly lower in these patients compared to patients 
in NYHA-FC I/II. This concept is visually displayed in figure 4. 

Figure 4. Schematic relation between NYHA functional class and maximal exercise capacity

NYHA functional class Fontan patients

pVO2 healthy individuals

pVO2 Fontan patients

NYHA=New York Heart Association; pVO2=peak oxygen uptake.
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The current study, however, is a cross-sectional study and it obviously is important to note 
that longitudinal assessments of  functional status in Fontan patients are required to confirm 
this concept. 

Because an impaired exercise capacity seems inherent to the Fontan circulation, the 
identification of  determinants for functional status is of  great interest. The current study 
is one of  the few to investigate both cardiac and pulmonary characteristics as determinants 
of  functional status in Fontan patients. In this study, we could not demonstrate correlations 
between conventional cardiac variables at rest, such as cardiac index and ventricular ejection 
fraction, and functional status. Yet, we did find O2pulse and maximum heart rate to be related 
to functional status, independent of  time since the Fontan operation. O2pulse (VO2/HR) 
is the amount of  oxygen extracted from the blood per heartbeat and, in the assumption 
that the arteriovenous oxygen difference remains relatively constant during exercise, can 
be considered a surrogate parameter for stroke volume16. Three potential mechanisms may 
explain the variation in stroke volume in Fontan patients, including 1) a limited ability to 
increase preload during exercise due to absence of  a subpulmonary ventricle, increased 
pulmonary vascular resistance or increased energy loss in the Fontan circuit during 
exercise and due to potential inefficacy of  respiratory and peripheral muscular pump7,26-27, 
2) an impairment to decrease systemic vascular resistance as much as healthy individuals, 
causing relatively increased afterload during exercise, and 3) impaired contractility inherent 
to myocardial dysfunction intrinsically related to the congenital heart disease or ischemic 
scarring28-29. It is important to notice that the mathematical relation between O2pulse and 
peak VO2 might have strengthened the association between the two variables. Therefore, we 
also tested O2pulse as percentage of  predicted as covariate in the regression model, as well 
as maximal workload as percentage of  predicted as outcome variable. Both interventions did 
not change the significant contribution of  O2pulse to the multivariable model, confirming the 
potential benefit of  increased stroke volume during exercise performance in Fontan patients. 
Regarding the heart rate in Fontan patients, it has been suggested that increased heart rate 
could be harmful in Fontan patients because of  decreased ventricular filling time and increased 
central venous pressure30. However, we found that higher heart rate was associated with an 
improved exercise capacity (independent of  the presence of  an implanted pacemaker or the 
use of  anti-arrhythmic drugs). Variation in chronotropic response to exercise has been shown 
to be related to arrhythmias and trombo-embolic events in Fontan patients31. Both O2pulse 
and chronotropic impairment have been previously identified as independent predictors 
for death or transplantation in Fontan patients25,31. Taken together, these data show that the 
ability to increase cardiac output at exercise (heart rate times stroke volume) is an important 
determinant of  functional status in Fontan patients, in contrast to the patients’ cardiac output 
at rest. The patients who are able to increase their stroke volume and heart rate despite the 
adverse, un-physiological conditions, are in advantage compared to the other Fontan patients.

Besides the ability to increase cardiac output, peak exercise capacity is also affected by the 
pulmonary function. In Fontan patients, impaired pulmonary function has been described 
previously32-33. In the current study, impaired exercise capacity was independently associated 
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with decreased FEV1. An impaired FEV1 is a sign of  restrictive lung disease. Restrictive 
lung disease can be caused by multiple mechanisms, including respiratory muscle weakness, 
restrictive thoracic cage, and adverse changes in lung parenchyma. In Fontan patients, the low, 
non-pulsatile pulmonary flow and multiple thoracic operations are likely to contribute to the 
development of  restrictive lung disease6,34.

For clinical practice, the results of  the current study implicate that in Fontan patients not 
a decline in peak VO2index, but a deterioration of  the peak VO2(pred) should timely alert 
the clinician for potential complications of  the Fontan circulation. Diagnostics should be 
directed towards factors affecting the patients’ ability to increase heart rate and stroke volume 
during exercise, such as rhythm-, and conductance-disturbances, Fontan conduit obstruction 
or increasing pulmonary vascular resistance, but also towards potential impairment of  
pulmonary function. Importantly, classic cardiac assessment at rest, using for instance 
cardiac magnetic resonance imaging, does not seem to sufficiently detect cardiac causes for 
deterioration of  functional status in a Fontan patient. Therefore, clinical evaluation of  Fontan 
patients should include cardiac response to exercise. 

Limitations

The results of  the current study need to be interpreted with respect to the intrinsic limitations 
of  a cross-sectional study. Follow-up studies, including longitudinal measurements, are 
required to confirm the concept of  a decreased maximal exercise capacity in Fontan patients 
directly after Fontan completion, but a subsequent rate of  decline that is similar to that in 
aging healthy individuals. The requirements for inclusion in our study, including survival 
up to > 10 years old, and physically capability to perform a CPET, inevitably result in a 
selection bias. Furthermore, 30% of  the patients in our study did not undergo CMR analyses, 
which decreased the power to identify correlation between CMR parameters and functional 
endpoints. Skeletal muscle strength may play a role in the still unexplained variation in peak 
VO2index in Fontan patients, but such measurements were not performed in the current 
study. Finally, different techniques were used for CPET and PFT in children and adults. In the 
CPET analyses, peak VO2 in bicycle tests might be about ten percent lower than in treadmill 
tests35. However, in the current study, peak VO2 results were compared with reference values 
of  the same tests. Thereby, we consider the overall comparison justifiable. In the PFTs, the 
residual volume and total lung capacity might be underestimated in the adults as compared to 
the children, but this effect was refuted by using the percentage of  residual volume relative 
to the total lung capacity. 

Conclusions
 
In Fontan patients, functional status is restricted compared to normal values, already early 
after completion of  the Fontan circulation. Peak exercise capacity decreases with longer time 
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since the Fontan operation, however, its rate seems to be comparable to the natural decline 
of  aging in the normal population. Additionally, functional status in Fontan patients appears 
to be independently related with pulmonary function as well as cardiac functional parameters 
during exercise, but not with conventional cardiac measurements at rest.
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4a
NT-proBNP in Fontan patients: 
heart failure or circulatory failure

Editorial

Djoeke Wolff, Tjark Ebels, Joost P van Melle



The Fontan/Kreutzer operation was invented in 1971 as a palliative procedure to treat 
chronic cyanosis in patients with functionally univentricular cardiac defects, in whom 
biventricular repair was impossible. This operation changes circulatory characteristics 

so fundamentally, that it is warranted to call it the “Fontan Circulation”, that cannot by any 
means be regarded to function as a normal circulation. According to the existing guidelines for 
anatomically normal (biventricular) hearts, Fontan patients can be considered to be in ‘Heart 
Failure’ (HF) from the moment the operative sequence is completed1. On top of  that, due to 
the un-physiological characteristics of  this circulation, these patients have proven to be prone to 
gradually increasing failure, which in itself  differs fundamentally from the regular HF, and may 
result ultimately in transplantation or premature death. All the unique aspects of  the Fontan 
Circulation have to be kept in mind when considering its failure and the value of  potential 
biomarkers, which is the subject of  the article of  Heck et al in the current issue of  the European 
Journal of  Heart Failure2. 

Since its invention independently by both Francis Fontan and Guillermo Kreutzer in 1971 
in France and Argentina, their operation has been performed in patients with a functionally 
single ventricle where, in the absence of  a pulmonary (right) ventricle –at least of  adequate 
size, the systemic venous return is surgically connected directly to the pulmonary circulation3-4.  
This circulation does not exist naturally so can rightfully be called iatrogenic. The resulting 
characteristics of  this iatrogenic circulation are a lower than normal cardiac index, limited capacity 
for the low output to rise during exercise and a central venous pressure which is chronically 
elevated because systemic venous return is subjected to pulmonary vascular resistance (PVR) 
without the aid of  a ventricular pump. The preload is low because these single ventricles are 
usually anatomically larger than a normal ventricle. The ventricular afterload is increased by 
»10% because both pulmonary and systemic circulations are connected directly in series, while 
the PVR is »10% of  systemic resistance. 

The Fontan operation has proven to be palliative as these patients still face devastating 
complications developing gradually long after Fontan completion. A Fontan Circulation can fail 
on several weak points apparently inherent in its design. Firstly, the chronically increased central 
venous pressure due to the un-physiological circulation causes systemic venous congestion 
and it sequels such as lower body edema, ascites, protein losing enteropathy, hepatic cirrhosis 
and hepatic malignancy. Moreover, due to anatomical right atrial dilatation and previous 
surgical scarring, atrial arrhythmias occur frequently, which in turn has a detrimental effect on 
ventricular filling. Secondly, Fontan patients are often faced with the consequences of  decreasing 
myocardial function (either systolic or diastolic) over time, the mechanism of  which still needs 
to be elucidated. The third mechanism is the gradual increase of  the PVR, caused possibly by 
pulmonary vascular remodeling most likely due to the non-pulsatile character of  the pulmonary 
flow and to chronic pulmonary (micro-)emboli. Finally, a dysregulation of  the autonomic nervous 
system and the neurohumeral axis may play a role in failure of  this unique circulation on the 
long term. Of  all Fontan patients, about half  is alive 25-30 years after initiation of  this aberrant 
circulation5. Therefore, this Fontan failure asks for more elucidation, and the identification of  
potential biomarkers for failure will be of  great value for the management of  these patients. 
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Heck et al investigated in this issue the value of  NT-proBNP in a cohort of  124 patients, 
13.8 ± 7.3 years after Fontan surgery2. NT-proBNP is a well recognized biomarker for HF as 
this hormone is released from cardiac muscle, particularly the ventricles, but also the atria6-7. 
According to guidelines existing for the normal circulation1, from the moment the operative 
sequence leading to the Fontan circulation is completed, the Fontan patient shows resemblance 
to HF patients, in terms of  symptoms (e.g. breathlessness and fatigue on exercise) and signs 
(e.g. elevated jugular venous pressure) that both result from an “abnormality in cardiac 
structure or function”. Is it possible that HF biomarkers like NT-proBNP could play a similar 
role to the Fontan patients as to the HF patient we know from daily our cardiological practice? 
If  Fontan failure would be characterized by either ventricular or atrial volume overload causing 
wall stretch, NT-proBNP could be a tell-tale for failure. 

In the study by Heck et al, the type of  Fontan surgery appeared to be a crucial factor in the 
interpretation of  the NT-proBNP level. Therefore, it is of  value to sketch some of  the surgical 
modifications that were developed in the 42 years since its conceptio8. This evolution can 
be typified by varying amounts of  atrial tissue incorporated in the connection between the 
inferior caval vein (IVC) and the pulmonary artery. The original Fontan circuit existed of  an 
atriopulmonary connection connecting the right atrial auricle to the pulmonary arteries directly. 
This operation ultimately results invariably in a hugely dilated right atrium, functioning in itself  
as a substantial resistance and risk for trombo-emboli8. The so-called “lateral tunnel” technique 
was developed by Marc de Leval in order to replace the huge atrium with a low resistance 
tubular pathway between the IVC and the pulmonary artery, in which the tube was built from 
prosthetic material and a portion of  the lateral atrial wall9. Finally, the extracardiac conduit 
was conceived in the Mayo Clinics, consisting purely of  a prosthetic tube connecting the IVC 
with the pulmonary arteries10. Both the lateral tunnel and the extracardiac tube are operative 
techniques currently en vogue. Heck et al stated that these differences in the incorporation 
of  myocardium in the Fontan circuit would influence the diagnostic value of  the biomarker 
originating from the cardiac muscle. They showed that the older Fontan modifications that 
involve more atrial tissue in the systemic venous pathway, show higher NT-proBNP, independent 
of  the patient’s ventricular function.

When considering these results, one has to keep in mind that the Fontan patients have 
limited survival and the patients who are operated with the older techniques are in a different 
phase of  the attrition of  their Fontan Circulation than are the patients operated with the 
newer techniques. This is also reflected by a difference in ventricular function between these 
different groups. So not only the incorporation of  atrial wall into the Fontan circuit, but also 
the interval since the Fontan operation and thereby the degree of  attrition and associated 
decline in ventricular function, may have influenced the NT-proBNP levels in the patients with 
atriopulmonary or atrioventricular connections. 

Besides, the aortopulmonary flow may influence the NT-proBNP as a biomarker in Fontan 
Failure. Collateral flow can be present in Fontan patients and can have accumulated to 
substantial proportions, particularly in the cyanotic phase of  these patients. These possibly 
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vast amounts of  collateral flow could cause an additional volume load to the single ventricle 
supplanting the initial underload. Thereby the pressure on the ventricular wall increases 
and more NT-proBNP could be disseminated. The amount of  this collateral flow is still 
cumbersome to quantify and is thus a confounder of  unknown magnitude.

As we have mentioned above, the Fontan Circulation has several modes of  failure and it 
would be extremely valuable to identify biomarkers which are associated with a specific mode 
of  failure. NT-proBNP, reflecting a high volume load and myocardial wall stress, may be 
disseminated in every mode of  failure because of  the serial direct coupling of  systemic and 
pulmonary circulation. Every increase in PVR will lead to more congestion in the body and 
therefore in increasing ventricular afterload and myocardial stress. In the future, biomarkers 
which discriminate between the different modes of  failure of  the Fontan Circulation could 
be a focus point for further research. However, identifying and quantifying the failure of  the 
Fontan Circulation is not a one-dimensional process, but asks for an all-encompassing view 
with all the different aspects of  the Fontan Circulation kept in mind. 
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Abstract

B ackground: In Fontan patients, the peptide N-Terminal pro Brain Natriuretic Peptide 
(NT-proBNP) is often increased, but its value in the assessment of  cardiac function 
and circulatory performance is unclear. The purpose of  this study in Fontan patients 

is to investigate whether NT-proBNP represents cardiac function or other key variables of  
the Fontan circulation and is related to functional status.

Methods and results: Ninety-five consecutive Fontan patients ≥ 10 years old who attended 
the pediatric or cardiologic outpatient clinic in 2012-2013, were included. Time since the 
Fontan operation was 16 ± 9 years. Median NT-proBNP was 114 (IQR 61-264) ng/l, and was 
higher than age-dependent normal values in 42% of  the patients. Gender- and age adjusted 
logNT-proBNP levels were not related to functional status, defined as NYHA functional 
class, peak exercise capacity and cardiac index, nor to cardiac function, assessed by cardiac 
magnetic resonance (ejection fraction) and echocardiography (ventricular function, E’, E/E’ 
ratio, E/A ratio). However, peptide levels significantly correlated with indexed ventricular 
mass (p=0.001), inferior caval vein diameter (p < 0.001) and gamma-glutamyl transferase 
(p=0.011, adjusted Rsquare=0.636). 

Conclusion: In patients with a Fontan circulation, NT-proBNP is increased in 42% of  the 
patients, and progressively increases with higher patients’ age or longer time since Fontan 
operation. NT-proBNP relates to the circulatory performance of  the Fontan circulation, and 
might signal early attrition of  this circulation. However, it shows limited association with 
intrinsic cardiac function. Therefore, NT-pro-BNP, one of  the most important biomarkers 
of  biventricular heart failure, requires a different interpretation in patients with univentricular 
physiology.
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Introduction

Patients born with a univentricular heart usually require advanced cardiac surgery, known 
as the Fontan operation1,2. Although the Fontan operation successfully treats cyanosis 
and ventricular volume overload, it is a palliative procedure. Eventually, attrition of  the 

circulation could lead to a constellation of  serious symptoms and findings known as “Fontan 
Failure”3. Fontan Failure can include ventricular dysfunction, protein losing enteropathy, hepatic 
failure and a gradual increase in pulmonary vascular resistance4. Timely recognition of  Fontan 
failure may be of  help to initiate early treatment and improve survival. 

A valuable aid in the recognition of  a failing Fontan circulation might be N-Terminal pro Brain 
Natriuretic Peptide (NT-proBNP). NT-proBNP is a peptide that is released from the cardiac 
tissue in response to wall stress due to volume- or pressure-overload. In patients with biventricular 
circulation, NT-proBNP is a well recognized biomarker, elevated in patients with heart failure with 
reduced and reserved ejection fraction and has become crucial for decision making in current 
clinical practice5,6. However, in the univentricular physiology, the role of  NT-proBNP in the 
assessment of  cardiac function and circulatory failure is far from unraveled. Due to the unique 
characteristics of  the Fontan circulation, including the serial coupling of  pulmonary and systemic 
circulation, different surgical techniques, and abnormal ventricular loading conditions, the value of  
NT-proBNP in biventricular hearts may not be extrapolated without further consideration. 

The purpose of  this study in Fontan patients is to investigate whether NT-proBNP represents 
cardiac function or other key variables of  the Fontan circulation and is related to functional status. 

Methods

Patient population

C onsecutive patients ≥ 10 years old with a Fontan circulation, attending the outpatient 
clinic of  the University Medical Center Groningen between January 2012 and 
October 2013, were included in the current cross-sectional study. During these visits, 

each patient underwent a standardized set of  tests, including transthoracic echocardiography, 
cardiopulmonary exercise testing, cardiac magnetic resonance examination, and laboratory 
measurements. This study complies with the declaration of  Helsinki. The institutional ethics 
committee approved the conduct of  this investigation. Informed consent was obtained from 
all study participants and/or their parents. 

Clinical data

Patient characteristics. Data on demographics and clinical variables were extracted from medical 
records. These data included age, sex, body mass index (BMI), cardiac anatomy, type of  initial 
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Fontan operation and follow-up since the Fontan operation. Body surface area (BSA) was 
calculated with Haycock’s formula7. 

Functional status. Functional status was defined as the New York Heart Association (NYHA) 
functional class and maximal oxygen uptake during exercise (peak VO2). The NYHA functional 
class was assessed by two experienced physicians. The peak VO2 was measured during 
cardiopulmonary exercise testing using a stationary cycle ergometer in children < 18 years old, 
and a treadmill in adults. The maximum oxygen uptake was calculated as the mean of  the two 
highest VO2 measurements during exercise, and indexed by body weight. The peak VO2index is 
presented as absolute value and as percentage of  predicted compared to normal values8,9. 

Laboratory measurements Venous blood samples were drawn from all patients during routine 
follow-up. For NT-proBNP measurements, the specimens were collected in 4.5 ml lithium-
heparin tubes, centrifuged and directly determined by immunoassay using the Roche 
Modular E (Roche Diagnostics, Mannheim Germany). For the present study, we investigated 
two cut-off  values for elevated NT-proBNP levels: the 97.5th percentile of  age-adjusted 
reference values10,11, and levels > 125 ng/l (according to the optimal cut-off  point for non-
acute presentation of  biventricular heart failure)6. Additionally, potential confounders in 
NT-proBNP measurements, including anemia (hemoglobin) and renal function (creatinin, 
estimated glomerular filtration rate (eGFR)), and hepatic measurements associated with 
systemic venous congestion (gamma-glutamyl transferase (γ-GT)) were measured.

Echocardiography. Transthoracic echocardiography was performed using a commercially 
available General Electric ultrasound machine with a 3.5 MHz probe. A standardized protocol 
was used, which included parasternal, apical, subcostal and suprasternal views. Analysis of  
echocardiographic images was performed offline by an experienced sonographer who was 
blinded for all other study information. Systolic function was estimated (eyeballing) and classified 
as no, mild, moderate or severe dysfunction. For the assessment of  diastolic function, the peak 
early (E) and late inflow velocities (A) across the dominant atrioventricular valve were measured 
using a pulsed Doppler sample on the apical chamber view. Pulsed wave Tissue Doppler Imaging 
was used to assess the peak early (E’) and late (A’) diastolic velocities of  the atrioventricular 
annulus of  the non-septal (free) wall. The E/E’ ratio and E/A ratio were calculated. 

Cardiac Magnetic Resonance examination (CMR). All studies were performed on a 1.5 Tesla system 
(Siemens, Magnetom Avanto, Erlangen, Germany). The CMR protocol included a stack of  
short-axis slices from the base of  the heart to the apex of  the heart using cine-steady-state 
free precession (SSFP) with end- expiratory breath holding. The following scan parameters 
were used: slice thickness 6 mm; slice gap 4 mm; TR 2.7-3.4 ms; TE 1.1-1.7 ms; flip angle 
80-90; matrix 171-192; voxel size 1.25x1.25x8.0 mm and 1.7x1.7x6.0 mm. No sedation was 
applied. Commercially available software was used for the imaging analysis (Qmass, version 
7.6. Medis Medical Imaging Leiden, the Netherlands). End-systolic and end-diastolic phase 
were visually selected, using the largest and smallest systemic ventricular cavity on the 
longitudinal and short axis views. The contours of  the systemic and hypoplastic ventricle 
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were manually drawn on epicardial and endocardial borders from the most apical to the most 
basal short axis slice. The end-systolic and end-diastolic blood volumes were calculated from 
the endocardial contours; both the volumes of  the systemic and hypoplastic ventricle were 
included except for patients with pulmonary atresia and intact ventricular septum. Ventricular 
mass, including trabecular and papillary tissue, was calculated by using MassK semi-automatic 
threshold-based segmentation software12,13. The ejection fraction (EF) and cardiac index (CI) 
were calculated from end-diastolic and end-systolic blood volume, heart rate and BSA. 

In addition, measurements of  the inferior caval vein (VCI) circumference were performed 
on the magnetic resonance angiography source image data in order to estimate the degree of  
systemic venous congestion. Double-oblique short axis of  the VCI were determined in the 3D 
setting (Aquarius iNtuition software, TeraRecon, San Mateo, California, USA) with the long axis 
oriented from the mid-vessel on the sagittal plane and the short axis oriented perpendicular to 
the vessel wall on the oblique plane. The circumference of  the vessel was measured between 
either the right atrium or extracardiac conduit anastomosis and the hepatic vein influx. 

Statistical analyses

All statistical analyses were performed using SPSS for Windows (version 22, SPSS inc, Chicago, 
Illinois, USA). Continuous data were reported as mean ± standard deviations (SD) or median 
(interquartile range, IQR) and categorical data as number of  patients (percentage of  total 
number of  patients). The primary outcome parameter was NT-proBNP. The NT-proBNP 
levels had an exponential distribution and were therefore transformed into logarithmic 
values. The covariates included 1) patient characteristics (e.g. type of  and time since initial 
Fontan operation), 2) functional outcome (NYHA functional class, peak VO2index, CI), 3) 
cardiac parameters (CMR derived EF, end-diastolic volume (EDV) and ventricular mass, 
and echocardiographic eyeballing ventricular function, E’, E/E’ ratio, E/A ratio), 4) and 
variables associated with systemic venous congestion (VCI diameter, γ-GT levels). The type 
of  initial Fontan operation was categorized by the amount of  atrial tissue incorporated in 
the systemic-to-pulmonary tunnel, i.e. a total autologous tunnel (atriopulmonary connection, 
Björk modification, right auricular-VCI conduit14), partial autologous tunnel (TCPC lateral 
tunnel) and no atrial tissue in the tunnel (TCPC extracardiac conduit and Kawashima).

The correlations between logNT-proBNP levels and the covariates were tested one by one 
using both univariable linear regression (model 1) and multivariable linear regression analyses 
in which gender and age were forced in the model to provide gender- and age adjusted 
correlations (model 2). Interaction was tested between covariates and gender as well as age. 
Finally, covariates showing a correlation with gender- and age adjusted logNT-proBNP 
levels with a significance of  p < 0.10, were tested in a multivariable model using a backwards 
approach. Additionally, the multivariable model was tested with adjustment for other 
parameters known to influence NT-proBNP levels (kidney function and BMI). A probability 
value < 0.05 was considered significant. 
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Results

Patient characteristics

N inety-five patients were included in the current study; 39 children (< 18 years old) 
and 56 adults. Patient characteristics are displayed in table 1. The patients underwent 
the Fontan operation between 1975 and 2010, at a median age of  4.5 (IQR 3.4-

6.7) years. Time since the Fontan operation was 16 ± 9 years, with a minimum of  2 years 
and a maximum of  37 years. Sixty-two patients (65%) underwent cardiac magnetic resonance 
examination (CMR). The other patients did not participate in the CMR analyses because of  
an implanted pacemaker or pacemaker leads in 23 patients (24%), claustrophobia in 2 patients 
(2%), and patient refusal in 7 patients (7%). The median time between laboratory measurements 
and CMR was within 24 hours (IQR 0-26 days). 

Clinical variables

Functional status Thirty-six patients (38%) were is NYHA class I, forty-eight patients (51%) were 
in NYHA class II, and eleven patients (12%) were in NYHA class III. Peak VO2index was 25.2 
± 8.5 ml/min/kg (58 ± 14% of  predicted). Mean cardiac index was 3.1 ± 0.9 ml/min/m2.

Laboratory measurements Median NT-proBNP was 114 (IQR 61-264) ng/l, with a minimum of  
9 ng/l and a maximum of  1862 ng/l. Forty patients (42%) had a NT-proBNP level above the 
97.5th percentile of  age-adjusted normal values and 42 patients (44%) had a NT-proBNP level 
higher than 125 ng/l. One patient (1%) showed signs of  kidney dysfunction, with an increased 
creatinine level 162 µmol/l and a decreased eGFR of  30 ml/min/1.73m2. Median γ-GT was 63 
(IQR 38-108) U/l, and 59 patients (62%) had a γ-GT above the reference range.

Cardiac imaging Mean CMR-derived ventricular ejection fraction was 56 ± 8%. All patients had an 
ejection fraction > 40%. Median indexed mass was 63 (IQR 54-73) gr/m2 and median indexed 
EDV was 74 (IQR 61-88) ml/m2. VCI calculated diameter was 24 (IQR 21-31) mm. Using 
echocardiography, eyeballing estimation of  the ventricular function revealed that 10 patients (11%) 
had a moderate/severe systolic dysfunction. Diastolic Doppler velocities showed a mean E’ of  10.8 
± 3.4 cm/s, median E/A ratio of  1.4 (IQR 1.1-1.8) and median E/E’ ratio of  6.2 (IQR 5.2-8.2). 

Correlation analyses

Correlation with patient characteristics Figure 1 displays the correlation between NT-proBNP and 
age of  the Fontan patients, in relation to the age-appropriate reference values. The number of  
patients with NT-proBNP above the age-appropriate reference values increased significantly 
with increasing age (r=0.509, p < 0.001). The univariable and gender- and age adjusted regression
analyses for logNT-proBNP level are displayed in table 2. 
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Table 1. Patient characteristics (n=95)

N(%) 

Male  47 (50%)  

Diagnosis 

    TA 

    DILV  

    AVSD / unbalanced VSD 

    PA with IVS 

    Heterogeneous anomalies 

    HLHS 

41 (43%) 

22 (23%) 

12 (13%) 

10 (11%) 

6 (6%) 

4 (4%) 

Heterotaxy 14 (15%) 

Ventricular morphology  

    Left dominant 

    Right dominant 

78 (82%) 

17 (18%) 

Type of Fontan procedure 

    TCPC right auricular-VCI conduit 

    TCPC lateral tunnel 

    TCPC extracardiac conduit 

    Atriopulmonary connection 

    Kawashima 

    Björk modification 

27 (29%) 

22 (23%) 

22(23%) 

15 (16%) 

5 (5%) 

4 (4%)  

Age at Fontan procedure, years 4.5 (3.4-6.7) 

Current age, years  21.6 (14.4-27.1)  

BMI 20.9 (18.1-23.5) 

Table 1. Patient characteristics (n=95)

Body surface area 1.66 ± 0.31 

Hemoglobin, mmol/l 9.4 (8.9-10.1) 

Creatinin, umol/l 64 (54-76) 

Gamma-glutamyl transferase, U/l 63 (38-108) 

NT-proBNP, ng/l 114 (IQR 61-264)  

(A)VSD=(atrial)ventricular septal defect; BMI=body mass index; DILV=double inlet left ventricle; 
HLHS=hypoplastic left heart syndrome; IVS=intact ventricular septum; NT-proBNP=N-terminal pro brain 
natriuretic peptide; PA=pulmonary atresia; TA=tricuspid atresia; TCPC=total cavopulmonary connection.
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Figure 1. Figure 1. Relation between age and NT-proBNP levels
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Figure 2. Relation between operative technique and NT-proBNP levels
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CI=confidence interval; NT-proBNP=N-terminal pro brain natriuretic peptide.

*P-value<0.05. APC=atriopulmonary connection; EC=extracardiac conduit; LT=lateral tunnel; NT-proBNP=N-
terminal pro brain natriuretic peptide; RA=right auricular-VCI tunnel; TCPC=total cavopulmonary connection.
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Table 2. Regression analyses 

Model 1 Model 2 

Regression 

coefficient 

(95%CI)

P-value Regression 

coefficient 

(95%CI)

P-value

Patient characteristics 

Female gender 0.66(1.04-0.29) 0.001 -

Right ventricular morphology  0.45(-0.06-0.96) 0.081 0.51(0.10-0.94) 0.017 

Atriopulmonary connection  1.14(0.68-1.60) <0.001 Ns

Years since Fontan procedure 0.06(0.04-0.08) <0.001 Ns

Current age  0.05(0.04-0.07) <0.001 -

BMI 0.06(0.01-0.10) 0.010 Ns

Body surface area 0.63(0.00-1.27) 0.051 Ns

Creatinin 0.02(0.01-0.03) 0.001 Ns

Functional status 

NYHA-FC III versus I/II 0.9(0.3-1.6) 0.003 Ns

Peak VO2index -0.04(-0.06- -0.01) 0.003 Ns

Cardiac index -0.33(-063- -0.03) 0.030 Ns

Cardiac parameters 

E/A ratio -0.48(-0.91- -0.05) 0.028 Ns

Ventricular mass index  Ns 0.02(0.01-0.03) 0.002 

Variables associated with systemic venous congestion

VCI diameter 0.07(0.04-0.11) <0.001 0.05(0.02-0.08) 0.001 

γ-GT  0.00(0.00-0.01) 0.005 0.00(0.00-0.01) 0.057 

Table 2. Regression analyses

Model 1: Univariate regression analyses, Model 2: Regression analyses adjusted for gender and age. 
BMI=body mass index; CI=confidence interval; E/A ratio= ratio of  early / atrial filling velocity; γ-GT=gamma 
glutamyl transferase; NT-proBNP=N-terminal pro brain natriuretic peptide; NYHA-FC=New York Heart Association 
functional class; VCI=inferior caval vein; VO2= oxygen uptake during exercise.
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Figure 3b. Relation between VCI diameter and NT-proBNP levels
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The median NT-proBNP levels was 148 (83-381) ng/l in the patients with a completely 
autologous conduit (atriopulmonary connection/Björk modification/right auricular-VCI 
conduit), and was significantly higher compared to a median NT-proBNP of  103 (55-290) 
ng/l in patients with a partial autologous conduit (TCPC lateral tunnel, p=0.011) and 85 (51-
135) ng/l in patients with a non-autologous conduit (TCPC extracardiac conduit/Kawashima; 
p < 0.001, figure 2). 
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Figure 3a. Relation between indexed ventricular mass and NT-proBNP levels

NT-proBNP=N-terminal pro brain natriuretic peptide.

NT-proBNP=N-terminal pro brain natriuretic peptide; VCI=inferior caval vein.
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However, the gender- and age adjusted analyses regression analyses for logNT-proBNP levels 
showed no difference between these groups. The following variables showed no relation with 
(gender- and age adjusted) NT-proBNP levels: diagnosis, heterotaxy, age at Fontan completion, 
and hemoglobin. 

Correlation with functional status. NT-proBNP levels were 84 (49-139) ng/l in patients in NYHA 
functional class I, 120 (65-269) ng/l in patients in NYHA functional class II, and 312 (158-581) 
ng/l in patients in NYHA functional class III (p=0.003). Both peak VO2index and cardiac 
index correlated with NT-proBNP levels (r=-0.319, p=0.002 respectively r=-0.279, p=0.030). 
The correlations between NT-proBNP and functional status faded in gender- and age adjusted 
analyses. Peak VO2index as percentage of  predicted showed no significant correlation with NT-
proBNP levels. 

Correlation with cardiac parameters In univariable analyses, logNT-proBNP levels correlated with 
E/A ratio (r=-0.281, p=0.028). However, in gender- and age adjusted analyses, both systolic 
and diastolic functional cardiac parameters did not show significant correlations with logNT-
proBNP levels. Indexed ventricular mass significantly correlated with gender- and age adjusted 
logNT-proBNP levels (figure 3A r=0.349, p=0.002). 

Correlation with variables associated with systemic venous congestion. VCI diameter was significantly 
correlated with gender- and age adjusted logNT-proBNP levels (figure 3B r=0.335, p=0.010). 
Γ-GT levels showed a positive trend towards correlation with gender- and age adjusted logNT-
proBNP levels (r=0.182, p=0.057). The multivariable model for gender- and age adjusted 
logNT-proBNP is displayed in table 3. Of  all included variables (ventricular morphology, 
γ-GT, VCI diameter and indexed ventricular mass), the γ-GT, VCI diameter and indexed 
ventricular mass contributed significantly to the model (Rsquare=0.636). The addition of  
BMI and kidney function did not change the contribution of  the above mentioned variables 
in the multivariable model. 

Table 3. Multivariable model for logNT-proBNP, gender- and age adjusted

Standardized regression 

coefficient (95% CI) P-value 

Indexed ventricular mass, gr/m2 0.311 0.001 

VCI diameter, mm 0.328 <0.001 

γ-GT 0.252 0.011 

 Adjusted Rsquare=0.636 

Table 3. Multivariable model for logNT-proBNP, gender- and age adjusted

CI=confidence interval; γ-GT=gamma glutamyl transferase; NT-proBNP=N-terminal pro brain natriuretic peptide; 
VCI=inferior caval vein.
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Discussion

The current study showed that NT-proBNP is increased in 42% of  the Fontan patients, 
and the number of  patients with NT-proBNP above the age-appropriate reference 
values increased significantly with increasing age. The gender and age-adjusted peptide 

levels did not correlate with Fontan operative technique, functional status, and cardiac function in 
patients with a Fontan circulation. Nevertheless, they did correlate with ventricular morphology, 
indexed ventricular mass, VCI diameter and γ-GT levels. 

The Fontan circulation is associated with unique characteristics that hamper the extrapolation 
of  NT-proBNP interpretation from the biventricular heart failure to the Fontan circulation. 
NT-proBNP is released from the ventricular and, in lower concentrations, atrial myocardium in 
response to increased wall stress caused by volume or pressure overload15-17. Nowadays, this peptide 
is one of  the pillars of  cardiologic clinical practice6, where it is acknowledged as an important aid 
in the assessment of  biventricular patients with (suspected) congestive heart failure, to evaluate 
the effects of  therapy and to predict survival18-20. Congestive heart failure in biventricular patients 
is characterized by systolic or diastolic ventricular dysfunction and an increased end-diastolic 
volume or pressure, causing ventricular wall stress and consequently increased levels of  NT-
proBNP21,22. In contrast, in Fontan patients, the serial coupling of  both systemic and pulmonary 
circulation causes a chronically restricted ventricular preload, systemic venous congestion and 
increased ventricular afterload. The univentricular physiology is therefore associated with several 
unique characteristics that have to be kept in mind when evaluating NT-proBNP levels. Firstly, a 
single ventricle sustains both the systemic and pulmonary circulation. Due to the direct coupling 
of  both circulations, failure of  the Fontan circulation concerns failure of  the whole circulation 
and does not signify left- nor right-sided congestive heart failure23,24. Secondly, the evolution of  
the Fontan operation from an atriopulmonary connection to the total cavopulmonary connection 
is characterized by various amounts of  native atrial tissue incorporated in the conduit between 
the inferior caval vein and the pulmonary artery. Because this atrial tissue is subjected to higher 
pressures, it might increase NT-proBNP levels. Thirdly, the univentricular heart is exposed to 
unique loading conditions that affect the volume and pressure load of  the single ventricle. 

In the current study, we found around 40% of  the patients with a Fontan circulation to have 
increased levels of  NT-proBNP. This is in accordance with previous studies, which showed 
increased peptide levels in 20-60% of  the Fontan patients25,26. Univariable analysis confirmed that 
the peptide levels are inversely related to the time since Fontan operation25,26. That correlation, 
however, faded after adjustment for gender and age. Since age also reflects the time since 
Fontan operation, and the attrition of  the Fontan circulation develops gradually in time, the 
interpretation age-adjusted NT-proBNP is multi-dimensional. In the current study, with longer 
time since the Fontan operation, an increasing number of  patients appeared to have NT-proBNP 
levels that where increasingly higher than the reference range. This suggests a gradual attrition of  
the circulation. Our results suggest that, in Fontan patients, NT-pro-BNP level is correlated with 
functional status, but that this is not independent from the time since Fontan operation.
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Concerning the relation between surgical techniques, NT-pro-BNP level seems not primarily 
to be determined by the amount of  remaining native atrial tissue, but to be more dependent 
of  age or the time since Fontan operation. Indeed, patients with a TCPC using a native right 
auricular tunnel, that were operated relatively recently14) had comparable NT-proBNP levels to 
patients with extracardiac conduits, operated in the same era. Therefore, surgical technique was 
not included as a variable in the multivariable model. 

In the Fontan circulation, systemic venous congestion does not signify increased ventricular 
preload to the systemic ventricle. On the contrary, the direct coupling of  the systemic and 
pulmonary circulation results in a restricted ventricular preload due to the passive pulmonary blood 
flow27. Furthermore, to overcome the pulmonary vascular resistance, increased systemic venous 
congestion develops. Finally, the serial coupling and presumably an autonomic deregulation in 
order to maintain blood pressure in low cardiac output state, induce an increased ventricular 
afterload27-29. The current study demonstrated no correlations between NT-proBNP and cardiac 
function variables, in these unique ventricular loading conditions. Only a weak correlation with 
E/A ratio existed. Our results correspond with previous reports, which observe no or only weak 
relations between NT-proBNP levels and ventricular function30-34. Concerning systolic function, 
none of  the patients in the current study had ventricular dysfunction (EF < 40%), which might 
have limited the power of  the analyses. Regarding diastolic function, a previously proposed 
concept, describing diastolic dysfunction in Fontan patients to be caused by a downwards spiral 
of  ventricular disuse hypofunction due to the restricted ventricular preload35, might explain why 
we found a weak correlation with NT-proBNP levels. It is important to realize that the most 
frequently used non-invasive parameters of  cardiac function are load-dependent and in the 
Fontan circulation, the loading conditions differ significantly from the normal circulation. This 
might contribute to the lack of  correlation between NT-proBNP and these cardiac functional 
variables in Fontan patients. 

With attrition of  the Fontan circulation, the unique ventricular loading conditions may further 
deteriorate. Pulmonary vascular remodeling in patients with a longstanding Fontan operation has 
been recently identified36. Progressive pulmonary vascular remodeling might cause the pulmonary 
vascular resistance to rise37, thereby increasing systemic venous congestion and ventricular 
afterload. In the current study, we showed that NT-proBNP levels in the Fontan patients were 
significantly related to ventricular mass, VCI diameter and γ-GT. Increased ventricular mass might 
either be inherent to the univentricular heart, or a response to an increased ventricular afterload. 
Increased afterload may cause an increase in ventricular wall stress and, consequently, higher NT-
proBNP levels in Fontan patients. This concept is endorsed by previous findings, including the 
significant relation between NT-proBNP levels and end-diastolic pressure in the systemic ventricle 
during cardiac catheterization33,38 and the correlation between ventricular mass and NT-proBNP 
in children with a Fontan circulation34,39. Both VCI diameter and γ-GT represent systemic 
venous congestion40,41. The correlation between these variables and NT-proBNP indicates 
that this peptide might be valuable in the recognition of  Fontan failure by signaling a less-
optimal circulatory performance of  the Fontan circulation. Furthermore, increased systemic 
venous congestion is associated with hepatic and enteric associated morbidity and mortality42-44, 
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which might explain why NT-proBNP levels predicts worse outcome in the Fontan patients25,26. 
Finally, we identified that increased levels of  NT-proBNP were associated with right ventricular 
morphology. This might indicate that the right ventricle suffers more from the abnormal loading 
conditions associated with a systemic single ventricle, and might be associated with an earlier 
deterioration of  the circulatory performance of  the Fontan circulation.

For clinical practice, the results of  the current study indicate that NT-proBNP levels relate to 
the circulatory performance of  the Fontan circulation and might signal early attrition of  this 
circulation. However, NT-proBNP seems of  limited value to assess intrinsic cardiac function in 
Fontan patients. Since the patients’ age also reflects the time since Fontan operation and associated 
attrition of  the circulation, the age-adjusted NT-proBNP levels have to be interpreted with care. 

Limitations

The current study is a cross-sectional study. Changes in NT-proBNP levels over time in in-
dividual patients, which would be valuable to assess the underlying mechanism of  changes in 
NT-proBNP and ventricular dimensions, could not be addressed due to this study design. Fu-
rthermore, in some cases, the multivariable regression analyses were limited to the patients who 
underwent CMR imaging (n=62). Previous studies have primarily focused on echocardiographic 
measurements of  cardiac dimensions, and, despite this limited number of  patients, we were able 
to able to identify significant relations. To our knowledge, the current study is the first to show 
the relation between peptide levels and variables associated with systemic venous congestion in 
the Fontan circulation. Finally, no catheterization data were available for this cohort of  patients 
at the time of  NT-proBNP measurement. We recommend future studies which include cathe-
terization measurements to aim at investigating the relation between changes in catheterization 
derived hemodynamics and NT-proBNP levels.

Conclusions

In patients with a Fontan circulation, NT-proBNP is increased in almost half  of  the patients, and 
progressively increases with higher patients’ age or longer time since the Fontan operation. These 
NT-proBNP levels relate to the circulatory performance of  the Fontan circulation, and might 
signal early attrition of  this circulation. However, they show limited association with intrinsic 
cardiac function. Therefore NT-pro-BNP, one of  the most important biomarkers of  biventricular 
heart failure, requires a different interpretation in patients with univentricular physiology.
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Abstract

B ackground: Patients with a Fontan circulation tend to develop liver fibrosis, 
-cirrhosis and even hepatocellular carcinoma. The aim of  this study is to use the 
magnetic resonance technique diffusing-weighted imaging (DWI) for detecting liver 

fibrosis/cirrhosis in Fontan patients and to establish whether DWI results are associated with 
functional aspects of  the Fontan circulation. 

Methods: In a cross-sectional study, 59 Fontan patients were evaluated by liver DWI. The 
association between apparent diffusion coefficients (ADC) and patient characteristics, 
laboratory measurements and functional aspects of  the Fontan circulation (NYHA class, 
maximum oxygen uptake during exercise and cardiac index) was assessed. 

Results: Liver ADC values were low (0.82×10-3  ±  0.11×10-3 mm²/s) compared with literature 
values for healthy volunteers and correlated negatively with calculated liver fibrosis/cirrhosis 
scores (Fib-4 score, p=0.019; AST/ALT ratio, p=0.009) and gamma-glutamyl transferase 
(p=0.031). Furthermore, ADC values correlated negatively with follow-up duration (p < 
0.001) and positively with cardiac index (p=0.019). No correlation between ADC values 
and exercise tests was found. In multivariable analysis, the ADC values were independently 
correlated with follow-up duration after Fontan completion.

Conclusions: The results of  the current study suggest that progressive liver damage due to 
chronic congestion and potential hypoperfusion is reflected in the liver ADC values in Fontan 
patients. This study highlights that liver damage in the context of  the Fontan circulation 
might be far more common than previously thought, and that the implementation of  liver 
assessment in the routine follow-up of  Fontan patients is recommendable. 
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Introduction

The Fontan operation has been employed for over 40 years to palliate patients with a 
functionally univentricular heart1,2. Despite improved short-term survival3, this palliative 
procedure is characterized by increased central venous pressure and has significant 

complications on the long-term, including impaired ventricular function. The liver is one of  the 
organs that suffers from the non-physiologic hemodynamics of  the Fontan circulation4. The 
increased IVC pressure is directly transmitted to bed of  the liver due to the lack of  valves in the 
hepatic veins5. Also, a restricted cardiac output and diminished flow in the portal vein expose 
the liver to potential hypoperfusion6. Furthermore, several accompanying Fontan sequelae, 
such as increasing pulmonary vascular resistance and conduit obstructions, may further increase 
venous pressures and decrease cardiac output. Recently, Fontan patients have been suggested to 
develop liver fibrosis/cirrhosis after longstanding Fontan circulation, with reported incidences 
up to 58%7-9. Even hepatocellular carcinoma is reported, with an estimated incidence between 
1.5 and 5.0% per year7-9.

Currently, liver biopsy is considered the gold standard to evaluate liver fibrosis/cirrhosis10. 
However, in Fontan patients a biopsy may be hazardous due to the presence of  chronic 
venous congestion and subsequent risk for hemorrhage. Recently, magnetic resonance 
elastography (MRE) and diffusion-weighted imaging (DWI) both have been suggested 
as non-invasive alternatives for liver biopsy11. MRE has shown increased stiffness of  the 
liver in Fontan patients. Furthermore, correlations between MRE and hepatic histologic 
abnormalities were reported in children with chronic liver disease12, but these correlations are 
not yet confirmed in patients with a Fontan circulation. Hepatic venous congestion may also 
increase liver stiffness, limiting the assessment of  true fibrosis13. DWI is a magnetic resonance 
technique based on the Brownian motion of  water to measure diffusion of  water protons 
through a tissue. DWI quantifies the diffusion in each voxel by calculating the apparent 
diffusion coefficient (ADC value). Liver fibrosis/cirrhosis is characterized by accumulation 
of  extracellular matrix, which restricts water diffusion and lowers ADC values14. DWI has 
been successfully used by several investigators to detect and stage liver fibrosis/cirrhosis, but 
has not yet been described in the Fontan circulation.

The aim of  this study is to investigate the liver status in Fontan patients by exploring DWI 
of  the liver and to identify its relationship with functional aspects of  the Fontan circulation, 
explored by exercise test and cardiac magnetic resonance (CMR) examinations.  

Methods

Patients

In this cross-sectional study, consecutive Fontan patients ≥ 10 years of  age and followed at 
our institution, were included between January 2012 and October 2013. This study has been 

The Fontan circulation and the liver: a MR-DWI study



96

carried out in accordance with the Declaration of  Helsinki. Approval of  the institutional ethics 
committee was obtained and written informed consent was collected from the participants. 

Clinical variables

Information about the medical history was collected from medical records, including cardiac 
diagnosis, type of  initial Fontan operation, follow-up duration since Fontan operation and 
diagnosed liver diseases. Follow-up duration of  patients with a Kawashima procedure was 
calculated from the moment that the hepatic veins were connected with the Fontan circulation. 
Height, weight, heart rate, blood pressure, oxygen saturation and the presence of  jaundice/
encephalopathy/ascites were obtained during routine follow-up. Body surface (BSA) was 
calculated using Haycock’s formula17. 

Functional capacity was evaluated by New York Heart Association class (NYHA) as assessed by 
the treating physician, and by cardiopulmonary exercise testing (CPET). CPETs were performed 
on stationary cycle ergometers in children and treadmills in adults. For children, we used a 
ramp protocol with an increase of  15 or 20 watt per minute depending upon the height. For 
adults a Bruce or modified Bruce protocol was used. Maximum oxygen uptake (VO2max) was 
measured using breath-by-breath gas analysis. Results of  exercise tests were only included when 
the patients reached the anaerobic threshold, defined as a respiratory exchange ratio ≥ 1.01. 
Predicted values were calculated according to age, sex and length, using Takken’s formula for 
patients <18 years and Wasserman’s formula for patients > 18 years old18-19.

Cardiac function was evaluated by CMR using a commercially available 1.5 T scanner (Magnetom 
Aera, Siemens Medical Solutions, Erlangen, Germany). The imaging protocol and image 
analyses were performed (using Mass 7.6 Medis Medical Imaging, Leiden, the Netherlands) 
as previously described20. CMR assessment included end-diastolic volume indexed by BSA 
(combined hypoplastic and systemic ventricle volumes), ejection fraction, and cardiac index. 
In addition, measurements of  the inferior caval vein (IVC) circumference were performed 
on the magnetic resonance angiography source image data in order to estimate the degree of  
systemic venous congestion. Double-oblique short axis of  the IVC were determined in the 3D 
setting (Aquarius iNtuition software, TeraRecon, San Mateo, California, USA) with the long axis 
oriented from the mid-vessel on the sagittal plane and the short axis oriented perpendicular to 
the vessel wall on the oblique plane. The circumference of  the vessel was measured between 
either the right atrium or extracardiac conduit anastomosis and the hepatic vein influx. The 
diameter was calculated from the circumference and was indexed by BSA. 

Assessment of  the Liver

Diffusing-weighted imaging of  the liver was acquired subsequent to the CMR protocol. A 32-element 
spine matrix coil and a 4 element body matrix were used as receiver, and the body coil as 
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transmitter. The protocol included a routine localizer and 9 DWI series (b=0, 50, 100, 250, 500, 
750, 1000, 1500, 1750 s/mm2) acquired using a spin-echo based echo-planar imaging sequence 
and the following parameters: TR 5900-9600ms; TE 90ms; slice-thickness 5mm; slice gap 
10mm; FOV 242×300mm2; matrix 116×144; bandwidth 1335 Hz/pixel; averages 4 and parallel 
acquisition technique GRAPPA with acceleration factor 2. PACE respiratory triggering was 
enabled and spectral adiabatic inversion recovery was used for fat suppression to avoid artifacts 
from subcutaneous fat. Between 14 and 16 transverse slices were acquired to cover the whole 
liver. Circular regions-of-interest (ROIs) with a diameter of  21.5mm were drawn in segment II, 
III, IV, V, VI, VII, VIII of  the liver, according to the Couinaud-Bismuth classification21. Care 
was taken to avoid major blood vessels in the ROIs. The signal intensities of  all ROIs at the 9 
b-values used were fitted mono-exponentially21, yielding an average ADC value for each patient. 

In order to assess the intraobserver- and interobserver reproducibility of  the liver MR 
measurements, fifteen randomly selected patients were re-analyzed by the primary observer 
(D.W.) and by a second observer (H.D.). Observers were unaware of  the results of  previous 
analyses. 

Laboratory measurements were conducted in a venous blood sample. To assess hepatic synthesis 
function and hepatocellular injury, aspartate transaminase (AST), alanine transaminase (ALT), 
total bilirubin, albumin, thrombocyte count, prothrombin time (PT), and Factor VIII were 
measured. Variables associated with congestion of  the liver included gamma-glutamyl transferase 
(γ-GT) and alkaline phosphatase. The MELD-XI score (Model for end-stage liverdisease 
excluding INR) was calculated from creatinin and bilirubin22, fibrosis scores were calculated 
using AST/ALT ratio and FIB-4-scoring to assess the presence of  liver fibrosis/cirrhosis23,24. 

Statistical Analyses

Variables are reported as count (percentages), mean (standard deviations (SD)) or median 
(interquartile ranges (IQR)). Laboratory results where different reference ranges apply for 
different subgroups are reported as categorical variables (within/lower/higher than reference 
range). ADC values are divided into tertiles when presented in the tables. 

Correlations between normally distributed variables were calculated using Pearson’s correlation 
and between non-normally distributed variables using Spearman’s rank correlation. A one-way 
ANOVA test with Bonferroni post hoc analyses was used to compare means of  ADC values for 
categorical variables. To evaluate the effect of  multiple variables on the ADC values, a stepwise 
multivariate linear regression analyses was performed, including all independent variables which 
were significant in univariate analyses. A probability value of  p < 0.05 was considered significant.
Intra- and interobserver agreements were assessed using intraclass correlation coefficients 
(ICC) and interpreted as described by Altman25. Data were analyzed using SPSS for Windows 
(version 18, SPSS inc, Chicago, Illinois, USA). 
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Results 

Clinical variables

Fifty-nine patients underwent DWI investigations of  the liver; 32 children and 27 adults 
(Table 1).

Table 1. Patient characteristics  (N=59)

Male  29(49%) 

Diagnosis 

  Tricuspid atresia 

  DILV/DIRV 

  PA with intact ventricular septum 

  Unbalanced VSD/Atrioventricular septum defect 

  Heterogeneous anomalies 

  Hypoplastic left heart syndrome 

22(37%) 

10(17%) 

9(15%) 

9(15%) 

6(10%) 

3(5%) 

Age at Fontan completion (years) 4.7 (3.9-7.7) 

Operative technique 

  Atriopulmonary connection 

  TCPC lateral tunnel 

  TCPC extracardiac conduit 

  Kawashima 

7(12%) 

28(48%) 

22(37%) 

2(3%) 

Time since Fontan operation (years) 13.2±7.7 

Age at current evaluation (years) 19.1±7.5 

Physical examination

BSA (m²) 1.61±0.31 

Heart rate (beats/minute) 79±17 

Systolic blood pressure (mmHg) 113±14 

Diastolic blood pressure (mmHg) 72±12 

Oxygen saturation (%) 94±3 

Table 1. Patient characteristics (N=59)

Data are presented as mean±standard deviation, median(interquartile ranges) or N(%). BSA=body surface 
area, DILV/DIRV=double inlet left/right ventricle; PA=pulmonary valve atresia; TCPC=total cavopulmonary 
connection; VSD=ventricular septum defect.
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Median time between Fontan completion and current evaluation was 13.2 ± 7.7 years, with 
a minimum of  2.3 years and maximum of  33.6 years. None of  the patients had clinically 
manifest jaundice or encephalopathy. Two patients had evident ascites, including one patient 
suffering from protein-losing enteropathy and the other patient from persistent chyle leakage 
after recent Damus-Kay-Stansel operation. One patient was diagnosed (by biopsy) with liver 
cirrhosis and two Fontan patients suffered from Gilbert’s syndrome. Thirty-one patients 
(53%) were in NYHA class I, 27 patients (46%) were in NYHA class II and 1 patient (2%) 
was in NYHA class III. The DWI and CPET were mostly performed on the same day (24 
patients (43%), median 0 days, IQR 0-25 days). The peak VO2index during exercise was 27 
± 8 mL/min/kg (58 ± 14% of  predicted, table 2). The mean cardiac index was 3.1 ± 0.9 L/
min/m² and median end-diastolic volume was 75 (IQR 62-90) mL/m². 

Table 2. Functional aspects of the Fontan circulation and correlation with ADC values

ADC values (×10-3 mm²/s)

N 

<0.779: 

1st tertile 

0.78-0.88: 

2nd tertile 

>0.881:

3rd tertile Total 

Correlation 

coefficient P-value 

Functional capacity

Maximum oxygen-

uptake (VO2/ml/kg), 

% of predicted 

54 57±14 56±16 61±12 58±14 +0.032* 0.815 

NYHA class,  

     I  

     II 

     III 

59 

8(42%) 

10(53%) 

1(5%) 

12(60%) 

7(35%) 

1(5%) 

13(68%) 

5(26%) 

1(5%) 

33(56%) 

23(39%) 

3(5%) 

-0.222† 0.091 

Cardiac function

End-diastolic 

volume index 

(mL/m²) 

57 73±21 80±17 81±24 78±21 +0.199* 0.135 

Ejection fraction (%) 58 55±6 56±7 56±10 56±8 +0.031* 0.817 

Cardiac index 

(L/min/m²) 

57 2.8±0.7 3.3±0.9 3.3±1.0 3.1±0.9 +0.308* 0.019 

Table 2. Functional aspects of  the Fontan circulation and correlation with ADC values

ADC=apparent diffusion coefficients; NYHA=New York Health Association; VO2=oxygen uptake.
* Pearson’s correlation coefficient
† Spearman’s rank correlation coefficient 
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Assessment of  the liver

Diffusing-weighted imaging
Liver DWI in Fontan patients showed mean ADC values for the seven regions of  the liver 
of  0.82×10-3 ± 0.11×10-3 mm2/s, with a minimum of  0.42×10-3 mm2/s and a maximum of  
1.01×10-3 mm2/s. ICC showed intra- and inter-observer variability’s of  respectively 0.748 and 
0.654; values considered to indicate a sufficient to good correlation. 

Laboratory and IVC measurements
Laboratory results and calculated liver scores are presented in table 3 and 4.

Table 3. Liver parameters 

Mean±SD Normal values Number abnormal (%) 

Laboratory measurements 

AST (U/L) 32±10 <40 12(21%) 

ALT (U/L) 28±9 <45 3(5%) 

γ-GT (U/L) 73±60 F: <40 

M: <55 

32(54%) 

Alkaline phosphatase (U/L) 152±106 <120 21(46%) 

Bilirubin, total (mol/L) 16±13 <17 8(17%) 

Albumin (g/L) 48±4 35-50 11(19%) 

Trombocyte count (×109/L) 206±54 150-350 Lower: 7(13%) 

PT* (sec) 13±1 11-18yrs: 10-12 

>18yrs: 9-12 

36(88%) 

Factor VIII (%) 166±53 50-150 31(60%) 

Liver disease scores 

MELD-XIscore 10.0±1.6 >10 7(15%) 

AST/ALTratio 1.2±0.4 <1 39(68%) 

Fib-4score 0.6±0.2 ≤1.45 1(2%) 

Table 3. Liver parameters

AST=aspartate transaminase; ALT=alanine transaminase; Fib-4=Fibrosis-4 score; GT=glutamyl transferase; 
MELD-XI=model for end-stage liver disease excluding internationalized-normalized-ratio; PT=prothrombin time. 
*Patients treated with coumarinederivate-therapy were excluded.
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All patients had signs of  liver dysfunction or injury, according to one or more elevated values 
of  AST, ALT, bilirubin, albumin, thrombocyte count, PT or Factor VIII. Forty-two patients 
(71%) showed abnormal values associated with hepatic congestion (elevated γ-GT or alkaline 
phosphatase). Thirty-nine patients (68%) showed abnormal liver scores, however only 1 
patient (2%) had elevated Fib-4 score. IVC measurements showed a mean diameter of  25 ± 
7 mm (16 ± 4 mm/m²).

Table 4. Liver parameters and correlation with ADC values

ADC values (×10-3 mm²/s)

N 

<0.779: 

1st tertile 

0.78-0.88: 

2nd tertile 

>0.881:

3rd tertile Total 

Correlation 

coefficient 

P-

value

Laboratory measurements

AST (U/L) 57 29±8 34±10 34±11 32±10 +0.218* 0.104 

ALT (U/L) 57 28±9 29±9 26±8 28±9 -0.174* 0.196 

γ-GT (U/L) 58 108±87 62±34 51±29 73±60 -0.441* 0.001 

Alkaline phosphatase (U/L) 46 129±90 176±132 155±79 152±106 +0.223† 0.136 

Total bilirubin (mol/L) 46 20±18 14±10 13±5 16±13 -0.282† 0.057 

Albumin (g/L) 57 47±4 48±4 48±3 48±4 +0.139† 0.303 

Trombocyte count (×109/L) 53 215±53 213±69 198±44 208±56 +0.006† 0.965 

PT‡ (sec) 41 13±1 13±1 13±1 13±1 +0.162† 0.242 

Factor VIII (%) 52 168±36 161±46 173±76 166±53 +0.051* 0.718 

Liver disease scores

MELD-XIscore 47 10.4±2.1 9.9±1.4 9.6±0.5 10.0±1.6 -0.286† 0.052 

AST/ALTratio 57 1.1±0.4 1.2±0.3 1.4±0.3 1.2±0.4 +0.345* 0.009 

Fib-4score 53 0.6±0.3 0.6±0.3 0.5±0.2 0.6±0.2 -0.321† 0.019

Table 4. Liver parameters and correlation with ADC values

ADC=apparent diffusion coefficients; AST=aspartate transaminase; ALT=alanine transaminase; Fib-4=Fibrosis-4 
score; GT=glutamyl transferase; MELD-XI=model for end-stage liver disease excluding internationalized-
normalized-ratio; PT=prothrombin time. 
*Pearson’s correlation coefficient
† Spearman’s rank correlation coefficient
‡Patients treated with coumarinederivate-therapy were excluded

< 0.779 > 0.881
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Correlation between liver DWI and laboratory / IVC measurements
ADC values correlated with parameters for liver congestion (γ-GT, r =-0.286, p=0.031; IVC 
diameter, r=-0.260, p=0.048). ADC values did not correlate significantly with indexed IVC 
diameter. Regarding liver scores, ADC values correlated with FIB-4 score (r= -0.308, p=0.019) 
and AST/ALTratio (r= 0.345, p=0.009). Correlation trends were found between ADC values 
and both bilirubin (r=-0.282, p=0.057) and MELD-XI score (r=-0.286, p=0.052).

Correlation between liver DWI and clinical / functional variables
ADC values correlated negatively with the duration of  the Fontan circulation (r=-0.636, 
p<0.001, figure 1. 

Patients who underwent an atriopulmonary connection (APC), had significantly lower ADC 
values (0.69×10-3 ± 0.08×10-3 mm2/s) compared to patients with a total cavopulmonary 
connection (TCPC) with a lateral tunnel (0.81×10-3 ± 0.11×10-3 mm2/s, p=0.028), or 
extracardiac conduit (0.87×10-3 ± 0.09×10-3 mm2/s, p<0.001) or a Kawashima procedure 
(0.91×10-3 ± 0.04×10-3 mm2/s, p=0.035). 

ADC values correlated positively with cardiac index (r=0.308, p=0.026), but did not correlate 
with NYHA class or VO2max. 

Figure 1. Scatterplot with linear regression line for ADC values in relation to follow-up duration 
after Fontan operation
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Multivariate analyses for ADC values

Multivariate analyses for ADC values included follow-up duration, operative technique, γ-GT, 
Fib-4 score, AST/ALTratio and cardiac index. Results of  multivariate analyses showed that 
the follow-up duration after Fontan operation was the only independent predictor for ADC 
values in the liver (R²=0.405, p < 0.001). 

Discussion

In the current study, DWI in Fontan patients revealed substantially lower liver ADC 
values compared to values obtained in healthy volunteers as reported in literature21,26-28. 
In univariable analyses, lower ADC values were associated with lower higher IVC 

diameter, γ-GT, and liver fibrosis/cirrhosis scores (Fib-4 score, AST/ALT ratio), longer 
follow-up duration and lower cardiac index. In multivariable analysis, the follow-up duration 
after Fontan completion was the strongest predictor for the ADC values. 

Over the past few years, evidence is emerging that the Fontan circulation is associated 
with progressive liver damage, which presents with disturbed hepatic parameters, such 
as transaminases and coagulation disorders, and eventually may lead to liverfibrosis and 
-cirrhosis or even hepatocellular carcinomas. Liver damage in Fontan patients is thought 
to relate to a chronically elevated systemic venous pressure and restricted cardiac output6. 
Therefore, there is growing awareness that monitoring of  the liver status during the follow-up 
of  Fontan patients is warranted. Hepatic biopsy, the gold standard for assessing liver fibrosis 
and cirrhosis, is an invasive procedure associated with specific risks in Fontan patients, and 
thus not appropriate for follow-up monitoring. Therefore, safe, non-invasive alternatives 
have been proposed. Hepatic DWI can assess non-invasively both liver fibrosis/cirrosis and 
hepatic venous congestion, by measuring ADC values. Hepatic ADC values represent hepatic 
tissue characteristics, which in Fontan patients can be altered either by fibrosis/cirrhosis due 
to the increase in extracellular matrix components16,29,29, or by chronic venous congestion due 
to restricted water diffusion within the microvasculature of  the liver21. Both will lead to lower 
ADC values.

To our knowledge, this is the first study to investigate hepatic DWI in Fontan patients. Hepatic 
ADC values in Fontan patients were decreased when compared to healthy volunteers21,26-28, 
indicating  significant alterations in hepatic tissue structure in these Fontan patients, most 
likely due to structural liver damage and venous congestion. This is supported by the 
correlations, found in univariable analyses, between ADC values and clinical scores for staging 
liver fibrosis/cirrhosis or indicating liver damage, such as the FIB-4 score and the AST/ALT 
ratio respectively, both calculated from plasma levels of  transaminases. It should be noticed, 
however, that these scores have been used, for instance, for predicting clinical outcome in 
patients with hepatitis C and have not been investigated specifically in the Fontan population.
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Further, ADC values correlated with serum γ-GT level, which is one of  the biochemical 
markers associated with congestive hepatopathy and has been identified as important 
predictor of  cardiovascular death5,30 Congestive hepatopathy is a pattern of  abnormal 
laboratory values, including elevated PT and γ-GT and mildly elevated bilirubin, alkaline 
phosphatase, AST and ALT5,31. A pattern which can be recognized in the Fontan patients in 
the current study. Moreover, the finding that IVC diameter correlated negatively with ADC 
values further supports a hypothesis of  hepatic DWI reflecting the interplay between chronic 
venous congestion and structural changes.

In addition to chronic venous congestion, also hepatic hypoperfusion due to restricted cardiac 
output is suggested as potential mechanism leading to structural liver damage in Fontan 
patients. Since various sequelae of  the Fontan circulation may deteriorate cardiac output, 
we sought to investigate the relation between functional status of  the Fontan circulation and 
liver status. In the absence of  one single cardiovascular variable that adequately characterizes 
the performance of  a Fontan circulation, we measured the “net” cardiac index, assessed 
with MRI, as indicator for Fontan performance. The association between lower cardiac index 
and lower ADC values, found  in the current study, may indicate a potential role for hepatic 
hypoperfusion as a cause for structural liver damage in Fontan patients, but may also highlights 
the correlation between progressive liver disease and a deteriorating Fontan circulation. 

Multivariable analyses revealed that time since Fontan completion was the strongest predictor 
of  low ADC values. The variable time since Fontan completion will interact with several of  
variables associated with ADC values that were identified in univariable analyses. An example 
of  this latter is the observed significant correlation observed between Fontan techniques, 
including atriopulmonary connection or total cavopulmonary connections, and ADC values. 
This might be due to the assumption that some techniques are energetically unfavorable32 
and that increased energy-loss in the circuit may lead to higher venous pressure and thus 
increased liver fibrosis. However, this correlation is confounded by the era at which Fontan 
operation was performed and thus by the follow-up duration. However, due to the limited 
patient numbers in the current study such interactions could not be addressed. Therefore, the 
significant univariable correlations can not be discarded. 

Nevertheless, the observed relation between time since Fontan completion and ADC values is 
in line with previously described time relations between structural liver damage and follow-up 
duration in Fontan patients7,33. Of  special interest is the observation that signs of  structural 
liver damage do not occur only in patients with overt clinical signs of  liver disease, but are 
also present in a cohort of  Fontan patients without overt liver disease and progress over time 
since completion of  the Fontan circulation. This suggests that structural liver disease might 
be an inevitable co-morbidity of  the Fontan circulation, progressing the longer the Fontan 
circulation is in place, and is thus far more common than previously thought34. In the current 
study, according to the laboratory measurements, all patients had some sign of  liver damage.

Altogether, the current results suggest that Fontan patients suffer from progressive liver 
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damage likely due to chronic venous congestion and hypoperfusion, and that liver damage 
might be present without clinical signs of  liver failure. Derangement of  hepatic function can 
affect various hormonal and protein pathways, and can cause vasomotor deregulation of  the 
cardiovascular system5. Furthermore, even mild hepatic dysfunction is known to be associated 
with decreased survival after cardiac surgery35. This calls for an early implementation of  liver 
assessment in the routine follow-up of  Fontan patients. Potentially, fast progression of  liver 
disease in Fontan patients could be indicative for adverse hemodynamic circumstances, such as 
conduit obstruction or an increase in pulmonary vascular resistance. DWI can be performed 
as adjunct to the routine CMR in Fontan patients and takes around 15 minutes per patient. 
Besides the value of  DWI to monitor liver status, this imaging technique has a high efficacy 
for identifying even small hepatocellular carcinoma (< 2cm) in a cirrhotic liver, which could 
support its inclusion in the routine Fontan follow-up protocol in the future36. Finally, DWI 
provides the opportunity to distinguish microperfusion components from true diffusion in 
the liver21. This bi-exponential model of  DWI could be a major advantage compared to 
other non-invasive alternatives for liver biopsy. We suggest further research to investigate this 
model in the Fontan population.

Limitations

Since no liver tissue was available in the studied patients, we could not confirm low ADC 
values measured by DWI to reflect histological confirmed tissue alterations. Also, the DWI 
technique is sensitive to motions in the regions-of-interest and breathing, cardiac motion, 
and microperfusion have been shown to influence the results21,37. To minimize the variability 
caused by different location of  the ROIs, we used a protocol in which seven segments of  
the liver were measured, and the mean ADC was calculated from these segments. The intra- 
and interobserver variability of  the DWI measurements in this study showed a sufficient 
to good correlation. The variation in reproducibility that was identified could be caused by 
the positioning of  ROIs within the liver segments, which may cause variation by different 
microperfusion or other artifacts. Finally, no control group was included in the current study, 
which in our opinion was justified as ADC values published in different high-b-value healthy 
volunteer studies have been rather similar21,26-28.  

Conclusion

The results of  the current study suggest that progressive liver damage due to chronic 
congestion and potential hypoperfusion is reflected in the liver ADC values in Fontan patients. 
This study highlights that liver damage in the context of  the Fontan circulation might be far 
more common than previously thought, and that the implementation of  liver assessment in 
the routine follow-up of  Fontan patients is recommendable. 
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Abstract

B ackground: Mean hepatic apparent diffusion coefficients (ADC) decreases in 
patients with a Fontan circulation. It remains unclear whether this is a true decrease 
of  molecular diffusion, or rather reflects decreased microperfusion due to decreased 

portal blood flow. 

Methods: This study was aimed to use Intravoxel incoherent motion analyses modeled 
diffusion-weighted imaging (IVIM-DWI) (using 9 b-values) to differentiate diffusion and 
microperfusion for eight liver segments in 59 patients with a Fontan circulation, compare the 
results with a control group, and further explore the relationship with parameters associated 
with functional status, chronic congestion and hepatic disease.

Results: Microperfusion parameters (Dfast and ffast) were reduced (p < 0.001) in Fontan patients 
compared to healthy volunteers with -38.1% for Dfast and -32.6% for ffast. Molecular diffusion 
(Dslow) was similar in patients and healthy volunteers, while the ADC was significantly lower 
(-14.3%) in patients (p < 0.001). The ADC showed a significant negative linear relationship 
with the follow-up duration after Fontan operation with a correlation coefficient r=-0.657, 
with the highest correlations found in segments II and VIII. Molecular diffusion also showed 
significant negative linear relationship (r=-0.591) with follow-up duration whereas the 
microperfusion parameters did not.

Conclusions: Decreased hepatic ADC in Fontan patients reflects lowered microperfusion 
of  the Fontan liver rather than decreased diffusion. The ADC values and molecular diffusion 
decreased with the follow-up duration after Fontan operation, whereas the microperfusion 
was stable over time. The current study is the first to show with IVIM-DWI that, in a Fontan 
circulation, the development of  liver fibrosis-/cirrhosis varies between the different liver 
segments, depending on the degree of  arterial blood supply. 
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Introduction

Diffusion-weighted imaging (DWI) has been successfully applied in the assessment 
of  diffuse liver diseases such as cirrhosis, fibrosis and steatosis1-7. Cirrhotic livers 
had significantly lower apparent diffusion coefficients (ADC) than normal livers1,4,5 

and negative correlations between fibroses stages and ADC values were demonstrated3,6-8. The 
ADC is obtained by calculating a mono-exponential fit from multiple (al least two) diffusion-
weighted images, thereby integrating molecular diffusion and microperfusion effects in one 
quantitative parameter9,10. The concept of  the ADC however has been derived from the more 
complex intravoxel incoherent motion (IVIM) model, which separates molecular diffusion 
and microperfusion effects by fitting a bi-exponential model to multiple DW images10. It 
has been suggested that the ADC reduction observed in cirrhotic livers could be linked to 
decreased microperfusion values and may be related to reduced perfusion4. A category of  
patients with altered hepatic perfusion are patients with a Fontan circulation.

Fontan et al. described a palliative operation in which the right atrium (and in newer techniques 
the caval veins) is directly connected to the pulmonary arteries11,12. Additional detail about the 
Fontan operation is provided in Appendix 1. In the absence of  a subpulmonary ventricle, 
this operation induces increased central venous pressure, decreased preload and increased 
afterload of  the ventricle13. In the Netherlands, yearly around 50 newborns born with a 
complex congenital heart disease, known as the univentricular heart, are treated with this 
technique14,15. Over four decades, the short term survival after the Fontan operation improved 
significantly,  resulting in an increasing cohort of  Fontan patients who reach adolescence 
and adulthood16. Consequently, long-term complicatin of  the Fontan circulation are more 
commonly seen. One of  the implications of  the Fontan circulation is liver disease resulting 
in fibrosis and cirrhosis17-20. A significant positive correlation has been found between the 
duration (from the day of  the Fontan operation) and the degree of  hepatic fibrosis21. This 
hepatic damage in the context of  a Fontan circulation is presumably caused by the elevated 
venous pressure and limited cardiac output that causes decreased portal flow14. The hepatic 
artery compensates the diminished portal flow by increased hepatic arterial flow, which is 
termed the hepatic arterial buffer response (HABR). The distribution of  the microperfusion 
is likely to vary among the different liver segments due to the alternative distribution of  
the hepatic flow in Fontan patients. In a recent report we showed that mean hepatic ADC 
are decreased in Fontan patients22. It remained unclear whether this is a true decrease of  
molecular diffusion, or rather reflects decreased microperfusion due to decreased portal 
blood flow. Therefore, the aim of  our current thorough analysis of  the same data  is to use 
IVIM modeled DWI to differentiate diffusion and microperfusion for eight liver segments 
in patients with a Fontan circulation, compare the results with a control group, and further 
explore the relationship with parameters associated with functional status, chronic congestion 
and hepatic disease.
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Methods

Study population

The protocol of  the study was approved by the hospital’s institutional review board 
and informed consent was obtained from each patient. Between January 2012 and 
October 2013, consecutive patients with a functionally univentricular heart treated 

with a Fontan operation (further referred to as Fontan patients) were scheduled for MRI 
and diffusion-weighted imaging (DWI)22. Inclusion criteria were: age 10 years or older. This 
resulted in 59 patients, 32 children and 27 adults (mean age, 19.1 years). Clinical variables 
included body mass index (BMI), cardiac index, ejection fraction, end-diastolic volume 
(EDV), laboratory measurements (AST, ALT, gammaGT, FactorVIII, ASTALTratio, 
bilirubine, albumine, PT, MELDXI, Fib4) and vena cava inferior (VCI) diameter and were 
obtained using previously described standardized methods22.

In addition, a control group of  volunteers was included in this study: 10 men and 9 women 
(n=19) ranging from 20 to 62 years old (mean age, 32.9 years)23. All subjects were healthy 
volunteers, without relevant medical history.

MR protocol

Diffusion-weighted imaging (DWI) of  the liver was acquired by Magnetic Resonance 
Imaging (MRI), using a commercially available 1.5 T scanner (Magnetom Aera, Siemens 
Medical Solutions, Erlangen, Germany). A 32 element spine matrix coil in combination 
with a 4 element body matrix was used as the receiver, and the body coil as transmitter. 
The protocol included a routine localizer where after 9 series (b=0, 50, 100, 250, 500, 750, 
1000, 1500, 1750 s/mm2) of  DWI were acquired using a spin echo based echo-planar 
imaging (EPI) sequence using the following parameters: TR 5900-9600 ms; TE 90 ms; 
slice-thickness 5 mm; slice gap 10 mm; FOV 242×300 mm2; matrix 116×144; bandwidth 
1335 Hz/pixel; averages 4 and parallel acquisition technique GRAPPA with acceleration 
factor 2. PACE respiratory triggering was enabled and spectral adiabatic inversion recovery 
(SPAIR) was used for fat suppression to avoid artifacts from subcutaneous fat. In total, 
between 14 and 16 transverse slices were acquired to cover the whole liver. Circular regions-
of-interest (ROIs) of  21.5 mm2 were drawn in 8 different segments of  the liver (segment II, 
III, IVa, IVb, V, VI, VII, VIII) according to the Couinaud-Bismuth classification24,25. Extra 
care was taken to avoid major blood vessels in the ROIs. 

DWI analysis

The control group was acquired using 7 b-values (b = 0, 50, 100, 250, 500, 750, 1000 s/
mm2); therefore only these 7 b-values were used in the comparison between Fontan patients 
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and controls, whereas the remaining acquired DWI series (b = 1500 and 1750 s/mm2) were 
included in all other analyses. The analysis was performed off-line using monoexponential 
(ADC) and biexponential fitting procedures in a programmable graphical and calculus 
environment (Matlab, The Mathworks, Natick, MA, USA). In the biexponential analyses, 
the diffusion-weighted signal intensities S were fitted using the parameters prescribed by the 
IVIM model10,26: S/S0 = ffast · exp(-b · Dfast) + fslow · exp(-b · Dslow) where S0 is the maximum 
signal intensity, Dfast is the fast component representing microperfusion, ffast is the fraction 
of  microperfusion, Dslow is the slow component representing molecular diffusion and fslow 

is the fraction of  molecular diffusion (fslow = 1 - ffast). Equation 1 was fitted by the Nelder-
Mead simplex direct search method with bound constraints, which performs a constrained 
non-linear minimization of  the sum of  the squared residuals27,28. The initial guess D0

slow 
was estimated by calculating the slope of  the asymptote of  the slow signal component 
between b = 500 and 1000 s/mm2, and Dslow was bound between 0.2 and 5 × D0

slow × 10-3 
mm2/s. The intercept of  the asymptote with the y-axis at S0 resulted in an initial guess f0

fast, 
and ffast was bound between 0 and 1. The slope of  the signal between b = 0 and b = 50 s/
mm2 was used to guess the initial value of  the fast signal component (D0

fast), and Dfast was 
bound between D0

slow (microperfusion can never be slower than molecular diffusion) and 
100 × 10-3 mm2/s. The ADC was obtained by using a clinically accepted method: a mono-
exponential fit of  all b-values was performed.

Statistics

Statistical analyses were performed using SPSS (SPSS 20, Chicago, IL, USA). All data were 
tested for normality using Shapiro–Wilk tests. Measurements were assessed per segment 
and also averaged over all segments. Normally distributed data (ADC, Dslow, Dfast, ffast, AST, 
ALT, gammaGT, FactorVIII, AST ALTratio, EDV, EF, Cardiac index) were shown as means 
with standard deviations. Non-normally distributed data (BMI, Bilirubine, Albumine, PT, 
MELD XI, Fib4, Vena cava inferior – VCI diameter and follow-up duration) were shown 
as medians with interquartile range.

Differences of  DWI data between patients and volunteers were compared by independent 
samples t-tests. Differences among the segments were tested using one-way ANOVA tests.

Correlations were calculated using a linear (Y = a∙X + b) model using Pearson’s correlation 
coefficient for normally distributed variables and Spearman’s rank correlation coefficient 
for non-normally distributed variables.
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Results

I VIM-DWI parameters and ADC were normally distributed (p ≥ 0.071). Microperfusion 
parameters (Dfast and ffast) averaged over all segments were significantly (p < 0.001) lower 
in Fontan patients compared to healthy volunteers with -38.1% for Dfast and -32.6% for 

ffast (Table 1). Molecular diffusion (Dslow) was similar in patients and healthy volunteers, while 
the ADC was significantly lower (-14.3%) in patients (p < 0.001).

Also on a segmental level, the microperfusion parameters were significantly decreased for the 
majority of  liver segments of  Fontan patients compared to healthy volunteers (Table 2). The 
molecular diffusion was lower in half  of  the segments (III, IVb, VI and VII) compared to 
healthy volunteers (Table 3). The ADC was lower in almost all segments (except segment V).

Concerning the homogeneity of  IVIM values among the segments, it was observed that for 
Fontan patients the microperfusion parameters differed significantly throughout the liver (p 
≤ 0.045). This was also true for the ADC (p < 0.001). The molecular diffusion however was 
similar among the segments (p=0.208).

The DWI data averaged over all segments were correlated to the clinical laboratory 
measurements (Table 4). The ADC showed a significant negative linear relationship with 
the follow-up duration after Fontan operation with a correlation coefficient r=-0.657 
(Figure 1), with the highest correlations found in segments II and VIII (Table 5). Also 
the molecular diffusion showed a significant negative linear relationship (r=-0.591) with 
the follow-up duration, with the highest correlations found in segments V and VIII. 

Table 1. Data averaged over all segment and shown as mean ± standard deviations.  

Patients Volunteers P 

ADC 

(×10-3 mm2/s) 

1.08 ± 0.11 1.26 ± 0.11 <0.001* 

Dslow

(×10-3 mm2/s) 

0.95 ± 0.14 1.00 ± 0.13 0.171 

Dfast 

(×10-3 mm2/s) 

23.2 ± 5.8 37.5 ± 7.3 <0.001* 

Ffast 

(%) 

23.6 ± 4.7 35.0 ± 6.0 <0.001* 

Differences of DWI data between patients and volunteers were assessed by independent samples 

t-tests. *P-value indicates significant difference 

Table 1. Data averaged over all segment and shown as mean ± standard deviations

Differences of  DWI data between patients and volunteers were assessed by independent samples.
t-tests. *P-value indicates significant difference.
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Table 2. Microperfusion data (using 7 b-values) per segment and shown as mean ± standard 

deviations 

Dfast 

(×10-3 mm2/s)

Ffast 

(%)

Seg. Patient Volunteer ∆% P Patient Volunteer ∆% P 

II 27.0 ± 14.1 21.5 ± 8.8 +25.6 0.051 32.6 ± 12.2 58.6 ± 12.1 -79.8 <0.001* 

III 24.6 ± 8.9 37.7 ± 22.2 -53.3 0.021* 24.9 ± 9.8 37.9 ± 11.0 -52.2 <0.001* 

IVa 23.8 ± 9.5 31.2 ± 17.9 -30.5 0.095 25.1 ± 10.4 39.4 ± 16.9 -57.0 0.002* 

IVb 22.9 ± 8.8 46.3 ± 16.9 -202 <0.001* 21.2 ± 7.9 35.1 ± 9.5 -65.6 <0.001* 

V 22.2 ± 8.0 37.5 ± 13.2 -68.9 <0.001* 20.4 ± 8.3 29.3 ± 6.9 -43.6 <0.001* 

VI 22.4 ± 8.1 45.1 ± 23.7 -201 0.001* 21.3 ± 7.9 27.6 ± 9.2 -29.6 0.012* 

VII 21.4 ± 8.9 42.9 ± 25.1 -200 0.002* 21.7 ±6.4 27.1 ± 7.1 -24.9 0.007* 

VIII 22.0 ± 8.6 37.8 ± 15.2 -71.8 <0.001* 22.2 ± 7.0 24.9 ± 9.7 -12.2 0.293 

P 0.045* 0.001*   <0.001* <0.001*   

Differences among the segments were tested using one-way ANOVA tests. Differences of DWI 

data between patients and volunteers were assessed by independent t-tests. *P-value indicates 

significant difference 

Table 2. Microperfusion data (using 7 b-values) per segment and shown as mean ± standard deviations

Differences among the segments were tested using one-way ANOVA tests. Differences of  DWI data between 
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Table 3. Diffusion data (using 7 b-values) per segment and shown as mean ± standard 

deviations.  

Segment ADC  

(×10-3 mm2/s) 

Dslow

(×10-3 mm2/s) 

Patients Volunteers P Patients Volunteers P 

II 1.15 ± 0.28 1.42 ± 0.29 <0.001* 0.95 ± 0.36 0.79 ± 0.40 0.123 

III 1.10 ± 0.15 1.38 ± 0.15 <0.001* 0.96 ± 0.19 1.12 ± 0.21 0.009* 

IVa 1.12 ± 0.16 1.40 ± 0.24 <0.001* 0.97 ± 0.23 1.05 ± 0.38 0.422 

IVb 1.09 ± 0.11 1.32 ± 0.15 <0.001* 0.98 ± 0.14 1.12 ± 0.14 0.001* 

V 1.05 ± 0.12 1.09 ± 0.18 0.391 0.96 ± 0.17 0.92 ± 0.21 0.482 

VI 1.06 ± 0.15 1.18 ± 0.08 <0.001* 0.95 ± 0.17 1.02 ± 0.09 0.021* 

VII 1.06 ± 0.14 1.21 ± 0.10 <0.001* 0.93 ± 0.18 1.05 ± 0.13 0.005* 

VIII 1.00 ± 0.15 1.09 ± 0.16 0.024* 0.88 ± 0.20  0.94 ± 0.21 0.213 

P <0.001* <0.001*  0.208 0.001*  
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The fraction of  microperfusion on the other hand showed a significant positive linear 
relationship (r = +0.361) with the follow-up duration (Figure 2),  with the highest correlations 
in segments V and VIII.

The FIB-4 score showed weak though significant relationships, negative with molecular diffusion 
(r = -0.322) and positive with the fraction of  microperfusion (r = +0.324). Some other clinical 
laboratory parameters also showed significant correlations with IVIM-DWI parameters, most 
notably gamma GT with ADC and Dslow (r = -0.450 and r = -0.424, respectively; Table 4.
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Table 4. Correlations between DWI parameters (using all 9 b-values) and clinical variables 

were calculated using a linear (Y = aX + b) model.  

ADC Dslow Dfast Ffast

Laboratory 

measurements 

    

AST† +0.199 +0.275* +0.250 -0.132 

ALT† -0.173 -0.188 +0.045 +0.218 

gamma GT† -0.450** -0.424** -0.047 +0.199 

Bilirubine‡ -0.258 -0.275 +0.198 +0.301* 

Albumine‡ +0.127 +0.100 +0.238 +0.110 

PT‡ -0.143 -0.180 -0.321* -0.033 

Factor VIII† +0.046 -0.003 -0.058 +0.005 

Liver disease scores     

MELDXI‡ -0.259 -0.271 +0.266 +0.402** 

AST-ALT ratio† +0.330* +0.405* +0.203 -0.317* 

Fib4‡ -0.344* -0.322* -0.020 +0.324* 

Cardiac function     

EDV† +0.153 +0.093 +0.031 +0.131 

EF† +0.043 +0.076 +0.070 -0.106 

Cardiac-index† +0.270* +0.266* +0.220 +0.005 

VCI diameter ‡ -0.222 -0.211 0.034 0.180 

Follow-up duration ‡ -0.657** -0.591** -0.158 +0.401** 

Table 4. Correlations between DWI parameters (using all 9 b-values) and clinical variables were 
calculated using a linear (Y = a∙X + b) model

†Pearson’s correlation coefficient. ‡Spearman's rank correlation coefficient. *P-value indicates significant difference on 
the 5% level. ***P-value indicates significant difference on the 1% level.
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Figure 1. Correlation between follow-up time and ADC
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Table 5. Correlations per segment between DWI parameters (using all 9 b-values) and 

follow-up duration were calculated using a linear (Y = aX + b) model.  

Segment ADC Dslow Dfast Ffast

II -0.632** -0.307* +0.002 -0.167 

III -0.447** -0.397** +0.067 +0.239 

IVa -0.555** -0.453** -0.216 +0.212 

IVb -0.367** -0.258 +0.013 +0.221 

V -0.562** -0.556** -0.120 +0.440** 

VI -0.494** -0.488** -0.123 +0.269* 

VII -0.328* -0.367** -0.207 +0.203 

VIII -0.612** -0.567** -0.154 +0.371** 

Table 5. Correlations per segment between DWI parameters (using all 9 b-values) and follow-up 
duration were calculated using a linear (Y = a∙X + b) modelTable 5. Correlations per segment between DWI parameters (using all 9 b-values) and 

follow-up duration were calculated using a linear (Y = aX + b) model.  

Segment ADC Dslow Dfast Ffast

II -0.632** -0.307* +0.002 -0.167 

III -0.447** -0.397** +0.067 +0.239 

IVa -0.555** -0.453** -0.216 +0.212 

IVb -0.367** -0.258 +0.013 +0.221 

V -0.562** -0.556** -0.120 +0.440** 

VI -0.494** -0.488** -0.123 +0.269* 

VII -0.328* -0.367** -0.207 +0.203 

VIII -0.612** -0.567** -0.154 +0.371** 

†Pearson’s correlation coefficient. ‡Spearman's rank correlation coefficient. *P-value indicates significant difference 
on the 5% level. ***P-value indicates significant difference on the 1% level.

ADC=apparent diffusion coefficents.
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Figure 2. Correlation between follow-up time and molecular diffusion (top) and fraction of  
microperfusion (bottom)
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Dslow=cellular diffusion component; Ffast=fraction of  microperfusion.
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Discussion

In this study it was demonstrated that decreased hepatic ADC measurements of  Fontan 
patients can be explained by significantly lower microperfusion in the Fontan liver rather 
than by decreased diffusion. It was observed that the molecular diffusion was similar 

between Fontan patients and healthy volunteers, while the microperfusion parameters (Dfast 
and ffast) and ADC were significantly lower in the Fontan liver. A previously formulated 
hypothesis relating hypoperfusion of  the liver to the reduced ADC in Fontan patients is thus 
substantiated22. However, the here and previously22 reported strong negative dependency of  
the liver ADC on the follow-up duration after the Fontan operation rather reflects changes 
with time in the molecular diffusion than in the microperfusion parameters. This indicates 
that in the Fontan patient’s follow-up true cellular changes leading to fibrosis and cirrhosis 
dominate over changes in microperfusion.

The evidence in the current study that hypoperfusion of  the liver in Fontan patients causes 
the reduced ADC values as compared with controls, confirms the high degree of  sensitivity 
to microperfusion of  the mono-exponential model which was already shown decades ago 
by Le Bihan et al. in DWI of  the brain10. When the DWI sequence contains b-values in the 
microperfusion range (b ≤ 100 s/mm2), and the microperfusion is diminished, the ADC 
measurements will decrease23. With a bi-exponential IVIM model, the cellular diffusion 
component can be distinguished from the microperfusion component, in order to improve 
our understanding of  the underlying pathophysiology of  liver disease in the Fontan 
circulation, and to provide important additional information on the degree of  congestion 
and liver fibrosis-/cirrhosis in clinical practice.

It was observed that the ADC values and molecular diffusion decreased with the follow-up 
duration after Fontan operation, whereas the microperfusion was stable over time. In other 
words, the hepatic congestion is chronically present and stable over time, whereas structural 
liver disease (i.e. liverfibrosis-/cirrhosis) seems not present at first but develops progressively 
in time after Fontan operation. 

All patients had some derangement of  laboratory liver measurements; potentially laboratory 
disturbance is not only associated with advanced liver disease, but also influenced by 
chronic liver damage, due to congestion and hypoperfusion. Increased gamma GT, a sign of  
congestive hepatopathy, was rather related to Dslow than to the microperfusion. This confirms 
that Dslow is indeed related to liver fibrosis and cirrhosis, and suggests that in the liver these 
processes might develop faster in context of  more liver congestion (as in the first case report 
by Lemmer in 1983)29. 

Previous histological studies have demonstrated, on a microscopic level, that in patients with 
chronic hepatic congestion, the poorly arterially supplied hepatocytes in the centrilobular 
zone show atrophy30,31. In patients with a Fontan circulation, atrophy of  centrilobular 
hepatocytes seems related to the degree of  right sided pressure and to the time after Fontan 

IVIM analysis of  the liver of  Fontan patients



120

operation21,31. Likewise, on a macroscopic level, the arterial blood supply is not homogenously 
distributed over the various liver segments. It has been reported that the ratio of  the arterial 
liver perfusion (ALP) and portal venous perfusion (PVP) varies and is the lowest in segments 
V to VIII  and highest in segments I to IV32,33. When the ALP over-compensates the PVP 
in Fontan patients, it is expected that the microperfusion increases in segments I to IV, and 
diminishes in segments V to VIII. This is confirmed by our data. We believe that the current 
study is the first to show that, in a Fontan circulation, the development of  liver fibrosis-/
cirrhosis varies between the different liver segments, depending on the degree of  arterial 
blood supply. 

Conclusions

Decreased hepatic ADC measurements of  Fontan patients can be explained by significantly 
lower microperfusion of  the Fontan liver, instead of  a decreased diffusion. It was observed 
that the ADC values and molecular diffusion decreased with the follow-up duration since the 
Fontan operation, whereas the microperfusion was stable over time. We believe that the current 
study is the first to show with IVIM-DWI that, in a Fontan circulation, the development of  
liver fibrosis-/cirrhosis varies between the different liver segments, depending on the degree 
of  arterial blood supply. 

Al together, this study demonstrated that the degree of  congestion is generally stable with 
time after Fontan operation, but liver fibrosis/-cirrhosis develops progressively. With the bi-
exponential model, the DWI-MR technique provides the opportunity to distinguish between 
these two components. For clinical practice, this provides a major advantage compared to the 
other non-invasive alternatives for liver biopsy. Potentially, a decrease in the microperfusion 
component could indicate an adverse change in the Fontan circulation, for instance more 
congestion due to a conduit stenosis or pulmonary vascular remodeling. With a routine 
follow-up of  the cellular diffusion, the development of  liver fibrosis/-cirrhosis can be safely 
monitored. We suggest further research to investigate changes in microperfusion and cellular 
diffusion longitudinally, and want to highlight that, with progressive liver disease being 
apparently inherent to the Fontan circulation, steps have to be taken concerning potential 
treatment options for liver disease in Fontan patients. Therefore, future studies should focus 
on reversibility of  this liver disease, and the effects and timing of  potential treatment options, 
including heart transplantation, Fontan conversion or a late Fontan takedown. 
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Appendix 1. The Fontan operation 

The Fontan operation is currently the treatment-of-choice for patients who are born 
with a univentricular heart which is not suitable for a biventricular repair11,12. With 
the Fontan operation, the right atrium or both caval veins are surgically connected 

to the pulmonary artery, thereby bypassing the subpulmonary ventricle. This means that the 
systemic venous return flows passively through the pulmonary vascular bed, without the aid 
of  a pumping ventricle. As a consequence, Fontan patients suffer from chronically elevated 
systemic venous pressure and decreased cardiac output due to decreased ventricular preload 
and increased ventricular afterload. Over four decades, the short term survival after the Fontan 
operation improved significantly16. However, patients who underwent a Fontan operation are 
prone to develop several complications on the long-term. The liver is one of  the organs that 
suffer from the unphysiologic circumstances. Both the increased systemic venous pressure 
and the decreased cardiac output are thought to be underlying causes of  the progressive 
liver damage in the Fontan circulation. The liver damage in the Fontan circulation was first 
recognized in a 15-year-old girl with severe systemic hypertension due to a conduit stenosis29. 
Nowadays, more evidence is emerging that liver damage is not restricted to single patients 
with adverse hemodynamic complications, but is inherently related to the un-physiological 
circumstances of  the Fontan circulation22. Liver damage in the Fontan circulation presents 
with disturbed transaminases, coagulation disorders, and can eventually lead to liver fibrosis-, 
cirrhosis and even hepatocellular carcinoma34-36. Because a liver biopsy (which is considered 
the golden standard) is hazardous in Fontan patients, the search for alternative measures to 
assess liver fibrosis and cirrhosis is ongoing.
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Abstract

B ackground: The Fontan circulation is a palliation for patients with a functionally 
univentricular heart. It is characterized by gradual attrition over time. An increase 
in pulmonary vascular resistance could be a key factor in the long-term failure of  

the Fontan circulation. In this study we aimed to identify pulmonary vascular remodeling in 
patients with a Fontan circulation. 

Methods: Pulmonary vascular histomorphometric analysis and immunohistochemistry were 
performed in lung tissue obtained at autopsy from 12 Fontan patients. These patients had 
died either perioperatively (Group A: death during or < 15 days after Fontan completion; 
n=5) or in mid to long-term follow-up (Group B: death > 5 years after Fontan completion; 
n=7). Two age-matched control groups (n=10 and n=14, respectively) were included.

Results: Intra-acinar pulmonary vessels in the Fontan Group B patients showed decreased 
medial thickness (p=0.028) compared with age-matched controls, whereas intimal thickness 
was increased (p=0.002). Intimal thickness in the Fontan Group B patients correlated with 
age at death (r=0.964, p < 0.001) and with the length of  time that the Fontan circulation had 
been in place (r=0.714, p=0.036). Immunohistochemistry revealed a reduction of  vascular 
smooth muscles cells in the medial layer of  the intra-acinar pulmonary vessels. The eccentric 
intimal thickening was composed of  mainly acellular fibrosis with collagen deposition.

Conclusions: We observed a unique pattern of  adverse pulmonary vascular remodeling 
in patients with a long-standing Fontan circulation who had died during follow-up. This 
remodeling may play a major role in long-term attrition of  the Fontan circulation.
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Introduction

The Fontan procedure is performed in patients with congenital heart defects for whom 
a biventricular correction is not possible. The Fontan circulation is characterized by 
an un-physiologic pre- and after-load of  the single ventricle, chronically increased 

systemic venous pressures and chronic non-pulsatile flow in the pulmonary vascular bed. Since 
the Fontan procedure was introduced survival of  these patients has improved1,2. However 
long-term follow-up is characterized by gradual attrition of  the Fontan circulation, eventually 
resulting in the so-called ’failing’ Fontan circulation. Several factors have been suggested to 
play a role in Fontan attrition, including: chronic venous congestion, chronic abnormal loading 
conditions of  the single ventricle, arrhythmias and an increase in pulmonary vascular resistance 
(PVR), of  which the latter has received growing attention recently3. In the Fontan circulation, 
PVR is a major determinant of  the single ventricle’s preload and thus of  cardiac output4,5. Small 
increases in PVR in the Fontan circulation can reduce the cardiac output significantly6-8. 

Changes in the pulmonary vasculature may play a role in this PVR increase and thus may 
be a major factor in the failing Fontan circulation. In experimental studies, non-pulsatile 
pulmonary flow has been shown to induce endothelial dysfunction and increased apoptosis 
of  vascular smooth muscle cells (VSMCs), and these effects can result in impaired pulmonary 
vasodilation, adverse pulmonary vascular remodeling and elevation of  PVR9–15. However, 
little is known of  possible long-term changes in the pulmonary vasculature after Fontan 
completion16,17.  Previous histomorphometric studies analyzed lung tissue obtained either 
during the Fontan operation or post-mortem within 30 days after the Fontan operation18–20 
.In this study, we performed post-mortem histomorphometric and immunohistochemical 
analysis of  the pulmonary vasculature of  Fontan patients, who died either perioperatively, 
at completion of  the Fontan circulation or at longer term follow-up (> 5 years after Fontan 
completion). Based on the available experimental evidence showing that non-pulsatile blood 
flow induces pulmonary endothelial dysfunction and vascular cell apoptosis, we hypothesized 
that chronic non-pulsatile pulmonary blood flow, as present in the Fontan circulation, is 
associated with adverse pulmonary vascular remodeling9–14. 

Methods

Study population

Our study included all patients at the University Medical Center Groningen who had 
died after a Fontan completion between 1975 and 2012, had undergone autopsy 
and from who suitable lung tissue specimens were available. In addition, from the 

institutional pathological archives, lung tissue specimens were collected from an age-matched 
control group with a sample size twice as large as the Fontan group to serve as controls. This 
control group consisted of  patients who died due to various other causes, all considered not 
to be associated with abnormal pulmonary hemodynamics. 
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Tissue preparation

All lung specimens were fixed in 10% phosphate-buffered formalin solution and embedded 
in paraffin. The slides (4 µm thick) were stained separately with Verhoeff-Van Giesson stain 
and Heidenhain Azan trichrome stain using standard staining protocols.

Histomorphometry

Two lung sections of  each subject stained with Verhoeff-Van Giesson stain were used for 
histomorphometric analysis according to a protocol previously reported by van Albada et al.21 
Twenty randomly chosen vessels with an external diameter (ED) <100 µm (intra-acinar) and 6 
pre-acinar arteries with an ED of  100 to 300 µm were assessed from each lung section using 
ImageScope software, version V11.1.2.752 (Aperio technologies). Vessels were excluded 
based on the following criteria: ratio of  largest /shortest ED > 2; incomplete circular shape or 
collapse of  > 25% of  the vessel wall; and intra-acinar vessels located adjacent to bronchioles. 
Three different vascular areas were defined: (1) outer vessel area-area within external elastic 
lamina; (2) inner vessel area-area within internal elastic lamina; and (3) luminal area-area within 
luminal border. Areas were transformed into diameter (D) using the formula: D=2 × [√(area 
/ π)]. The proportional total wall thickness as a percentage of  the ED to reflect the occlusion 
of  a vessel was calculated using the formula: % total wall thickness=100 × [(ED – lumen 
D) / ED]. This value has been used previously, as it nullifies the effect of  vasodilatation, 
vasoconstriction and fixation on measurements.22–25 The proportional medial thickness was 
calculated as follows: % medial thickness=100 × [(ED – internal D) / ED]. The proportional 
intimal thickness was calculated using the formula: % intimal thickness=100 × [(internal D – 
lumen D) / ED]. Intra-acinar vessels without a clearly defined internal elastic lamina combined 
with luminal occlusion were defined as vessels with intimal lesions (% vessels with intima). 
Muscularization of  the intra-acinar vessels was scored as previously described by van Suylen 
et al, and as used extensively in our lab.21,26–28 Muscularization is presented as the percentage 
of  vessels per category degree of  muscularization. Intra-acinar vessels with a double elastic 
lamina for > 50% of  its circumference were defined as completely muscular (% muscularized 
vessels). Intra-acinar vessels with a double elastic lamina for < 50% of  its circumference were 
defined as partially muscular (% partially muscularized). Normal, non-muscular, intra-acinar 
vessels had a single elastic lamina and no luminal occlusion (% non-muscularized). 

Immunohistochemistry

Paraffin-embedded lung sections were microwave heated for 20 minutes with Tris-ethylene-
diamine tetraacetic (EDTA) buffer for antigen retrieval, followed by pre-incubation with 0.3% 
hydrogen peroxide. For alpha-smooth muscle actin (αSMA), sections were embedded for 1 
hour at room temperature with primary antibody (1:50; αSMA, monoclonal mouse, DAKO) 
followed by secondary antibody for 30 minutes (1:100; rabbit-anti mouse immunoglobulin 
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G coupled to peroxidase, DAKO). For CD31, Sections were embedded for 30 minutes at 
room temperature with primary antibody (1:400; monoclonal mouse anti-human CD31, 
Clone JC/70A, DAKO). The slides were incubated with secondary antibody (1:100; rabbit 
anti-mouse horseradish peroxidase [HRP], S23) for 30 minutes. Incubation for 30 minutes 
with the tertiary antibody (1:100; goat anti-rabbit HRP, S20) followed. For Caldesmon, 
sections were heated at 95°C for 52 minutes with Tris-EDTA buffer for antigen retrieval. 
Slides were incubated for 32 minutes at 36°C with primary antibody (1:800; monoclonal 
mouse anti-human Caldesmon, Clone h-CD, DAKO). Finally, all sections were stained with 
diaminobenzidine for 10 minutes and counterstained with hematoxylin. The CD31 stained 
sections were used for assessment of  endothelial integrity. The number of  analyzed CD31-
stained sections for each group was: Fontan Group A, n=4; Control Group A, n=3; Fontan 
Group B, n=6; and Control Group B, n=4. Twenty intra-acinar pulmonary vessels (< 100µm) 
in each control and 40 in each patient were randomly chosen. Disruption of  endothelial 
integrity was defined as an incomplete or absent circumferential CD31 staining on the luminal 
side of  the vessel, which was expressed as a percentage per total of  analyzed vessels.

Statistics

Data are presented as median and interquartile ranges (25th to 75th percentile). Categorical 
variables are expressed as frequency distribution and percentages. The Mann-Whitney U test 
was performed for comparison of  continuous variables between the groups. Spearman’s rank 
correlation was calculated to assess the strength of  the relationship between quantitative 
variables. p < 0.05 was considered significant. Statistical analysis was done using IBM SPSS 
Statistics. version 21.0 (IBM Corp.).

Results

Patient Characteristics

Between 1975 and 2012, 187 patients had a Fontan completion at the University 
Medical Center Groningen; 59 patients of  these died during follow-up. From these, 
12 patients were included in the study based on the availability of  lung tissue autopsy 

specimens, allowing for analysis of  the pulmonary vasculature. Based on the time of  death 
after Fontan completion, patients were assigned to 2 groups. Group A consisted of  patients 
who died peri-operatively (defined as death < 15 days after Fontan completion) and Group B 
consisted of  patients who died after a long-term presence of  a Fontan circulation (defined as 
death > 5 years after Fontan completion). Characteristics of  all 59 deceased Fontan patients 
are shown in Table 1 and characteristics of  the 12 included patients in Table 2. No substantial 
differences in clinical characteristics were found between the Fontan patients with or without 
available lung tissue. Therefore, the 12 patients included in the current study can be regarded 
a representative sample of  the deceased Fontan patients at our center. 
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Table 1 Summary Group Characteristics of Deceased Patients With Completed Fontan Circulation Between 1975 and 2012 

lung specimens  available 

(N = 12) 

 lung specimens not available 

(N = 47) 

  

Group A 

(n = 5) 

 Group B 

(n = 7) 

 Death <5 years  

after Fontan 

completion  

(n = 30) 

 Death >5 years 

after Fontan 

completion 

(n = 17) 

 Total (N = 59) 

Diagnosis          

TA 3 (60%)  2 (28.6%)  15 (50%)  4 (23.5%)  24 (40,7%) 

HLHS 0  0  2 (6.7%)  1 (5.9%)  3 (5,1%) 

DILV/DIRV 1 20%)  3 (42.9%)  4 (13.3%)  6 (35.3%)  14 (23,7%) 

PA/IVS 0  1 (14.3%)  1 (3.3%)  2 (11.8%)  4 (6,8%) 

Heterotaxy 1 (20%)  1 (14.3%)  4 (13.3%)  4 (23.5%)  10 (16,9%) 

Mitral valve atresia 0  0  1 (3.3%)  0  1 (1,7%) 

Heterogenenous anomalies 0  0  3 (10%)  0  3 (5,1%)

Left dominant ventricular morphology 3 (60%) 6 (85.7%)  24 (80%)  13 (76.5%)  46 (78%) 

Male 3 (60%)  3 (42.9%)  13 (43.3%)  13 (76.5 %)  32 (54.2%) 

Age at Fontan completion (years) 5.7 

(2.5-13.1) 

 4.8 

(4-9.6) 

 4.0 

(1.8-6.7) 

 6.5 

(5-11.8) 

 4.8 

(3.1-8.8) 

Age at death (years) 5.8 

(2.6-13.1) 

 28.8 

(22.8-34.2) 

 4.0 

(1.8-7.8) 

 21.4 

(16.8-30.6) 

 10.8 

(3.8-22.1) 

Post-op survival (years) 0.03 

(0.01-0.04) 

 21.88 

(18.87-25.61) 

 0.01 

(0.00-0.06) 

 15.29 

(10.80-22.60) 

 0.21 

(0.01-15.70) 

Decade of Fontan completion          

1975-1984 0  4 (57.1%)  14 (46.7%)  11 (64.7%)  29 (49.2%) 

1985-1994 2 (40%)  3 (42.9%)  14 (46.7%)  5 (29.4%)  24 (40.7%) 

1995-2004 2 (40%)  0  2 (6.7%)  1 (5.9%)  5 (8.5%) 
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DIRV, double-inlet left ventricle; HLHS, hypoplastic left heart syndrome; LT, lateral tunnel; PA/IVS, pulmonary atresia with intact 
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Of  the 7 Fontan patients in Group B, 6 had a history of  chronic arrhythmias, 3 had ascites and 
3 had protein-losing enteropathy. None had plastic bronchitis. All Fontan Group B patients 
had preserved ventricular function according to echocardiography. Available hemodynamics 
of  the Fontan patients are shown in Table 3. Twenty-four age-matched controls were also 
included in the study. Two sub-groups, Control A (n=10) and Control B (n=14) were created. 
Characteristics of  the age-matched controls are shown in Table 4. 

Table 2  Characteristics of Deceased Patients With Completed Fontan Circulation With Analysed Lung Specimens
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operation 
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Age at 

Fontan 

(years) 

Year of 

operation 

Fontan 

conversion / 

revision 

Post-op 

survival 

(years) 
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death 

(years) 

Cause of death
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3 F HT MBT LT 5.7 1995 - 0.04 5.8 Post-op ARDS, MOF

4 M DILV PAB LT 2.0 1994 - 0.01 2.0 Post-op arrythmia 

5 M TA PAB LT 10.8 1990 - 0.01 10.8 Post-op collaps e.c.i. 
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DKSP 
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2007  revision 

23.95 28.8 FF, post-op
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Fontan Group A Fontan patients (perioperative death) vs controls

Histomorphometry
In Fontan Group A patients, the total wall thickness of  intra-acinar vessels was significantly 
increased compared with Control Group A (median [25th to 75th percentile]: 11%; [8 to 14%] 
vs 4%; [3 to 9%], respectively, p=0.028). In contrast, in pre-acinar arteries, histomorphometric 
measurements in Fontan Group A patients revealed no significant differences from pre-acinar 
arteries in controls.

Immunohistochemistry
In Fontan Group A patients, the thickened walls of  the intra-acinar vessels were due to 
muscularization of  the medial wall layer. No intimal thickening was observed in this group. 
In Control Group A patients, the intra-acinar vessels showed no distinguishable medial 
layer at all. Also, no intimal thickening was detected in this group. CD31 staining showed no 
significant disruption of  the endothelial layer, neither in the Fontan Group A nor the Control 
Group A. Figure 1 shows a representative intra-acinar vessel of  a Fontan Group A patient 
and of  a a Control Group A individual, respectively. (page 135)

Fontan Group B patients (long-term Fontan circulation) vs controls

Histomorphometry
In Fontan Group B patients, the total wall thickness of  intra-acinar vessels was significantly 
increased compared with Control Group B (p=0.002). The thickness of  the medial layer 
was decreased (p=0.028), whereas the intimal layer was increased (p < 0.001) compared with
Control Group B. 

 

Table 3  Hemodynamics of Fontan patients (N = 12)

 Fontan Group A (n = 5)  Fontan Group B (n = 7) 

 P1 P2 P3 P4 P5  P6 P7 P8 P9 P10 P11 P12 

Time HC-death (years)  0.4 - 0.2 0.2 0.4  - - 0.4 2.1 6.9 0.9 - 

Fontan circuit (mm Hg) - - - - -  - - 12-14 13-14 12 15-17 - 

mPAP (mm Hg) 15 - 14 13 30  - - 12-13 12 12 14 - 

PCWP (mm Hg) 12-14 - 8 8 8  - -  6 9 7 10 - 

Cardiac index 

(liters/min/m2)  

- - - - -  - - 3.9 2.3 3.5 3.1 - 

HC, heart catheterization; mPAP, mean pulmonary artery pressure; P, patient; PCWP, pulmonary 

capillary wedge pressure.
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Table 4 Control Characteristics 

Pt. Gender Age at death (years) Cause of death 

Control group A (n = 10) 

C1 M 2 acute liver failure, ECI 

C2 F 3 Meningitis 

C3 M 4 ITP 

C4 M 7 status epilepticus 

C5 M 7 Hemophagocytosis 

C6 F 8 Paravalvular mitral leak, post-op MV-replacement for MS, pre-op 

echocardiographic no signs of PH 

C7 F 10 Sudden death, ECI 

C8 F 12 Brain tumor 

C9 M 13 Post-op AVR for AS, pre-op echocardiographic  

good LV-function 

C10 F 16 Renal failure 

Control group B (n = 14) 

C11 M 18 Fanconi anemia 

C12 F 19 Trauma 

C13 M 22 Diabetic ketoacidosis  

C14 M 24 Sudden death, ECI 

C15 F 24 Sudden death, ECI 

C16 M 25 Sepsis 

C17 M 25 Euthanasia, Crohn’s disease 

C18 M 28 Intrathoracic hemorrhage, NF-1 

C19 M 31 Trauma 

C20 M 32 Acute myocardial infarction, no previous heart failure 

C21 M 33 Sudden death, ECI 

C22 M 35 cocaine intoxication 

C23 M 36 Sudden death, ECI 

C24 M 39 Acute myocardial infarction, no previous heart failure 

Control A Control B 

Age at death (years) 7.5 (3.8-12.3) 26.5 (23.5-33.5) 

Histomorphometric variables 

ED intra-acinar vessels <100 (µm) 55 (52-57) 56 (55-59) 

ED pre-acinar arteries 100-300 (µm) 151 (140-157) 150 (132-164) 

All group data are expressed as median (25th–75th percentile). AS, aortic stenosis; AVR, aortic valve replacement; 

ECI, e cause ignota; ED, external diameter; ITP, idiopathic thrombocytopenic purpura; LV, left ventricular; MS, 

mitral valve stenosis; MV, mitral valve; NF-1, neurofi- bromatosis type I; PH, pulmonary hypertension; Pt, patient 

number.

Table 4. Patient characteristics

All group data are expressed as median (25th–75th percentile). AS, aortic stenosis; AVR, aortic valve replacement; ECI, 
e cause ignota; ED, external diameter; ITP, idiopathic thrombocytopenic purpura; LV, left ventricular; MS, mitral valve 
stenosis; MV, mitral valve; NF-1, neurofi- bromatosis type I; PH, pulmonary hypertension; Pt, patient number.
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Also, the number of  intra-acinar vessels with an intimal layer was increased (p=0.003), 
but the number of  muscularized vessels was decreased (p=0.034) compared 
with Control Group B (Figure 2). Histomorphometric measurements in pre-acinar arteries of  
Fontan Group B patients revealed no significant differences compared with controls.

Immunohistochemistry
In Fontan Group B patients, intra-acinar vessels were characterized by almost complete loss 
of  the medial layer and of  vascular smooth muscle cells. However, the vascular lumen was 
narrowed due to acellular eccentric intimal fibrosis (Figure 3), which consisted of  collagen 
deposition, as depicted by Azan staining (Figure 4). The absence of  vascular smooth muscle 
cells was confirmed by negative Caldesmon staining (Figure 4). Furthermore, CD31 staining 
showed a significantly increased percentage of  vessels with a disrupted endothelial layer 
in Fontan Group B patients when compared with Control Group B (median; [25th to 75th 
percentile]: 19% [11 to 20%] vs 3% [0 to 9%], respectively, p=0.019).

134

Boxplots showing differences in wall thickness and muscularization of  intra-acinar pulmonary vessels between 
Fontan Group B patients (long-term) and controls. (A) Wall thickness. Significant differences between Fontan and 
controls (p=0.002 for % total wall thickness, p=0.028 for % medial thickness and p < 0.001 for % intimal thickness). 
(B) Muscularization. Significant differences between Fontan and controls (p=0.034 for % muscularized vessels, 
p=0.013 for % non-muscularized vessels, p=0.003 for % vessels with intima).
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Figure 2. Wall thickness and muscularization in Fontan Group B patients
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Figure 1. Medial hypertrophy in Fontan Group A patients

Figure 3. Intimal fibrosis in Fontan Group B patients

Figure 4. Histology of  intra-acinar pulmonary vessels in Fontan Group B patients
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Note the difference in wall thickness and muscularization of  the intra-acinar pulmonary vessels between controls 
(black arrow) and Fontan Group A patients (peri-operative deaths) (white arrow). Verhoeff-Van Giesson stain; scale 
bar=50 µm.

One control vessel and 4 typical examples of  eccentric acellular intimal fibrosis in the intra-acinar pulmonary vessels 
of  Fontan Group B patients (long-term). Note the acellular, thickened vessel wall and the difference from the control 
vessel in lumen area. Verhoeff-Van Giesson stain, scale bar=50 µm.

Serially stained sections of  a typical intra-acinar pulmonary vessel in Fontan Group B patients (long-term) and 
controls. I—the wall thickness in a Fontan patient (white arrow) compared with the thin vessel wall in control (dotted 
arrow); II—the larger quantity of  collagen in the vessel wall in a Fontan patient; III—the presence of  only a thin 
layer of  actin in the vessel wall of  a Fontan patient. This was not indicative for smooth muscle cells (SMC) because 
Caldesmon (a more specific SMC staining) is negative in this Fontan patient (IV, see arrow). Scale bar=50µm.
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Relationships between pulmonary vascular histomorphometry and demographic 
variables

In controls, the number of  intra-acinar vessels with intimal lesions increased with age at death 
(r=0.462, p=0.023). In Fontan Group B patients, this correlation was more pronounced (r = 
0.857, p=0.007). Also, intimal thickness and total wall thickness in intra-acinar vessels correlated 
positively both with age at death in Fontan Group B patients (r=0.964, p < 0.001 and r=0.964, 
p < 0.001, respectively; Figure 5) and with the length of  time the Fontan circulation had been in 
place (r=0.714, p=0.036 and r=0.714, p=0.036, respectively). Intimal and total wall thickness of  
intra-acinar vessels in control patients did not correlate with age at death. 

Correlations between % total wall thickness of  intra-acinar vessels and age at death. Control: r=0.008, p=0.969; 
Fontan Group B: r=0.964, p < 0.001. (B) Correlations between % intimal thickness of  intra-acinar vessels and age at 
death. Control: r=0.334, p=0.110; Fontan Group B: r=0.964, p < 0.001.
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Figure 5. Relationships for age at death and vascular remodeling in Fontan Group B patients. (A)
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Discussion

This study has demonstrated the presence and histopathological features of  adverse 
remodeling of  pulmonary intra-acinar vessels in deceased patients with a Fontan 
circulation. Patients who died peri-operatively during Fontan completion, showed 

increased wall thickness of  intra-acinar vessels due to muscularization of  the medial layer. 
These changes are likely to reflect abnormal pulmonary hemodynamics present before Fontan 
completion, such as increased pulmonary blood flow. Our findings are in line with previous 
studies, reporting on pulmonary vascular histopathology in patients that died during or early 
after Fontan completion17–20.

In contrast, patients who died at long term after Fontan completion showed a strikingly 
different pattern of  adverse pulmonary vascular remodeling. Also, in these patients, increased 
wall thickness of  the pulmonary vessels was observed, yet now characterized by the loss of  
VSMCs in the medial layer and the presence of  eccentric intimal fibrosis. From our data we 
cannot discern whether this adverse remodeling occurs specifically in Fontan patients who 
died or was associated with the Fontan circulation per se, and thus a general feature of  the 
Fontan patients over time. The observed correlation of  the severity of  remodeling with time 
suggests the latter. 

The occurrence of  medial wall loss and intimal proliferation in the Fontan Group B can be 
explained as a consequence of  chronic non-pulsatile pulmonary blood flow. Non-pulsatile 
flow reduces circumferential strain and shear stress, both known to be key factors in vascular 
homeostasis, endothelial integrity and vessel remodeling in pulsatile circulation29,30. In the 
systemic vasculature, reduction of  shear stress is known to induce disturbance of  endothelial 
function resulting in atherosclerotic vascular remodeling30,31. The effects of  decreased shear 
stress in pulmonary non-pulsatile flow have been studied in experimental models and shown 
to include endothelial  dysfunction and increased apoptosis of  VSMCs9–11. A first clinical 
observation of  this phenomenon was seen in the main pulmonary artery of  a patient who 
lived with a Fontan circulation for 23 years16. Those findings concur with ours. Also, the 
observed increased disruption of  the endothelial layer in intra-acinar vessels in the Fontan 
Group B patients, supports the concept of  “reduced strain and stress’’. 

The intimal fibrosis found in the Fontan Group B patients was predominantly eccentric. 
Eccentric intimal fibrosis has been associated with thrombosis. Indeed, in Fontan patients, 
high rates of  thromboembolic events have been described32. In the lung tissue specimens, we 
specifically sought evidence for thromboembolic events. In the 12 Fontan patients, we found 
evidence for acute thrombo-embolic processes in 3 patients, 1 of  which from the Fontan 
Group B. We did not detect signs of  older thromboembolic lesions or recurrent emboli in 
any of  the Fontan patients. Nevertheless, the eccentric nature of  the intimal lesions might 
be due to in situ thrombosis in the small pulmonary arterioles as a consequence of  the non-
pulsatile, disturbed flow and disrupted endothelial integrity, leading to a local thrombogenic 
microenvironment.
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It is of  interest that mild intimal fibrosis was also present in controls and that the number of  
affected vessels in these controls correlated with age. This is in line with the observations of  
Wagenvoort and Wagenvoort in 1965, who reported irregular and eccentric intimal thickening 
in normal individuals, which increased with age33. These intimal lesions were most pronounced 
in the upper lobes of  the lung, leading to Wagenvoort’s theory, which holds that the very slow 
or even stagnant blood flow in the upper lobes induced thrombus formation, which results in 
eccentric intimal thickening.  In the Fontan Group B patients the correlation between severity 
of  intimal lesions and age appeared stronger than in controls and also correlated with the 
length of  time that the Fontan circulation was in place. One could speculate that the non-
pulsatile pulmonary flow in Fontan patients accelerates and aggrevates the process of  aging 
of  the pulmonary circulation.

Recently, the use of  pulmonary arterial hypertension (PAH)-targeted drugs, such as 
phosphodiesterase-5 inhibitors or endothelin receptor antagonists, in Fontan patients has 
received  much attention. Use of  these agents is based on the concept that lowering PVR in 
Fontan patients is beneficial and may increase cardiac pre-load, cardiac output and exercise 
capacity. Ishida et al. recently described medial hypertrophy, proliferation of  VSMCs and 
overexpression of  endothelin-1 and its receptors in post-mortal lung tissue of  young, 
failing Fontan patients after (median) 4.9 years of  follow-up after Fontan completion, and 
suggested a potential role for endothelin receptor antagonists17.  The results of  the current 
study, however, show a completely different pattern of  pulmonary vascular remodeling, 
characterized by involution of  the medial layer, loss of  VSMCs and eccentric intimal 
fibrosis in the Fontan Group B patients after (median) 21.9 years of  follow-up. Although 
some clinical studies in Fontan patients suggested acute beneficial effects of  sildenafil,34,35 
others failed to demonstrate long-term improvement with either sildenafil or bosentan36–41. 
These latter negative findings, combined with the pattern of  pulmonary vascular remodeling, 
as demonstrated in the current study in patients with a long-standing Fontan circulation, 
seriously challenges the rationale for the use of  “anti-proliferative” PAH-targeted drugs in 
the long-term follow-up of  patients with a Fontan circulation. Instead, if  in situ thrombosis 
does play a major role in adverse pulmonary vascular remodeling in Fontan patients, early and 
aggressive anti-coagulation therapy may be more effective in the prevention of  pulmonary 
vascular remodeling in the Fontan circulation. 

Patients with a failing Fontan circulation have been classified as those with ventricular failure/
dysfunction and those with preserved ventricular function42–44. Failing Fontans with preserved 
ventricular function have showed to have decreased overall survival after heart transplantation 
when compared with failing Fontan patients with impaired ventricular function43. Patients 
with preserved ventricular function seem to have a higher PVR index and adverse pulmonary 
vascular remodeling may play a causative and dominant role in the failing circulation of  these 
patients42. Unfortunately, because in the current study all failing Fontan patients in Group B 
had preserved ventricular function, we were unable to study a potential association between 
pulmonary histopathology and these clinical phenotypes. 
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In the direct post-operative course after heart transplantation in Fontan patients, high 
pulmonary artery pressures have been observed45. This might be explained by the adverse 
pulmonary vascular remodeling leading to a pulmonary vascular bed that is less compliant to 
sudden changes in pulmonary blood flow. After heart transplantation, when a sub-pulmonary 
ventricle is (re-)introduced in the circulation, increased pulmonary artery pressures may 
occur. It is debatable whether the use of  pulmonary vasodilators aimed at relaxation of  
pulmonary VSMCs is useful in this situation—mainly because the results of  our study show 
a pronounced loss of  pulmonary VSMCs and a fibrotic nature of  the pulmonary vascular 
obstruction in Fontan patients. Clinical trials are warranted to clarify this issue.  

Limitations

Our investigation should be regarded as a descriptive, proof-of-concept study and the rather 
small sample size obviously limits the conclusions. Although we described the presence 
and pattern of  adverse pulmonary vascular remodeling in patients who died of  a failing 
Fontan circulation, the pathophysiologic mechanisms were not studied. These mechanisms 
should be subject of  future study. Due to the small patient groups, the relationships between 
pulmonary vascular histomorphometric findings, hemodynamics and clinical features could 
not be investigated.

Conclusions

In conclusion, we have described a unique pattern of  adverse pulmonary vascular remodeling 
in patients with long-standing Fontan circulation who died during the follow-up period. 
Pulmonary vascular remodeling in these patients was characterized by the loss of  medial layer 
thickness and the presence of  eccentric intimal fibrosis with collagen deposition in intra-
acinar pulmonary vessels. 

These observations fit the pattern of  endothelial dysfunction-induced remodeling due to 
chronic non-pulsatile flow with in situ thrombotic lesions. The observed vascular remodeling 
is strikingly different from vascular remodeling reported to occur in pulmonary arterial 
hypertension. 

We propose that this adverse pulmonary vascular remodeling is one of  the mechanisms 
responsible for the gradual decline over time of  the Fontan circulation. 
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Abstract

O bjectives: 1) To get an impression of  the quality of  life and sexual wellbeing in the 
Fontan population, and 2). To generate hypotheses on the possible pathogenesis of  
sexual dysfunction for future research.

Methods: For this cross-sectional pilot study, questionnaires regarding health-related 
quality of  life, sexual function and fertility/pregnancy were completed by 21 patients with a 
Fontan circulation > 16 years old, followed at the University Medical Center Groningen, the 
Netherlands. Semi-structured qualitative interviews were conducted in 8 patients. 

Results: Adolescents and adults with a Fontan circulation report a health-related Quality of  
Life and sexual wellbeing generally comparable to normal values. During childhood, most 
patients experienced physical limitations and the feeling of  being an outsider, and frequently 
faced bullying. Regarding sexual wellbeing, large inter-individual differences were noted in 
both the questionnaires and interviews. Four interviewed patients (25-30 years old) reported a 
good sexual wellbeing, whereas the other four interviewed patients (33-47 years old) reported 
sexual limitations, including erectile dysfunction, low body- and sexual self-esteem and 
avoidance of  sexual intercourse due to arrhythmias.

Conclusions: This study generated the following hypotheses for future research: 1). Children 
and adolescents with a Fontan circulation face more social isolation and bullying than their 
healthy peers. 2). Fontan patients are fairly well adapted to their physical restrictions and 
only a minority of  these patients experience sexual dysfunction. 3). There is a male/female 
difference regarding sexual wellbeing in patients with a Fontan circulation. 4). Sexual function 
in Fontan patients deteriorates with progressive attrition of  the Fontan circulation. 
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Introduction

Since its invention in 1971, the Fontan circulation has become common practice to treat 
patients with a univentricular heart who are not suitable for a biventricular repair1,2. With 
the Fontan operation, the systemic venous return is directed to the pulmonary vascular bed 

without help of  a subpulmonary ventricle. The Fontan circulation is characterized by chronically 
increased central venous pressure and restricted ventricular filling due to the passive pulmonary 
blood flow, and an increased ventricular afterload, caused by the coupling of  the systemic and 
pulmonary circulation3. Various modifications in surgical technique and peri-operative care have 
been developed over the past decades, and short term outcome has significantly improved4. 
With a growing cohort of  patients with a Fontan circulation now reaching adolescence and early 
adulthood, functional capacity and quality of  life has become of  increasing interest. 

Previous studies showed that patients with a Fontan circulation have an impaired exercise tolerance 
(around 60% of  healthy subjects5), and are prone to develop various complications, including 
arrhythmias6. However, quality of  life in Fontan patients seems in general well preserved, with 
90-100% of  the patients within normal limits7. One important aspect of  quality of  life is sexual 
wellbeing. Previous studies showed that adolescents and young adults with congenital heart 
diseases have increased concerns regarding fertility, inheritability and pregnancy, may experience 
a broad range of  sexual problems and might lag behind in psychosexual development8,9. 
Although these studies have included a variety of  congenital heart disease, no patients with 
a Fontan circulation were included. This is unfortunate because the unique physiology of  
the Fontan circulation justifies special attention for their sexual development and wellbeing. 
Important characteristics in this context include restricted cardiac output and exercise tolerance, 
the chronic systemic venous congestion and potential autonomic dysregulation in response to 
the decreased cardiac output10. Furthermore, the operations at a young age, frequent hospital 
visits, and impaired life expectancy might affect patients’ development and wellbeing. Finally, 
menstrual cycle disorders and fertility problems may influence the patients’ sexual wellbeing11.

In order to fill this gap in our knowledge, we decided to perform an explorative pilot study to 
investigate sexual function of  patients with a Fontan circulation. Its aim was twofold: 1). To 
get an impression of  the sexual wellbeing in a sample of  the Fontan population, and 2). To 
generate hypotheses for future research. 
 

Method

Subjects

I n 2012-2013, a cross-sectional study was performed among Fontan patients ≥ 10 years old 
who were followed at the outpatient clinics of  the University Medical Center Groningen, 
the Netherlands. Of  these consecutive patients, all participants ≥ 16 years old were asked 

to participate in the current explorative pilot study concerning sexual function and wellbeing. 
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The institutional ethics committee approved this study. It was conducted in accordance with the 
declaration of  Helsinki and written informed consent was obtained from all study participants.  

Procedure

Patient characteristics were collected from medical records and included, gender, date of  
birth, cardiac anatomic diagnosis, surgical procedures prior to the Fontan completion, type 
and date of  Fontan completion and current medication use.

In order to get an impression of  sexual function and wellbeing a multi-method approach was 
used:
1. General health-related Quality of  Life (hrQoL) was assessed using the SF-36 questionnaire. 
The SF-36 questionnaire includes eight health concepts and for each subdomain, scores 
ranging from 0 to 100 are calculated. The results of  the SF-36 questionnaire were compared 
to reference values of  the Dutch population12,13.
2. The Golombok Rust Inventory of  Sexual Satisfaction (GRISS) was assessed to measure 
sexual dissatisfaction and problems in heterosexual women and men14. Questions regarding 
pregnancies, fertility and children were added. After visiting the outpatient clinic, the 
participating patients were asked to complete the questionnaires at home, allowing for 
sufficient privacy, and send the completed questionnaires back to the researcher. The results 
of  the GRISS questionnaire of  the study population were compared to the reference values 
of  healthy Dutch student couples published by Ter Kuile et al.15.
3. In order to generate a clinical impression and hypotheses, ten consecutive patients were 
asked to participate in semi-structured interviews regarding sexual development and current 
sexual wellbeing. These interviews were performed by the first author (D.W.). An outline of  
the interview structure is presented in supplementary file 1. 

Statistical analyses

Patient characteristics were displayed as mean ± standard deviation (SD) in normally 
distributed variables, as median (interquartile range) in skewed variables and as number 
of  patients (percentage of  total) in categorical variables. Results of  the questionnaire were 
compared to the reference values using Levene’s test to test the equality of  variances and 
t-test analyses to test the equality of  the means. A p-value < 0.05 was considered significant. 
All analyses were performed using SPSS for Windows.
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Results

Subjects

For the questionnaires, 57 patients were asked to participate, of  whom 21 patients were 
eventually included in the current explorative pilot study. The reasons for exclusion 
were patient refusal (18 patients), no return of  the questionnaire (11 patients) or 

incomplete filled-in questionnaire (7 patients). The participants were 27 (23-30) years old, 
with a minimum of  19 years and maximum of  44 years. Further patient characteristics are 
listed in table 1. 

For the interviews, ten randomly selected patients were asked. Two patients refused to 
participate in the interviews because they would rather not talk about sexual wellbeing. 
Therefore, the interviews are eventually performed in 8 patients; 3 males and 5 females. The 
short summaries of  the interviews are displayed in the supplementary file 2.

General wellbeing 

The self-reported health related Quality of  Life scores of  the Fontan patients regarding the 
domains physical functioning, social functioning, role limitations due to physical problems, role 
restrictions due to emotional problems, mental health, vitality, pain, and health-change over the 
last year did not significantly differ from the healthy controls (table 2). The Fontan patients, 
however, scored significantly lower on general health than their healthy peers (p=0.008). 

The interviewed patients explained that they currently experience few limitations due to their 
cardiac condition. They feel that they have a good quality of  life in general, despite not being 
able to work, needing an electronic bicycle or not participating in sports due to their physical 
restrictions. On the other hand, most of  the interviewed patients (6/8) had experienced 
physical limitations during their childhood and/or puberty. This is illustrated by the following 
statement by patient G: 

“As a child I realized I was different than the other kids. Now I am used to my limitations, they are a 
part of  who I am and they don’t bother me anymore” (Female, 25) 

and by patient B:
“I know that my peers have a higher exercise performance than I have, but nowadays, I do not often get 
confronted with it. This is in contrast to my childhood, when I was confronted with my restrictions on a 
daily basis.” (Male, 47)

The physical limitations as a child had a clear consequence for almost all interviewed patients; 
namely the feeling of  being an outsider at primary and/or secondary school. Despite the fact 
that most patients had (at least some) friends, they were from a young age on aware that they 
were more restricted during exercise and missed more days at school than their peers.
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Consequently, most of  the patients (6/8) experienced forms of  bullying during either primary 
or secondary school. 
Patient D:

“I liked going to the primary school, but after two months at the secondary school I did not want to go 
anymore. I was just not part of  the group, and therefore an easy victim. I could not participate in sports 
activities. The rest of  the class biked to the city at lunch time, but I always stayed behind because, at that 
age, nobody will wait for you lagging behind.” (Female, 31)

Table 1. Patient characteristics (N=21)

Male, N(%) 

Female, N(%) 

7 (33%)  

14 (67%) 

Diagnosis, N(%) 

  TA 

  DILV  

  AVSD / unbalanced VSD 

  PA with IVS 

9 (43%) 

6 (29%) 

4 (19%) 

2 (10%) 

Ventricular morphology, N(%) 

  Left dominant 

  Right dominant 

18 (86%) 

3 (14%) 

Type of Fontan procedure, N(%) 

  TCPC lateral tunnel 

  Atriopulmonary connection 

  TCPC extracardiac conduit 

  Bjork modification 

13 (62%) 

5 (24%) 

2 (10%) 

1 (5%) 

Age at Fontan procedure, years 4.5 (3.7-6.9) 

Current age, years 27 (23-30) 

Negative chronotropic arrhythmica, N(%) 7 (33%) 

Coumarinederivates, N(%) 12 (57%) 

Table 1. Patient characteristics (N=21)

Data expressed as count (% of  number), with the number (n or N) indicated at the top of  the clumn, or as median 
(25th-75th percentile). APC, atriopulmonary connection; ECC, extracardiac conduit; ED, external diameter; DILV, 
double-inlet left ventricle; DIRV, double-inlet left ventricle; HLHS, hypoplastic left heart syndrome; LT, lateral tunnel; 
PA/IVS, pulmonary atresia with intact ventricle septum; TA, tricuspid atresia; TCPC, total cavopulmonary connection.
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Despite being bullied, none of  the patients felt restrained to make new friends due to their 
cardiac condition. More importantly, most of  the patients did not report any restrains to 
commit to a friendship or relationship during their adolescence or young adulthood.

Sexual function and wellbeing

Based on the 21 completed GRISS questionnaires, sexual function and wellbeing in Fontan 
patients showed no significant differences compared to healthy controls (table 3). However, 
in the subdomains concerning female dyspareunia and male erectile dysfunction, 2/21 
individual patients had a Z-score > 2 SD compared to their healthy peers, causing significantly 
larger variances than in the healthy controls (p=0.019 respectively p=0.008). During the 
interviews, these large inter-individual differences were noticed as well. Four patients (2 males 
and 2 females; 25-30 years old) told that they did not experience any restriction or sexual 
dysfunction. The other patients (1 male and 3 females, 33-47 years old) reported erectile 
dysfunction (1/7), a very low self-esteem as a consequence of  childhood experiences (1/7), 
and severe arrhythmias affecting sexual desire and perseverance (2/7). 

Patients B’s concerns about erectile dysfunction:
“Since my 30th birthday, it is difficult to keep an erection during sexual intercourse. The urologist eventually 
concluded that it was probably caused by a combination of  factors, and one of  these was my cardiac 
condition. Furthermore, the therapeutic options for my problem are very limited due to my cardiac condition. 
(…) These problems slow me down to take steps in this area with my new partner.” (Male, 47)

Table 2. Domains of health-related Quality of Life (N=21) 

 Fontan patients Z-score Fontan 

patients 

P-value 

Physical functioning 73±22 -0.3±0.9 ns 

Social functioning 85±16 -0.4±0.8 0.076 

Role Physical 76±37 -0.2±1.2 ns 

Role Emotional 83±31 -0.2±1.1 ns 

Mental Health 78±17 -0.1±1.0 ns 

Vitality 65±18 -0.2±0.9 ns 

Bodily pain 85±18 0.2±0.6 0.087 

General health 59±24 -0.7±1.1 0.008 

Health-Change 53±18 0.0±1.1 ns 

Table 2. Domains of  health-related Quality of  Life (N=21)

p-value
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Regarding the SF-36 subdomains Infrequency, Dissatisfaction, Non-Sensuality, Premature 
Ejaculation (M), and Anorgasmia (F), no specific problems were reported during the 
interviews. 

In the subdomain Female and Male Avoidance, the scores of  the Fontan patients did not 
show a significant difference with the normal values. However, the two interviewed patients 
who reported that severe arrhythmias affected their sexual life, indicated that they tend to 
avoid sexual intercourse. These patients avoided sexual intercourse because they are afraid to 
instigate or worsen the arrhythmias. 

Patient E:
“Nowadays I tend to avoid sexual intercourse. Every time we have sex, my arrhythmias start again. It 
really decreases your desire to have sex. I can not enjoy it anymore, because I can not relax, constantly 
thinking about my cardiac condition.” (Female, 46)

Concerning the SF-36 subdomain Non-Communication, no problems were reported during 
the interviews about the current relationships of  the patients. However, three out of  eight 
interviewed patients reported that they found it difficult to tell about their cardiac condition 
to a new partner, mostly because they were afraid of  their reaction. They thought their 
new partner would be scared to share a life with someone with a severe cardiac condition, 
restricted life expectancy, frequent hospital visits and restricted exercise limitations along with 
sexual impairment (in 1 male patient). 

Fertility, pregnancy and children

Three out of  the fourteen females who completed the questionnaires had been pregnant. 
Two of  these women sought for help at the fertility clinic. Together, the women had four 
pregnancies; one ended in a miscarriage (< 20 weeks pregnancy) and the other three babies 
were born prematurely (at 27, 31 and 35 weeks pregnancy). Of  the latter three babies, one 
died after two months due to meningitis and the other two are still alive. Eight of  the female 
participants reported that they wish to have children in the future, of  whom five females were 
discouraged by their physician to have children due to their heart condition.16

Of  the five interviewed women, two reported a low self-esteem due to the fact that they could 
not, or are discouraged to, become pregnant. 

Patient Fs’ answer to the question if  she has to offer enough as a partner:
“I find that very difficult. My partner and I cannot have any children, because of  my cardiac condition. 
I struggle with the fact that I cannot offer him children, while another woman could. It would have been 
easier for me if  he also had a fertility problem.” (Female, 33)

Based on the questionnaires, two of  the males reported that they established a pregnancy 
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in a woman, both without any help of  fertility improving therapy. In both cases, the child 
was born healthy, without any heart defect. Three of  the other males reported a desire for 
children in the future. None of  males was, because of  their heart condition, discouraged by 
their physician to get children. 

During the interviews, none of  the males was concerned about fertility or raising children. 

Discussion

In the current study we found Fontan patients to report a health-related Quality of  Life 
and sexual wellbeing generally comparable to normal values. However, during childhood, 
most patients experienced physical limitations and the feeling of  being an outsider. 

Table 3. Sexual function and wellbeing  

 Fontan patients 

(N=21) 

Controls (N=68) P-value 

FEMALES    

Avoidance 5.9±2.8 5.5±1.3 0.393 

Non sensuality 5.1±1.9 5.5±1.6 0.430 

Dissatisfaction 6.6±2.9 6.6±2.2 0.998 

Dyspareunia 6.5±3.3 5.2±1.7 0.191 

Anorgasmia 9.4±3.7 10.0±3.6 0.559 

Non-communication 4.7±2.6 4.5±1.6 0.746 

Infrequency 6.1±2.0 5.3±1.7 0.111 

MALES    

Avoidance 4.3±0.8 4.8±1.0 0.292 

Non sensuality 4.8±1.0 5.1±1.3 0.671 

Dissatisfaction 8.2±1.9 8.0±2.7 0.914 

Erectile dysfunction 8.2±3.2 5.5±1.4 0.096 

Premature Ejaculation 7.8±2.5 7.7±2.2 0.867 

Non-communication 3.8±1.3 4.4±1.6 0.441 

Infrequency 5.7±1.4 5.1±1.7 0.457 

Table 3. Sexual function and wellbeing

p-value
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Regarding sexual wellbeing, large inter-individual differences were noted especially in the 
subdomains dyspareunia and erectile dysfunction of  the questionnaire, and regarding erectile 
dysfunction, avoidance, and self-esteem during the interviews. Based on the current study, 
some impressions could be sketched: 

Fontan patients face daily restrictions and co-morbidities, associated with the Fontan 
circulation. Despite these restrictions, the current study confirmed that these patients seem to 
experience a generally well preserved health-related Quality of  Life. However, the interviewed 
patients pointed out that physical restrictions were more prominent during childhood, where 
they consequently felt an outsider in their peer-group and were often bullied. This has been 
previously recognized in other patients with chronic illness during childhood, including 
children with chronic lung disease17 and patients with juvenile idiopathic arthritis18. In 
children with chronic illness, their sense of  normalcy is related to the degree in which the 
disease interfered with participation in school or play18. Furthermore, the number of  health 
issues in children is related to the chance of  peer rejection and bullying19, and might be 
associated with depressive symptoms which have been described in Fontan patients20. To 
our knowledge, the high prevalence of  social isolation and bullying of  Fontan patients is 
not previously recognized. These are important issues needing attention because they can 
influence adult self-esteem and mental health outcomes21. In future research, the benefit of  
shared-decision making and promotion of  self-efficacy might be of  great interest to help the 
patients with these issues22.

The operation(s) at a young age and the abnormal circulation can potentially affect both 
psychological and physical aspects of  the patients’ wellbeing. Psychologically, the impaired 
life expectancy, body- and self-esteem, performance anxiety and impaired fertility might be 
important factors. Physically, the increased central venous pressure, limited exercise capacity 
and medication use might impair sexual function. In general, sexual function and wellbeing 
seemed well preserved in the current study. Some of  the patients experienced a limited 
exercise capacity during sexual intercourse, but this did not impact their sexual wellbeing. 
This is in line with results from previous studies on a variety of  diseases, including congenital 
heart disease23 and metastatic midgut carcinoid tumours24.

On the other hand, large inter-individual differences were noted and sexual dysfunction 
was described by several patients on an individual level. Sexual impairment included erectile 
dysfunction, low body- and sexual self-esteem and avoidance of  sexual intercourse. In patients 
with other congenital heart diseases, it has been reported that 10% of  the males suffer from 
erectile dysfunction, potentially caused by medication use, impaired cardiac output and 
restricted functional capacity25,26. Additionally, in Fontan patients, erectile dysfunction might 
be provoked by a dysregulation of  the autonomic nervous system, chronic systemic venous 
congestion and endothelial dysfunction27,28. One of  the three males who were interviewed 
was unable to maintain an erection during sexual intercourse. This problem affected his 
sexual life and he was very limited in the pharmacological therapeutic options (e.g. Sildenafil) 
for his problem.
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In women with congenital heart disease, sexual dysfunction, including dyspnea, arrhythmias, 
fatigue and syncope, and lower self-esteem are previously recognized23,29. In the current study, 
the females reported predominantly mental components which affected their esteem of  their 
sex life and partnership (patients C and F). Their main concern being their inability to offer 
children to their partners. High concerns regarding fertility and pregnancy are also reported in 
patients with other congenital heart defects30. However, those patients were more concerned 
about their own health and their ability to carry the baby to term, whereas women with 
a Fontan circulation were discouraged to become pregnant and were concerned that their 
partner might consider having children with another woman. 

Interestingly, four interviewed patients reported no sexual dysfunction, suggesting that sexual 
function can be well preserved in the Fontan circulation. In the Fontan circulation, gradual 
attrition of  the circulation has been suggested, manifesting itself  by various circulatory 
complications, including gastro-enteric complications, arrhythmias, and deteriorating 
functional capacity. The four patients who did not report sexual dysfunction, were the youngest 
interviewees and in none of  these patients adverse sequelae of  the Fontan circulation had 
developed (yet). Therefore, gradual attrition of  the Fontan circulation may be associated with 
progressive sexual (dys)function of  the Fontan patients over time. This is also confirmed by 
patients C and E, who explained that their arrhythmias and the anxiety for a new onset of  
arrhythmias severely impact their sexual desire and activity, as well as by patient B, who suffers 
from erectile dysfunction from the age of  thirty. 

Finally, it is important to notice that the patients were very well-spoken regarding their 
experiences as a child or youngster with a congenital heart defect. However, when the 
interviewer addressed their current status of  “what they have made of  their lives” or “how 
they address their problems”, the patients found it more difficult to find words and describe 
their feelings and functioning. Furthermore, the current study included a sample of  21 
patients out of  62 patients ≥ 16 years old in our Fontan cohort, causing a potential selection 
bias. These issues might have caused an underrepresentation of  psychosocial or sexual 
problems. However, the current study was not designed to collect quantitative data, but aimed 
at generating first impressions and hypotheses regarding sexual wellbeing in Fontan patients. 
Future studies have to be conducted to investigate the prevalence of  sexual problems and 
to identify whether sexual wellbeing of  Fontan patients differs from patients with other 
congenital heart defects. 

Altogether, the results of  this explorative pilot study addressing quality of  life, sexual 
wellbeing and fertility/pregnancy in Fontan patients, generated the following hypotheses for 
future research: 

1). In particular children and adolescents with a Fontan circulation face more social isolation 
and bullying than their healthy peers.
2). Fontan patients adapt fairly well to their physical restrictions and only a minority of  these 
patients experience sexual dysfunction. 
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3). There is a male/female difference regarding sexual wellbeing in patients with a Fontan 
circulation. In males, physical limitations predominate and in females psychosocial limitations 
predominate. 
4). Sexual function in Fontan patients deteriorates with progressive attrition of  the Fontan 
circulation. 
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Supplementary file 1. Interview structure

Introduction
What is it like for you to have a cardiac condition? 
What does it mean in daily life?

Childhood/puberty
How would you describe your childhood? 
How would you describe your family?
Did you environment stimulate you to discover your world, participate in society and make friends?
How would you describe your life at the elementary school?
Did you have friends? Did you participate in sport activities? 
How would you describe your high school experiences? 
Did you have friends? Did you participate in sport activities?
How did you feel among peers?

Sexual development
Did you have girlfriends/boyfriends during yours teenage years? 
First masturbation experience
First sexual experience with a partner
Do you think your cardiac condition affected your sexual development?
How would you describe your sexual wellbeing during your adolescence?
Do you think your cardiac condition withheld you from making friends and committing to relationships?

Self-esteem
Do you like yourself  as a person? And as a partner?
What do you have to offer as a person? And as a partner?
Do you think your cardiac condition impacts on what you have to offer?

Current sexual wellbeing
How would you describe your current sexual wellbeing?
Does your cardiac condition affect your sexual life? Which factors have the greatest impact?
Can you enjoy sexual activities? 
Do you feel anxious for/during sexual intercourse?
Do you experience bodily pain during sexual intercourse? 
Do you experience limitations during sexual intercourse due to restricted exercise tolerance?
Females: Do you experience perineal or vaginal pain during sexual intercourse?
Males: Can you get and hold an erection during sexual intercourse? 

Do you feel that the health professionals should pay more attention to psychosocial and sexual issues?
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Supplementary file 2. Interview summaries

Patient A

This 26-years-old male was interviewed together with his female partner. He did not feel any different 
than the other children at school or the playground during his childhood and puberty, he was 
always able to participate in sports and stimulated be his parents to discover the world around him.  

His first sexual activities with himself  were between 12-14 years of  age, and with a partner around 16-
17 years of  age. He does not have any complaints regarding sexual activities, more specifically, he is not 
afraid to exert and does not experience (chest) pain during sex. His cardiac condition does not prevent 
him from committing to relationship and he feels he can offer as much to his partner and the rest of  
world as healthy individual would. 

Patient B

Patient B is a 47 year old male, who is divorced from his wife a few years ago and now has a new female 
partner. Concerning his childhood and puberty, he experienced severe physical limitations, he was 
wheelchair bound until the age of  eight years (when he was operated). Also after the operation he was not 
able to participate in sports or any outdoor play with the other children. He had more female friends than 
male friends, and he think it may be related to his impossibility to participate in the rough games of  the boys.  

He masturbated for the first time around 11-12 years old and was 18 years old at the first sexual 
intercourse with a partner. At that time, no specific complaints regarding sexual intercourse are put 
forward by the patient. From the age of  30 years, he had a relationship with the female he eventually 
married and started to notice that it was difficult to keep an erection during sexual intercourse. The 
urologist concluded that this presumably originated from a combination of  high expectations and 
not-optimal cardiac condition. The patient stressed that exercise tolerance was not a limiting factor.  

With his current new partner, he did not have sexual intercourse yet. During the interview he admitted 
to himself  that his concerns (mainly spontaneous issues) hinder him from any progress in that field. 

Patient C

This 36-year-old female was in a long-term relationship with a male. She experienced mainly physical 
restrictions during childhood/puberty, and was not able to participate in sports activities with her peers. 
Meanwhile, she indicated that she disregarded her limitations until she was 19 years old, when she 
faced the first arrhythmias. She was not able to finish her education due to her physical limitations.  

Furthermore, the arrhythmias affect her sexual life, in which she feels restrained to exercise because she 
is afraid the arrhythmias will emerge. She struggles with the fact that she can not offer children to her 
partner (due to the Amiodaron), and can not participate in sport activities with him. She feels that her 
frequent and long hospitalization during childhood has formed her as an adult. She indicates that her 
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fights against the operation/catheterization/venous injections were not listened to, and consequently, 
she now feels that her opinion does not matter. The only thing she can do is to be grateful to the people 
surrounding her, and that she does not deserve the little extras in life because she does not do the work 
to earn the extras. 

Patient D

This female is 30 years old, and has a relationship with a male for the past ten years. At primary school, 
she was not able to participate in the (sport) activities of  her peers, and was transferred to a school 
for children with special needs, where she fitted in very well. However, at secondary school, she went 
to a public school again and faced bullying for a long time because she could not keep up with her 
classmates. She did not have many friends. 
 
The patient thinks that her cardiac conditions did not influence her sexual development and current 
wellbeing. She can sustain the activity until the end, she is not afraid of  pain or cardiac related problems. 
She feels she can offer her partner and her environment just as much as a healthy person would. 

Patient E

A 46-year-old female who has a male partner for 27 years now. During the interview she revealed 
that she had a good childhood, despite being bullied because of  her physical limitations and cyanosis. 
She did participate in sport activities at school, but was always picked last for the team selections. She 
went through a relatively normal puberty, including partying, dancing, alcohol and cigarette smoking.  

Her first sexual experience with a partner was at the age of  16 years, and she immediately got pregnant. 
She delivered a baby girl when she was 17 years old, three months prematurely. The baby died. Later, 
when she was 20 years old, she wanted to get pregnant again but did not succeed. Eventually, at the age 
of  30 years, she was pregnant of  her son. Her son was born 1 month premature, and survived. During 
this latest pregnancy she developed arrhythmias, which have restricted her in her daily activities ever 
since. Currently, the fear for recurrent arrhythmias together with her bad exercise tolerance restrains 
her sexual activities. As a result, she does not enjoy sex anymore. She feels that she does not have to 
offer much to her partner, because of  her bad exercise tolerance. However, she feels she is emotionally 
stronger than many of  her peers. 

Patient F

33-year-old female. During her years at primary school, she was continuously bullied, had no friends and 
was mostly alone (or with her little brother) at the play yard. When she was 12 years, she had a minor stroke. 
Since then, her parents did not let her ride the bike to school but she had to go by bus to her secondary 
school. At the secondary school, she was still alone quite often, but also developed some friendships.  

She thinks that her cardiac condition did not influence her sexual development during puberty. Nowadays, 
she realizes that her sexual desire is lower than her partners’, she blames that on her medication use 
(Burinex, Spironolacton, Sintrom, Slow-K, Keppra). Furthermore, she experiences perianal pain during 
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sexual intercourse and recognizes that her restricted exercise tolerance influences their sexual activities, 
which further decreases her sexual desire. In her role as a partner, she feels sorry that she can not offer 
children to her husband. 

Patient G

This 25-year-old female explains that she felt different than her peers during childhood, she was not 
part of  the group. The other children blamed her for not participating in the sport activities and bullied 
her. During puberty, she did join her friends to the pub at Friday, but she still felt left out at school. She 
admits that her family is not very warm and welcoming, because they do not talk much, especially not 
about her cardiac condition.

Regarding relationship and sex, she is a little hesitant to start new relationships due to the fact that she 
does not like telling people about her heart surgery, because she is afraid that they will judge her. For her 
current boyfriend, she feels she is a good partner and had enough to offer both mentally and physically. 
Concerning pregnancy and children, she was told that there are increased risks but no strong contra-
indications, as long as she is stable and functioning as good as she is now. 

Patient H

Patient H is a 30-year old male, married to a female and father of  a 5 month-old son. He has very warm 
feelings regarding his childhood and parents. His parents have always stimulated their son to participate 
in the society and have taught him that it is more important to enjoy life than to be afraid of  dying. 
Patient H has always participated at school gym, and was a popular kid with lots of  friends, including 
girlfriends when he entered puberty. He never felt withheld to commit to a relationship, but he did 
feel a hurdle when he had to explain his cardiac condition to a new (girl)friend. Patient H has never 
experienced sexual problems, especially not concerning erectile function, perseverance, and anxiety for 
cardiac problems. Despite the fact that he experiences a good quality of  life, he was very afraid that his 
son would have the same congenital heart disease. He explains he could not bear the idea that he would 
be the instigator of  his son’s sickness. He is delighted that his son is healthy.
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Abstract

O bjective: The objective of  this European multicenter study was to report surgical 
outcomes of  Fontan takedown, Fontan conversion and HTX for failing Fontan 
patients in terms of  all-cause mortality and (re-)heart transplantation (HTX) . 

Methods: A retrospective international study was conducted by the European Congenital 
Heart Surgeon Association among 22 member centres. Outcome of  surgery to address failing 
Fontan was collected in 225 patients among which were patients with Fontan takedown 
(n=38; 17%), Fontan conversion (n=137; 61%) or HTX (n=50; 22%). 

Results: The most prevalent indication for failing Fontan surgery was arrhythmia (43.6%), 
but indications differed across the surgical groups (p < 0.001). Fontan takedown was mostly 
performed in the early postoperative phase after Fontan completion, while Fontan conversion 
and HTX were mainly treatment options for late failure. Early (30 days-) mortality was high 
for Fontan takedown (i.e. 26%). Median follow-up was 5.9 years (range 0-23.7 years). The 
combined endpoint mortality/HTX was reached in 44.7% of  the Fontan takedown patients, 
in 26.3% of  the Fontan conversion patients and in 34.0% of  the HTX patients, respectively 
(log rank p=0.08). Survival analysis showed no difference between Fontan conversion and 
HTX (p=0.13), but their ventricular function differed significantly. In patients who underwent 
Fontan conversion or HTX ventricular systolic dysfunction appeared to be the strongest 
predictor of  mortality or (re-)HTX. Patients with valveless atriopulmonary connection 
(APC) take more advantage of  Fontan conversion than patients with a valve-containing APC 
(p=0.04). 

Conclusions: Take down surgery for failing Fontan is mostly performed in the early 
postoperative phase, with a high risk of  mortality. There is no difference in survival after 
Fontan conversion or HTX. 
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Introduction

For patients with various forms of  functional univentricular congenital heart defects 
(CHD), a direct routing of  the systemic return to the pulmonary arteries, in the absence 
of  a pulmonary cardiac chamber, has been adopted as the usual surgical option. Since 

its invention, independently by both Fontan1 and Kreutzer2 in 1971 in respectively France and 
Argentina, a large series of  surgical improvements and refinements have resulted in a better 
outcome for these patients3. Nowadays, it can be estimated that about 2.3:10000 newborns 
with CHD is evaluated for the staged Fontan pathway, and of  these, the majority reaches 
adulthood4.

However, a growing body of  evidence reveals that life threatening complications inevitably 
occur from adolescence onward. Therefore the term “Failing Fontan” has been introduced 
to refer to a clinical situation with major rhythm disturbances refractory to maximal medical 
therapy, thrombotic events in the Fontan circuit, protein losing enteropathy (PLE), plastic 
bronchitis, chronic edema and ascites, cirrhosis and hepatic malignancy5 or ventricular 
failure.6 The surgical solutions for failing Fontan patients have evolved over time. Nowadays, 
three surgical options are embraced worldwide: Fontan takedown11, Fontan conversion to an 
energetically more favourable connection (i.e. lateral tunnel12 or extra-cardiac conduit13), and 
heart transplantation14,15 (HTX). These high risk procedures have been advocated based on 
institutional experience with limited data and non-uniform midterm results.  The objective of  
this international multicenter study is to perform a comprehensive analysis of  the midterm 
surgical outcome for failing Fontan surgery, in order to suggest an effective decision-making 
process for this growing subset of  critically ill patients.

Methods

Patients

Fontan patients who underwent surgery between 1971 and December 31st 2012 for the 
clinical syndrome of  “Failing Fontan” were eligible for inclusion in the F2 study. Three 
surgical options were taken into account: 1) Fontan takedown 2) Fontan conversion and 

3) HTX. Fontan takedown was defined as a takedown of  a completed Fontan circulation to a 
superior cavopulmonary connection (bidirectional Glenn) or a systemic-to-pulmonary arterial 
shunt (e.g. Blalock-Taussig shunt), or both. Fontan conversion included a conversion from 
a traditional Fontan circulation (e.g. an atriopulmonary connection (APC) with or without 
valve, or a Björk modification) to a lateral tunnel (LT) or extracardiac conduit (EC), and 
conversion from a LT to an EC. Revisions (i.e. major surgery to modify a suboptimal Fontan 
circuit without complete Fontan conversion) were excluded from analysis. Patients were 
identified within participating units of  the European Congenital Heart Surgeons Association 
(ECHSA), with the use of  local registries searching for Fontan patients or reviews of  hospital 
patient charts. The University Medical Center Groningen coordinated the study, collected the 
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data, maintained the database, and performed all the data analyses. Review of  medical records 
was approved by each local committee on clinical investigation. Individual patients were not 
identifiable, and the need for patient consent was waived. 

Patient variables

The collected data on patient characteristics included primary anatomical diagnosis, relevant 
cardiovascular co-morbidity, surgical interventions before the initial Fontan procedure, 
important prognostic patient variables previously described in Fontan research, i.e. New York 
Heart Association functional class16 (NYHA) and cardiac function (i.e. systolic ventricular 
function17, atrioventricular valve regurgitation18) and preoperative cardiac medication use. 
Furthermore, the indications which led to failing Fontan surgery were classified as deteriorating 
functional class, refractoriness of  arrhythmia treatment, thrombus/emboli, severe right 
atrial dilatation, hemodynamic important obstruction in Fontan circuit, pulmonary venous 
obstruction, PLE, atrioventricular valve surgery, Fontan baffle leak or subaortic stenosis. 
More than one indication was possible within the same patient. Hemodynamic data (i.e. right 
atrial pressure) from latest heart catheterization was available for 170 patients. Finally, the 
following variables regarding failing Fontan surgery were documented: aortic cross clamp 
time, cardiopulmonary bypass time, duration of  circulatory arrest, concomitant surgical 
interventions, and post-operative duration of  mechanical ventilation as well as hospital stay. 
Ventricular assist devices as a bridge to transplant were documented. 

Statistical analysis

Data were analyzed with the use of  SPSS version 20.0 for Windows. Continuous data were 
reported as mean ± standard deviations (SD) or median (interquartile range (IQR)) and 
categorical data as number of  patients (percentage of  total, within the surgical arm). The 
primary end-point was all-cause mortality or (re-)HTX. Secondary outcomes included early  
mortality (within 30 days of  failing Fontan surgery) and late mortality. The last follow-up 
ended at January 1st 2014. Patients’ data were censored at the time of  last contact. When 
appropriate, the primary endpoint was analyzed according to the intention-to-treat principle. 
Thus, patients with a cross-over in surgical strategy (e.g. Fontan conversion and during follow 
up HTX) were analyzed according to their initial intervention. 

Baseline characteristics across the 3 groups were compared using one-way ANOVA or Chi 
square analyses, depending on the variable of  interest. For other comparisons, the Student’s 
t-test for continuous measures and the Chi-square test (or Fisher’s exact test) for categorical 
measures were used. Unadjusted survival rates and survival curves were determined by 
Kaplan–Meier estimates. The univariate and multivariate risk analyses of  mortality/HTX 
were performed using time-dependent Cox proportional-hazards models. For these survival 
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and risk analyses, patients with a Fontan takedown were excluded. A two-sided P value < 0.05 
was considered to indicate statistical significance. 

Results

T wo hundred twenty-five patients met the inclusion criteria (figure 1). They were 
identified from 22 congenital heart centres (range 1-40 patients/centre). Failing 
Fontan surgery took place in the time era 1986-2012. See table 1 and 2 for the 

baseline characteristics. Patients were on average 5.9 ± 4.9 years old when they either had 
Fontan completion or had a one-stage Fontan procedure. In total, 136 patients (60.4%) had 
some form of  APC, whereas the remainder had a TCPC (n=89; 39.6%). 

Figure 1. Flowchart failing Fontan patients (n=231)

HTX=heart transplantation; LT=lateral tunnel; EC=extracardiac conduit.
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Table 1. Baseline characteristics: demographics & medical history
Table 1. Baseline characteristics: demographics & medical history 

Characteristic All  

(n=225) 

Conversion 

(n=137) 

Takedown 

(n=38)  

HTX  

(n=50) 

p-value 

Male sex, N(%) 118 (52.4) 69 (50.4) 18 (47.4) 31 (62.0) 0.29 

Diagnosis, N(%)     <0.001 

    Tricuspid atresia 85 (37.8) 71 (51.8) 6 (15.8) 8 (16.0)  

    DILV 46 (20.4) 30 (21.9) 6 (15.8) 10 (20.0)  

    Unbalanced (A)VSD 21 (9.3) 5 (3.6) 10 (26.3) 6 (12.0)  

    HLHS 17 (7.6) 2 (1.5) 4 (10.5) 11 (22.0)  

    PA/IVS 17 (7.6) 11 (8.0) 2 (5.3) 4 (8.0)  

    other 39 (17.3) 18 (13.1) 10 (26.3) 11 (22.0)  

Heterotaxy,N(%) 38 (16.9) 15 (10.9) 13 (34.2) 10 (20.0) 0.003 

Surgical history, N(%)      

    Pulmonary artery banding 47 (20.9) 25 (18.2) 11 (28.9) 11 (22.0) 0.35 

   Blalock-Taussig shunt  131 (58.2) 78 (56,9) 23 (60.5) 30 (60.0) 0.89 

   Bidirectional Glenn  72 (32.0) 13 (9.5) 26 (68.4) 33 (66.0) <0.001 

Age at initial Fontan, yrs(±SD) 5.9 (4.9) 6.2 (4.8) 4.6 (2.9) 6.2 (6.1) 0.18 

Type of initial Fontan surgery, 

N(%) 

    <0.001 

  Björk modification 19 (8.4) 18 (13.1) 0 (0.0) 1 (2.0)  

  APC without valve 94 (41.8) 81 (59.1) 5 (13.2) 8 (16.0)  

  APC with valve 23 (10.2) 20 (14.6) 1 (2.6) 2 (4.0)  

  TCPC LT 45 (20.0) 18 (13.1) 12 (31.6) 15 (30.0)  

  TCPC EC 44 (19.6) 0 (0.0) 20 (52.6) 24 (48.0)  

Table 1. Baseline characteristics: demographics & medical history 

Characteristic All  

(n=225) 

Conversion 
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    Unbalanced (A)VSD 21 (9.3) 5 (3.6) 10 (26.3) 6 (12.0)  

    HLHS 17 (7.6) 2 (1.5) 4 (10.5) 11 (22.0)  

    PA/IVS 17 (7.6) 11 (8.0) 2 (5.3) 4 (8.0)  

    other 39 (17.3) 18 (13.1) 10 (26.3) 11 (22.0)  

Heterotaxy,N(%) 38 (16.9) 15 (10.9) 13 (34.2) 10 (20.0) 0.003 

Surgical history, N(%)      

    Pulmonary artery banding 47 (20.9) 25 (18.2) 11 (28.9) 11 (22.0) 0.35 

   Blalock-Taussig shunt  131 (58.2) 78 (56,9) 23 (60.5) 30 (60.0) 0.89 

   Bidirectional Glenn  72 (32.0) 13 (9.5) 26 (68.4) 33 (66.0) <0.001 

Age at initial Fontan, yrs(±SD) 5.9 (4.9) 6.2 (4.8) 4.6 (2.9) 6.2 (6.1) 0.18 

Type of initial Fontan surgery, 

N(%) 

    <0.001 

  Björk modification 19 (8.4) 18 (13.1) 0 (0.0) 1 (2.0)  

  APC without valve 94 (41.8) 81 (59.1) 5 (13.2) 8 (16.0)  

  APC with valve 23 (10.2) 20 (14.6) 1 (2.6) 2 (4.0)  

  TCPC LT 45 (20.0) 18 (13.1) 12 (31.6) 15 (30.0)  

  TCPC EC 44 (19.6) 0 (0.0) 20 (52.6) 24 (48.0)  

APC=atriopulmonary connection; HTX=heart transplantation; DILV=double inlet left ventricle; (A)VSD=(atrio)
ventricular septum defect; HLHS=hypoplastic left heart syndrome; PA/IVS=Pulmonary atresia with intact 
ventricular septum; TCPC=total cavopulmonary connection; LT=lateral tunnel; EC=extracardiac conduit; 
SD=standard deviation.
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HTX=heart transplantation NYHA=New York Heart Association; AVV=atrioventricular valve; LV=left ventricle; 
RA=right atrial; ACE=angiotension converting enzyme; ECC=extra corporeal circulation; ICU=intensive care unit; 
SD=standard deviation; * available for 203 patients.

Table 2. Pre-operative and surgical variables (failing Fontan surgery) 

Characteristic All (n=225) Conversio

n (n=137) 

Takedown 

(n=38)  

HTX  

(n=50) 

p-value 

Age at failing Fontan surgery, yrs(±SD) 17.1 (10.3) 21.4 (8.9) 5.2 (3.2) 14.7 (9.4) <0.001 

Time between Fontan completion and 

failing Fontan surgery, yrs(±SD) 

11.2 (8.3) 15.2 (7.0) 0.6 (1.9) 8.5 (6.1) <0.001 

NYHA class III/IV*, N(%) 112 (55.2) 45 (36.3) 22 (73.3) 45 (91.8) <0.001 

≥moderate AVV regurgitation, N(%) 55 (24.4) 29 (21.2) 10 (26.3) 16 (32.0) ns 

moderate/poor LV function, N(%) 115 (51.1) 58 (42.3) 14 (36.8) 43 (86.0) <0.001 

Atrial rhythm disturbances, N(%) 112 (49.8) 91 (66.4) 4 (10.5) 17 (34.0) <0.001 

RA pressure, mmHg(±SD) 14.8 (4.3) 14.0 (4.2) 15.0 (4.2) 16.7 (4.0) 0.002 

Medication use, N(%) 

  Aspirin 67 (29.8) 39 (28.5) 11 (28.9) 17 (34.0) <0.001 

  Coumadin 117 (52.0) 79 (57.7) 7 (18.4) 31 (62.0) <0.001 

  ACE-inhibitor 90 (40.0) 47 (34.3) 7 (18.4) 36 (72.0) <0.001 

  Betablocker 43 (19.1) 35 (25.5) 0 (0.0) 8 (16.0) <0.001 

  Digoxin 56 (24.9) 32 (23.4) 8 (21.1) 16 (32.0) 0.004 

  Sotalol 29 (12.9) 25 (18.2) 1 (2.6) 3 (6.0) <0.001 

  Amiodarone 47 (20.9)  42 (30.7) 2 (5.3) 3 (6.0) <0.001 

ECC time, minutes(±SD) 197 (119) 173 (89) 175 (86) 289 (169) <0.001 

Ventilation time, days(±SD) 5.4 (11.7) 3.1 (4.7) 11.8 (22.9) 7.5 (12.3) 0.001 

ICU stay, days(±SD) 12.9 (23.8) 8.0 (12.8) 23.8 (38.4) 18.6 (30.0) <0.001 

Hospital stay, days(±SD) 28.9 (32.7) 21.8 (19.7) 37.6 (41.7) 43.0 (46.7) <0.001 
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(n=137)

Conversion
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Figure 2. Indications for failing Fontan surgery
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Supplementary figure 1. Surgical interventions for failing Fontan in the past decades, depicted 
as absolute counts

N
um

be
r

More than one indication is possible within the same patient. RA=right atrial; AVV=atrioventricular valve; 
PV=pulmonary vein; PLE=protein losing enteropathy; FC=functional class.
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Supplementary figure 2. Surgical interventions for failing Fontan in the past decades, depicted 
as percentage of  total

Supplementary figure 3. Event free survival after Fontan takedown (n=38)
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In absolute counts, the most prevalent indication was arrhythmia (98/225 patients=43.6%, 
table 3). For 78 patients (34.7%) the decision for surgery was based on only one indication. 
However, for the whole population, the combination of  2.0 ± 0.97 indications led to failing 
Fontan surgery. Arrhythmia and right atrial dilatation were the main indications for Fontan 
conversion while deteriorating functional class and PLE were the main indications for HTX  
(p < 0.001, figure 2). 

Failing Fontan surgery

Fontan takedown was performed in 38 patients (17%), Fontan conversion in 137 patients 
(61%, i.e. 13% conversion to a TCPC LT and 48% to a TCPC EC) and HTX in 50 patients 
(22%). Two patients were successfully bridged to HTX by a paracorporeal ventricular assist 
device. Of  all patients treated with Fontan conversion, 51.6% had concomitant rhythm 
surgery (MAZE surgery). The cumulative occurrence of  surgical interventions for failing 
Fontan increased over time (p=0.01, supplementary figure 1). Yet, the distribution across the 
surgical groups did not change during the decades (p=0.19, supplementary figure 2). The time 
interval between the initial Fontan procedure and the failing Fontan surgery was significantly 
shorter in the group referred for a Fontan takedown procedure (0.6 ± 1.9 years) compared 
to patients who underwent HTX or Fontan conversion (8.5 ± 6.1 years and 15.2 ± 7.0 years 
respectively; p < 0.001). Comparison of  the three groups also revealed statistical differences 
for the following variables: primary diagnosis, the presence of  heterotaxy, previous BDG, 
type of  initial Fontan surgery, preoperative NYHA class, ventricular dysfunction, atrial 
rhythm disturbances, RA pressure, age at failing Fontan surgery, extracorporeal circulation 
time, ventilation time, ICU stay, hospital stay and medication use (table 1 and 2). 

Follow up after Fontan takedown

During a mean FU of  6.7 ± 6.7 years (range: 0 to 23.7 years), 15 patients (39.5%) died, of  
whom two thirds (10/15 patients) in the first 30 postoperative days (i.e. early mortality was 
26.3%). After a mean period of  12.9 ± 21.1 months, 4 patients (10.5%) underwent HTX after 
Fontan takedown with 2 patients alive at end of  follow up. Two takedown patients (5.3%) 
underwent subsequent TCPC LT operation after a mean period of  34.1 ± 14.1 months. A 
total of  17 patients (44.7%) had reached the primary endpoint mortality/HTX at end of  
follow up (Supplementary file, figure 3). 

Follow up after Fontan conversion

During a mean FU of  7.7 ± 5.7 years (range: 0 to 24.7 years), a total of  30 patients died 
(21.9%). Thirty six patients (26.3%) reached the combined endpoint mortality/HTX. Early  
mortality was 15/137 (10.9%). In 7 patients (5.2%), the Fontan conversion was followed by 
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HTX after a mean period 3.3 ± 2.8 years. One of  these 7 patients died 19.1 years after HTX. 
The primary endpoint mortality/HTX (n=36) occurred during 1000 patient-years follow-up 
(event rate 3.6/100 patient years). Among the patients that survived Fontan conversion, 89% 
were in NYHA class I or II. 

Within the 130 patients with an atriopulmonary connection, patients with valveless 
atriopulmonary connections (n=89) had better outcomes after Fontan conversion than those 
with a valve-containing atriopulmonary connection (n=41; p=0.04, figure 3). 

However, patients in the latter group were on average 3.7 ± 1.8 years older (p=0.04). Event-
free survival after Fontan conversion combined with MAZE rhythm surgery (n=64; 51.6%) 
did not significantly differ from Fontan conversion without rhythm surgery (n=60; 48.4%, 
p=0.57).

Figure 3. Survival curve after failing Fontan surgery in patients with an atriopulmonary 
connection (n=130): influence of  valve in Fontan circulation
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Follow up after heart transplantation

During a mean FU of  5.7 ± 5.4 years (range: 0 to 22.2 years), 17 patients (34%) died. No 
patients underwent re-transplantation. The mortality endpoint occurred during 287 patient-
years follow-up (event rate 5.9/100 patient years). Early mortality was 14% and in-hospital 
mortality was 20%.  Of  all patients who underwent failing Fontan surgery, HTX patients had 
the longest extra-corporeal circulation time (289 ± 169 minutes) and hospital stay (43.0 ± 
46.7 days). Among the patients that were discharged from the hospital (n=43), 85% were in 
NYHA class I or II at the end of  follow up. 

Risk analyses for mortality/HTX after failing Fontan surgery

Mean follow up after HTX or Fontan conversion was 6.9 ± 5.4 years. In only 15 patients, 
the follow up duration exceeded 15 years and for that reason the unadjusted survival curve 
was truncated at 15 years after failing Fontan surgery. Although the survival curves diverge 
in favour of  FC-patients, event free survival was not statistically different (p=0.13, figure 4). 

Figure 4. Survival curves after failing Fontan surgery (n=187): HTX versus Fontan conversion
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Time of  follow up is truncated at 15 years. Endpoints are mortality or (re-)HTX.
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Table 4. Univariate and multivariate analysis in failing Fontan patients (n=187)  

Mortality/HTX 

Characteristic  Univariate Multivariate 

N (%) HR(95%CI) p-value HR (95%CI) p-value 

Interval Fontan completion-

failing Fontan surgery (<10 yrs) 

26 (26.6)  0.049  Ns 

NYHA class III/IV 32 (35.6)  0.028  Ns 

Moderate/poor ventricular 

function  

37 (36.6)  0.004 2.52 (1.26-5.03) 0.009 
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Arrhythmia 98 (43.6) 

Deteriorating functional class 97 (43.1) 

Extreme RA dilatation 87 (38.7) 

Obstruction 47 (20.9) 

Protein losing enteropathy 31 (13.8) 

Thrombus 26 (11.6) 

AVV regurgitation 18 (8.0) 

Pulmonary vein stenosis 11 (4.9) 

Cyanosis 12 (5.3) 

Systemic obstruction 4 (1.8) 

Baffle leak 4 (1.8) 
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AVV=atrioventricular valve, RA=right atrial.

HTX=heart transplantation; NYHA=New York heart association.
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Among the 187 patients with either a Fontan conversion or HTX, the following characteristics 
were significantly associated with the primary endpoint: time interval between initial Fontan 
surgery and failing Fontan surgery (i.e. more events in patients whose circulation start to 
fail within 10 years after initial Fontan), NYHA class III/IV, and ventricular dysfunction 
(table 4). Multivariate analyses showed that patients with ventricular dysfunction have an 
increased risk of  mortality/HTX (p=0.009). Within the group Fontan patients with an APC, 
no specific treatment benefit could be determined after 15 years follow up between FC and 
HTX (p-value=0.80).

Discussion

This multicenter, European observational study of  failing Fontan patients is, to our 
knowledge, the largest in the world permitting analysis to compare different surgical 
strategies for a failing Fontan. We have shown that Fontan takedown has been used 

as a surgical strategy in the early postoperative phase after Fontan completion, whereas 
Fontan conversion or HTX were the most important surgical options on the long run. In 
comparison between the two latter strategies, no survival benefit could be identified, yet we 
have to realize that these groups are selected for severity of  ventricular dysfunction. Generally 
the ventricular function was much poorer in the HTX group as compared to the conversion 
group. Furthermore, a valve-containing conduit is a risk factor for Fontan conversion in 
APC patients with a failing Fontan circulation, the reason of  which is currently subject to 
speculation. 

Although survival has improved markedly in the past decades3, Fontan patients are still 
at substantially increased risk of  late morbidity and death as compared to the normal 
population19. Presumably, the adult numbers of  Fontan patients will increase by over 60% 
in the next decade and the proportion in NYHA functional class III is expected to double20. 
Unfortunately, a failing Fontan circulation represents a particularly complicated scenario 
for both patients and physicians21. They are confronted with an insidiously deteriorating 
clinical situation, while there are no studies available that describe and compare treatment 
options. Given the overall young age of  this population with impaired life expectancy, it is 
to be expected that a huge proportion of  these patients will be candidates for failing Fontan 
surgery. In the current study, the complex nature of  failing Fontan was confirmed since 65% 
of  the failing Fontan patients had at least 2 indications that led to the decision to operate.

The current study demonstrated that Fontan takedown has primary been used as a bailout 
option in early Fontan failure, considering the short interval between Fontan completion and 
takedown surgery (i.e. 7.2 months). This is in line with previous small case series (n≤6) where 
Fontan takedown was accomplished in the early aftermath of  Fontan completion22,23. The 
different characteristics of  the Fontan takedown population (“early failing Fontan”) precludes 
a fair comparison with Fontan conversion or HTX (“late failing Fontan”) and therefore we 
reported the outcome of  this strategy separately. Our data showed that mortality rates are 
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very high (40% after a mean follow up of  6.7 years), especially in the first 30 days after Fontan 
takedown. Yet, the relative percentage of  Fontan takedowns steadily decreased over time. 
This probably points to improved patient selection on the road towards Fontan completion. 
Whether Fontan takedown is a reasonable alternative for HTX or Fontan conversion in late 
failing Fontan remains to be elucidated. 

Since the pioneering work of  Mavroudis and co-workers24, Fontan conversion to the more 
energy-efficient extracardiac connection with concomitant arrhythmia surgery is the standard 
for APC patients, especially those with atrial tachyarrhythmias. In their own single-centre 
series including 111 Fontan conversions, an early mortality rate of  0.9% was reported.25, 
but percentages up to 13%26 are described. In our study, early mortality was 11%. Recently, 
a study in 39 patients following Fontan conversion reported 8 deaths (21%) after a mean 
follow up of  6 years. With a slightly longer mean follow up (of  7.7 years), the current study 
demonstrated a similar mortality rate of  21%. 

We previously described the outcome after HTX in Fontan patients (n=61), also including 
patients who initially were treated with Fontan conversion or Fontan takedown27. In the 
current study, using an intention-to-treat analysis, we showed that, during a mean FU of  5.7 
years 34% died. Early mortality was high (20%), but this is in accordance with an actuarial 
survival after HTX of  80% at 6 months in a large cohort derived from the Pediatric Heart 
Transplant Study (PHTS) database in the United States28.

Perhaps the most compelling contribution of  the current study is the possibility to compare 
outcomes of  Fontan conversion and HTX. We now could provide evidence that survival 
between HTX and Fontan conversion does not significantly differ. Furthermore, we found 
that poor systemic ventricular function was a risk factor for death/HTX after failing Fontan 
surgery. Possibly, ventricular dysfunction is associated with poor general health status and 
high patient frailty in Fontan patients, which may affect survival after surgery. Finally, it 
appeared that valve-containing APC’s are at increased risk for Fontan conversion. For APC 
patients, there was no specific treatment benefit for Fontan conversion or HTX but this 
finding needs to be interpreted cautiously due to the fact that within the 130 patients with an 
APC, 119 patients were treated with a Fontan conversion, while only 11 patients were treated 
with HTX. Nevertheless, these results may be of  importance for future treatment algorithms 
in patients with failing Fontan. 

Our findings should be evaluated in the context of  several limitations. First of  all, our study 
is limited by its observational cohort design, which may complicate the interpretation of  the 
results, derived from four decades of  data acquisition. Related to this point: decision making 
for the different procedures was based on the discretion of  the treating physician(s) and not 
on certain treatment algorithms. The best way to control for treatment-selection bias is to 
conduct a randomized trial, but given the relatively rare syndrome of  failing Fontan the set 
up of  such a trial is, unfortunately, an utopia. Hence, the three pathways are not mutually 
exclusive and we have to realize that the Fontan background is not identical for every patient 
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(for example, conversion is not an option for patients following TCPC EC). Nevertheless, 
our dataset provides unique information on long-term outcomes. Secondly, in our study we 
evaluated the 3 most performed surgical treatments for failing Fontan. Despite encouraging 
results of  other surgical interventions in the last years, for example with ventricular assist 
devices29, we analyzed these alternatives not systematically. Finally, some variables that 
are known in clinical practice to have a profound effect on the choice of  failing Fontan 
surgery (e.g., the presence of  systemic-to-pulmonary arterial or venovenous collateral flow, 
anthropomorphic characteristics of  the patient, patient frailty, etcetera) were not available for 
this analysis.

In conclusion, the syndrome of  failing Fontan is the result of  an inevitable and insidious 
attrition of  the Fontan circulation. Fontan takedown has been used as a surgical strategy for a 
failing Fontan circulation in the early postoperative phase with high risk for mortality. There 
is no difference in survival after Fontan conversion or HTX. Hence, these groups are selected 
for ventricular dysfunction. In general a late failing Fontan patient with a poor ventricular 
function is better off  with an HTX, while a patient with preserved ventricular function can 
well be treated with conversion.
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Abstract

A ims: Fontan failure (FF) represents a growing and challenging indication for 
pediatric orthotopic heart transplantation (OHT). The aim of  this study was to 
identify predictors of  best midterm outcome in OHT after FF.

Methods: Twenty-year multi--institutional retrospective analysis on OHT for FF.

Results: Between 1991 and 2011, 61 patients, mean age 15.0 ± 9.7 years, underwent OHT  
for failing atriopulmonary connection (17 patients=27.8%) or TCPC (44  patients=72.2%). 
Modality of  FF included arrhythmia (14.8%), complex obstructions in Fontan circuit 
(16.4%), protein losing enteropathy (PLE)(22.9%), impaired ventricular function (31.1%) or 
a combination of  the above (14.8%). Mean time interval between Fontan completion and 
OHT was 10.7 ± 6.6 years. Early FF occurred in 18% , requiring OHT 0.8 ± 0.5 years after 
Fontan.  Hospital mortality was 18.3% , mainly secondary to  infection (36.4%) or graft failure 
(27.3%). Mean follow-up was 66.8 ± 54.2 months. Overall Kaplan Meier (KM) survival was 
81.9 ± 1.8% at 1 year, 73 ± 2.7% at 5 years and 56.8 ± 4.3% at 10 years. KM 5-year survival 
was 82.3 ± 5.9% in late FF and 32.7 ± 15.0% in early FF (p=0.0007). Late FF with poor 
ventricular function exhibited a 91.5 ± 5.8% 5-year OHT survival. PLE was cured in 77.7% , 
but overall 5-year OHT survival in PLE was 46.3 ± 14.4% versus 84.30 ± 5.5% in non-PLE 
(p=0.0147). Cox proportional hazards identified early FF (p=0.0005), complex obstruction 
of  Fontan pathway (p=0.0043) and PLE (p=0.0033) as independent predictors of  5-year 
mortality.

Conclusion: OHT is an excellent surgical option for late FF with impaired ventricular 
function. Protein dispersion improves with OHT, but PLE negatively affects midterm OHT 
outcome, mainly for early infective complications.
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Introduction

Since its original description over 40 years ago, the Fontan operation1 has undergone countless 
modifications, probably like no other procedure in pediatric cardiac surgery. Despite the 
excellent results that can be currently expected for modern Fontan completion2,3, there 

are still concerns regarding the early and long-term durability of  a circulation driven by a single 
ventricle4. Early Fontan failure (FF), although rare, is not a completely resolved clinical issue5. 
A large variety of  other Fontan-specific complications including protein-losing enteropathy 
(PLE), plastic bronchitis, intractable arrhythmias, thrombosis or obstruction in the Fontan 
circuit, among others, can lead to the failure of  the Fontan principle, even in the presence of  
a relatively normal function of  the single ventricle6. Fontan revision or conversion can address 
residual anatomic lesions or control focal atrial arrhythmias7. Catheter-based interventions 
and pharmacologic manipulation of  pulmonary vascular resistance8 can provide additional 
treatments, aiming at the best energy preservation model. Nevertheless, primary myocardial 
dysfunction or intolerance of  the Fontan circulation in the absence of  correctable lesions, 
represent a growing indication for orthotopic heart transplantation (OHT)9. A previous Fontan 
status has been associated with lower actuarial survival after OHT, compared with non-Fontan 
congenital heart disease10,11. Single center experience with OHT for FF is limited, and random 
variations in small cohorts might explain the non-uniform results of  OHT after FF, mainly 
related to differences in early OHT outcome11. Therefore in 2012, the European Congenital 
Heart Surgery Association (ECHSA) conducted a study merging the databases of  22 ECHSA 
centers. The objective of  this paper was to review the ECHSA experience with OHT after FF, 
evaluating outcome and possibly identifying the best FF candidate for OHT. 

                                                                                                                                                                                                                                                    
Methods

A retrospective multicenter study was conducted among 11 ECHSA centers in Europe 
and USA on the management of  the FF circulation by OHT. Patients who developed 
FF after Fontan completion and underwent OHT as the ultimate surgical treatment 

of  their FF status between 1991 and 2011 fulfilled the inclusion criteria and qualified for the 
present multicentre study. The closing date for follow-up was 31 December 2012. Review of  
medical records was approved by each local committee and single-institutional review board on 
clinical investigation. Individual patients were not identified, and the need for patient consent 
was waived. The contribution of  individual centers over time is outlined in supplementary 
figure 1. A common ECHSA database was created summarizing baseline anatomical and 
demographic data of  OHT recipients, technical details of  previous palliative procedures, 
type of  original Fontan operation, presence of  fenestration, strategy of  staged versus direct 
Fontan completion, previous Fontan conversion or take-down, timing of  Fontan completion, 
timing and mechanism of  FF and haemodynamic and echocardiographic data. Pre-transplant 
ventricular function was systematically evaluated by 2D echocardiography, and graded in a semi-
quantitative fashion as normal, moderately impaired or poor. This assessment was necessary due 
to the well-known variability in ventricular morphology of  single ventricles, which prevented 
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a systematic quantitative evaluation of  ventricular function. Preoperative, intra-operative and 
postoperative variables, including pre- and post-OHT use of  assist devices or extracorporeal 
membrane oxygenation (ECMO) were acquired. Early FF was prespecified and defined as the 
need for OHT within 2 years after the original Fontan completion. All FF requiring OHT later 
than 2 years after Fontan completion were defined as late FF. The 2-year time interval was 
selected to avoid colinearity with acute FF and emergency OHT. The primary end-points of  
the study were death and reintervention after OHT for FF. The secondary endpoints related 
to quality of  life in terms of  functional class and major transplant-specific morbidity. Hospital 
chart review was conducted for each transplant recipient and donor at the local Institution. The 
University Medical Center of  Groningen coordinated the study, collected the data, maintained 
the database and performed all the data analysis.

Statistical analysis

Standard summary statistics were reported as mean and standard deviation for normally distributed 
continuous variables, while median with range were used for skewed continuous variables. 
Categorical analysis was conducted by Fisher-exact testing, while continuous variables were 
compared by unpaired t-testing. Analysis of  freedom from events (death and reintervention) was 
conducted by Kaplan-Meier (KM) technique at 3 months, 1 year, 5 years and 10 years after OHT; 
Wilcoxon and log-rank testing were utilized to compare event-free survival between subgroups. 
Cumulative hazards were calculated for each event-free survival. All potential risk factors for 5-year 
mortality were first assessed by logistic regression analyses and then entered in a multivariate Cox 
proportional hazard model to identify independent predictors of  5-year mortality, checking for the 

Supplementary figure 1. Contribution of  individual centers over time

Institutions
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proportionality assumption. A p-value less that 0.05 was considered significant. Statistical analysis 
was conducted with the SAS-statview 1998 statistical software, SAS Institute Inc, NC, USA. 

Results

Between 1991 and 2011, 61 patients underwent OHT for FF at 11 ECHSA centers. 
The cohort includes 51 primary OHT for FF, 6 OHT for FF after Fontan conversion 
and 4 OHT after Fontan take-down. Mean age at OHT was 15.0 ± 9.7 years. Seven 

patients (11.4%) were younger than 6 years of  age at OHT. Male gender was prevalent (39 
patients, 63.9%). The majority of  OHT were performed after 2001 (48 OHT=78.6%). Total 
follow-up was 339.7 patient/years. Mean follow-up was 66.8 ± 54.2 months (range: 12.1 to 
254 months) and was 100% complete and updated. 

Baseline anatomy and surgical history

The anatomic details of  the cohort are depicted in table 1. 

Table 1. Anatomical diagnosis 

Patients (%) Heterotaxy 

syndrome 

Situs inversus with 

dextrocardia 

Tricuspid atresia 10 (16.4%)   

Double inlet left ventricle 11 (18.0%) 1  

Pulmonary atresia with intact ventricular septum 4 (6.6%)   

HLHS and variants 16 (26.2%)   

Unbalanced atrioventricular septal defect 9 (14.8%) 8 2 

Others (overall) 11 (18.0%) 3 2 

Other description    

Double outlet right ventricle  (6) (3) (2) 

Criss-cross, TGA, PS/PA  (3)   

cTGA PS/PA  (2)   

Total 61 (100%) 12 (19,7%) 4 (6,6%) 
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HLHS: hypoplastic left heart syndrome; TGA: transposition of  great arteries; PS: pulmonary stenosis; PA: pulmonary atresia.
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HLHS and variants represented the most frequent anatomic subtype (26.2%). Previous surgical 
history is depicted in table 2. Bidirectional Glenn (BDG) staging to Fontan completion was 
preferred in 39 patients (63.9%). Fontan completion was performed at a mean age of  4.3±1.6 
years by atriopulmonary connection (17 pts= 27.8%), or TCPC (44 pts=72.2%). Fontan 
completion by TCPC included the lateral tunnel variant (16 pts), intracardiac tube graft 
placement (3 pts) and extracardiac TCPC (25 pts). A fenestration had been accomplished in 
24 (39.3%) at the time of  Fontan completion. Conversion of  an atriopulmonary Fontan to 

Table 2. Surgical history of 61 patients undergoing heart transplantation for Fontan failure 

Previous surgical history  Patients(%)

Palliative procedures prior to Fontan 

    PA banding  12 (19.7%)

    mBT shunt  38 (62.3%)

    No PA banding or mBTS  11 (18%) 

Fontan completion strategy 

    Fontan staging with BDG  39 (63.9%)

    Direct Fontan  22 (36.1%)

Fontan completion technique 

    Atriopulmonary connection  17 (27.8%)

    TCPC  44 (72.2%)

Fenestration  24 (39.3%)

Post-Fontan interventions 28 (45.9%)

    Fontan take-down prior to OHT  4 

    Fontan conversion to TCPC prior to OHT 6 

    Surgical revision of Fontan  3 

    PA branch stenting prior to OHT  6 

    Other catheter intervention prior to OHT  9 

Table 2. Surgical history of  61 patients undergoing heart transplantation for Fontan failureTable 2. Surgical history of 61 patients undergoing heart transplantation for Fontan failure 

Previous surgical history  Patients(%)

Palliative procedures prior to Fontan 

    PA banding  12 (19.7%)

    mBT shunt  38 (62.3%)

    No PA banding or mBTS  11 (18%) 

Fontan completion strategy 

    Fontan staging with BDG  39 (63.9%)

    Direct Fontan  22 (36.1%)

Fontan completion technique 

    Atriopulmonary connection  17 (27.8%)

    TCPC  44 (72.2%)

Fenestration  24 (39.3%)

Post-Fontan interventions 28 (45.9%)

    Fontan take-down prior to OHT  4 

    Fontan conversion to TCPC prior to OHT 6 

    Surgical revision of Fontan  3 

    PA branch stenting prior to OHT  6 

    Other catheter intervention prior to OHT  9 

First palliative procedure, Fontan staging, technique of  Fontan completion and post-Fontan interventions prior to 
heart transplantation are reported. 
PA: pulmonary artery; mBTS: modified Blalock–Taussig shunt; BDG: bidirectional Glenn; TCPC: total 
cavopulmonary connection; OHT: orthotopic heart transplantation. 
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an extracardiac Fontan had been accomplished in 6 patients 3.7 ± 0.9 years prior to OHT, 
surgical revision of  a suboptimal Fontan pathway had been performed in 3 patients 2.6 ± 
1.1 prior to OHT, while Fontan takedown had been necessary in 4 pts 10.1 ± 6.6  months 
prior to OHT. The mean time interval between Fontan completion and OHT was 10.7 ± 
6.6 years. Early FF represented the indication for OHT in 11 patients (18%). The mean time 
interval between Fontan completion and OHT was 0. 8± 0.5 years in early FF and 10.5 ± 6 
years in late FF (p < 0.001). Table 3 summarizes the baseline characteristics of  early and late 
FF subgroups. There was no significant difference between early FF and late FF according 
to sex, primary diagnosis, BDG staging, age at Fontan, presence of  fenestration, indication 
for OHT, time on waiting list, need for pretransplant ICU admission, mechanical ventilation, 
dialysis or mechanical support. 

OHT Indication and hemodynamics

The main indication for OHT included intractable arrhythmias (9 pts =14.8%), thrombosis 
or complex obstruction of  the Fontan circuit up to the level of  the pulmonary veins (10 
pts= 16.4%), PLE (14 pts=22.9%), primary chronic ventricular failure (19 pts=31.1%), or a 
combination of  the above (9 pts=14.8%). Arrhythmias included atrial fibrillation (7) and non-
sustained ventricular tachycardia (2) refractory to medical therapy and/or catheter intervention. 
Arrhythmias were significantly more common in atriopulmonary Fontan (6/17 pts= 35.2%) 
than in TCPC (3/44 pts= 6.8%) (p-value=0.010). Two patients with Fontan pathway obstruction 
presented concomitant aortic arch obstruction resilient to catheter intervention. Severe AV 
valve insufficiency was diagnosed in 16 pts (26.2%). Ventricular function by two-dimensional 
echocardiographic evaluation was defined as “poor” in 43 patients (70.5%), while normal 
or moderate dysfunction was detected in 18 patients (29.5%). Table 3 shows that impaired 
ventricular function was diagnosed in 80% late FF (40/50 pts) and in only 27.2% early FF (3/11 
pts, p-value= 0.0014). The mean pre-transplant pulmonary artery pressure (PAP) was 19.7 ± 
3.7 mmHg with a mean transpulmonary gradient of  7.1 ± 1.2 mmHg and a mean end-diastolic 
ventricular pressure (EDVP) of  12.6 ± 1.1 mmHg. PVR index was measured in 11 pts (18%) 
prior to OHT and calculated equal to 2.96 ± 0.99 Wood Units/m2, however, in the setting of  
extensive aortopulmonary collateral flow, this calculation should be considered with caution. 

Status at OHT 

The mean number of  days on the waiting list was 51.6 ± 37.0. The mean New York Heart 
Association (NYHA) class prior to OHT was 3.38 ± 0.62. Seventeen pts (27.8%) were in high 
urgency status, all admitted in the ICU on inotropic support for a mean of  33.6 ± 12.6 days. 
Prior to OHT, mechanical ventilation was necessary in 6 (9.8%) and hemodialysis in 3 (4.9%). 
Two patients were successfully bridged to OHT by a paracorporeal ventricular assist device 
(Berlin Heart EXCOR pediatric VAD, Berlin, Germany) either as LVAD interposed between 
the common atrium and the neoaorta (1 pt) or as RVAD interposed between the systemic 
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venous return and the pulmonary arteries (1 pt). The first patient received an OHT two days 
after LVAD implant while the latter was bridged to OHT for 408 days and is currently alive and 
well 5 years after OHT

Table 3. Baseline demographics in early and late Fontan failure 

Early FF (n=11)  Late FF (n=50)  P value  

Time between Fontan completion and OHT (years) 0.8 ± 0.5 10.5 ± 6.0 <0.001 

Sex (male) 8 (72.7%) 31 (62%) 0.73 

Diagnosis of HLHS and variants 3 (27.3%) 13 (26%) 0.93 

BDG staging to Fontan 9 (81.9%) 30 (60%) 0.17 

Age at Fontan completion (years) 4.6 ± 1.2 4.1 ± 0.9 0.82 

Fontan completion by TCPC 11 (100%) 33 (66%) 0.025 

Fenestration 6 (55%) 28 (56%) 0.92 

Conversion to TCPC pre-OHT 0 (0%) 6 (12%) 0.58 

Days on OHT waiting list 32.5 ± 7 55.9 ± 5.6 0.056 

PLE 2 (18%) 10 (20%) 0.88 

Intractable arrhythmia 0 (0%) 9 (18%) 0.10 

Poor ventricular function 3 (27.3%) 40 (80%) 0.0014

Mean PAP pre-OHT 18.4 ± 3.6 20.3 ± 4.1 0.14 

Mean transpulmonary gradient 7.9 ± 2.1 6.7 ± 1.7 0.08 

Mean EDVP 10.5 ± 1.3 13.6 ± 1.0 <0.001 

ICU admission pre-OHT 5 (45.4%) 12 (24%) 0.26 

Mechanical ventilation pre-OHT 2 (18.2%) 4 (8%) 0.29 

Mechanical circulatory support pre-OHT 0 (0%) 2 (4%) 0.99 

Dialysis pre-OHT 1 (9%) 2 (4%) 0.10 

Dialysis post-OHT 3 (27.2%) 5 (10%) 0.14 
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Age at Fontan completion (years) 4.6 ± 1.2 4.1 ± 0.9 0.82 

Fontan completion by TCPC 11 (100%) 33 (66%) 0.025 

Fenestration 6 (55%) 28 (56%) 0.92 

Conversion to TCPC pre-OHT 0 (0%) 6 (12%) 0.58 

Days on OHT waiting list 32.5 ± 7 55.9 ± 5.6 0.056 

PLE 2 (18%) 10 (20%) 0.88 
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Mean PAP pre-OHT 18.4 ± 3.6 20.3 ± 4.1 0.14 

Mean transpulmonary gradient 7.9 ± 2.1 6.7 ± 1.7 0.08 

Mean EDVP 10.5 ± 1.3 13.6 ± 1.0 <0.001 

ICU admission pre-OHT 5 (45.4%) 12 (24%) 0.26 

Mechanical ventilation pre-OHT 2 (18.2%) 4 (8%) 0.29 

Mechanical circulatory support pre-OHT 0 (0%) 2 (4%) 0.99 

Dialysis pre-OHT 1 (9%) 2 (4%) 0.10 

Dialysis post-OHT 3 (27.2%) 5 (10%) 0.14 

FF: Fontan failure; BDG: bidirectional Glenn; TCPC: total cavopulmonary connection; PAP: pulmonary artery pressure; 
EDVP: end-diastolic ventricular pressure; PLE: protein-losing enteropathy; OHT: orthotopic heart transplantation.
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Operative technique

Bicaval OHT technique was performed in all patients. Reconstruction of  systemic venous 
return was necessary in 12 (19.6%) by rerouting a left-sided IVC (3) or unifocalizing a left SVC  
using the donor innominate vein (9). Reconstruction of  the PA branches was very common 
(51 patients, 83.6%) including extensive hilum-to-hilum reconstruction in 12 patients (19.6%). 
Two patients required aortic arch reconstruction by donor aortic arch. Donor tissue (either 
pulmonary artery bifurcation, innominate vein, pericardium or aorta) were preferentially used 
for reconstruction. The mean number of  sternotomies prior to OHT was 3.89 (range 2 to 9). 
The mean cardiopulmonary by-pass time was 284 ± 125 minutes, the cross clamp time 113.3 ± 
66.9 minutes and the mean ischemic time of  the graft 227.2 ± 98.9 minutes.  Circulatory arrest 
was necessary in 10 patients (16.4%) for 31.2 ± 12.9 minutes to control excessive collateral 
circulation or accomplish systemic arterial reconstruction.   

Early postoperative outcome 

The Kaplan-Meier 90-day survival estimate was 81.9 ± 1.81% and was equal to hospital 
survival. The overall hospital mortality rate was 18.3% (11 patients). There was a trend 
towards lower hospital mortality in recent years, which did not reach statistical significance 
(5 of  24 patients=20.8% before 2005 and 6 of  37 patients=16.2% after 2005) (p=0.73). 
No early or late mortality occurred after OHT in all 6 patients with previous conversion of  
an atriopulmonary Fontan to TCPC. Previous take-down Fontan was associated with 25% 
hospital mortality after OHT (1 of  4 patients). The hospital mortality rate in OHT for late 
FF was 12% (6 of  50 patients) and 45.5% for early FF (5 of  11 patients) (p=0.02). The 
hospital mortality rate for OHT in PLE was 35.7% (5 of  14 patients) and 12.7% in non-
PLE (6 of  47 patients) (p=0.028). Causes of  early death included bleeding in 2, graft failure 
with predominant RV dysfunction in 3, multiorgan failure with stroke in 2 and infection in 4 
patients. Intractable bleeding was the cause of  intraoperative death in 2 patients with known 
coagulopathy secondary to hepatic dysfunction and cachexia. Stent removal from the right (1) 
and left (1) pulmonary artery resulted in suboptimal reconstruction of  the pulmonary arterial 
tree in 2 patients and contributed to early fatal RV failure. The third graft failure was secondary 
to inadequate graft myocardial protection in a patient with a pulmonary vascular resistance 
index of  3.8 U/m2. Multiorgan failure with associated stroke was the cause of  early death in 
2 patients. One of  them had been bridged to transplant by LVAD (Berlin Heart EXCOR). 
He developed a stroke with left hemiplegia after OHT; an intestinal perforation with Gram-
negative peritonitis represented the final cause of  death 16 days after OHT. A disseminated 
CMV infection with positive blood cultures for coagulase-negative Staphylococcus was the 
source of  lethal infection in 1 patient on plasmapheresis treatment, 45 days after OHT. 
Gram-negative sepsis (Pseudomonas aeruginosa and/or Serratia marcescens) was the source 
of  lethal infection in 3 patients between 16 and 90 days after OHT. Gram-negative sepsis was 
associated with gastrointestinal bleeding in 2 patients. Mechanical circulatory support after 
OHT was accomplished by veno-arterial ECMO in 5 patients for a median period of  16 days 
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(range 8–53 days) with three deaths. Haemodialysis was necessary in 8 patients after OHT 
with four early deaths, all due to infective complications in patients with PLE. 

Plasmapheresis was used in 15 patients (24.5%) in the treatment of  antibody-mediated 
rejection and combined with immunoadsorption in 4 cases with elevated panel reactive 
antibody. The mean time of  mechanical ventilation after OHT was 8.2 ± 2.7 days in the 
overall cohort, and 4.8 ± 1.9 days in hospital survivors. The mean ICU stay was 22.6 ± 6.8 
days and the mean hospital stay was 45.7 ± 9.6 days.

Late outcome

Late mortality (after hospital discharge) was 14% (7/50 pts) and occurred between 1.1 and 
19.1 years after OHT. Four deaths (57.1%) supervened between 0.6 and 26.4 months after 
re-OHT. Causes of  late death included cancer in 2, mycotic infections in 2, acute rejection (1), 
chronic rejection (1) and multiorgan failure after re-OHT (1). Lymphoproliferative disorder 
was the cause of  death in one patient 55 months after OHT. This patient had developed 
recurrent PLE 33 months after OHT and was bridged by ECMO to successful re-OHT, 
but eventually died 22 months later for B-cell lymphoma. Uterine cancer was the cause of  death 
in one patient 19.1 years after OHT and 3.2 years after re-OHT for chronic rejection. Two lethal 
mycotic infections occurred at 47 and 97 months after OHT. An Aspergillus fumigatus brain 
abscess was the cause of  death in one patient 8.1 years after ABO incompatible OHT, treated 
until then with column-based immunoabsorption, exchange plasmapheresis, C1 inhibitor 
infusion and subsequent triple immunosuppressive regimen. 

Figure 1. Kaplan-Meier freedom from death with patients at risk in the overall cohort
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Figure 2. Kaplan–Meier 5-year freedom from death after orthotopic heart transplantation in late 
and early Fontan failure (FF) with the number of  patients at risk

Supplementary figure 2. Cumulative hazard plot for 10 year follow-up with early and late phase 
of  hazard
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A Candida septicemia was the cause of  death in another patient 1.1 month after re-OHT 
performed 3.9 years after OHT. Acute rejection with severe myocardial necrosis was the cause 
of  death in one patient 45 months after OHT, while chronic rejection determined the death 
of  a patient 9.1 years after OHT. Graft failure with subsequent multiorgan failure was the 
leading cause of  death in the last patient, 18 days after re-OHT performed 88 months after 
his initial OHT. Overall Kaplan-Meier survival estimate was 81.9 ± 1.8% at 1 year, 73 ± 2.7% 
at 5 years and 56.8 ± 4.3% at 10 years after OHT (figure 1). 

Supplementary table 1. Kaplan Meier survival at  1 and 5 years after OHT  according to mutually 
exclusive subgroups
Supplementary  table 1.   Kaplan Meier survival at 1 and 5 years after OHT according to 

mutually exclusive subgroups 

KM 1-year 

survival 

p-value KM 5-year 

survival 

p-value 

OHT before 2005  

OHT after 2005 

79.2±8.3% 

83.7±6.1% 

0.57 66.7±9.6% 

76.7±8.7% 

0.29 

Early FF 

 Late FF 

54.5±15.1% 

88.0±4.6% 

0.0079 32.7±15% 

82.3±5.9% 

0.0007 

OHT for poor ventricular  

function OHT in normal  

or mod Ventricular 

dysfunction 

90.0±4.7% 

67.8±9.8% 

0.031 87.4±5.3% 

51.6±14.2% 

0.0252 

OHT for complex Fontan  

obstruction OHT no 

Fontan obstruction 

61.5±13.5% 

87.5±4.8% 

0.018 46.2±16.7% 

79.3±6.3% 

0.0150 

OHT for PLE 

OHT no PLE 

64.3±12.8% 

87.2±4.9% 

0.025 46.3±14.4% 

84.3±5.5% 

0.0147 

Dialysis pre OHT 

No dialysis pre OHT 

0% 

86.2±4.5% 

   

Dialysis post-OHT 

No dialysis post-OHT 

50.0±17.7% 

86.8±4.7% 

0.018 37.5±17.1% 

79.0±6.1% 

0.0098 

Supplementary  table 1.   Kaplan Meier survival at 1 and 5 years after OHT according to 

mutually exclusive subgroups 

KM 1-year 

survival 

p-value KM 5-year 

survival 

p-value 

OHT before 2005  

OHT after 2005 

79.2±8.3% 

83.7±6.1% 

0.57 66.7±9.6% 

76.7±8.7% 

0.29 

Early FF 

 Late FF 

54.5±15.1% 

88.0±4.6% 

0.0079 32.7±15% 

82.3±5.9% 

0.0007 

OHT for poor ventricular  

function OHT in normal  

or mod Ventricular 

dysfunction 

90.0±4.7% 

67.8±9.8% 

0.031 87.4±5.3% 

51.6±14.2% 

0.0252 

OHT for complex Fontan  

obstruction OHT no 

Fontan obstruction 

61.5±13.5% 
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0.018 46.2±16.7% 
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OHT for PLE 

OHT no PLE 
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0.025 46.3±14.4% 
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Dialysis pre OHT 

No dialysis pre OHT 

0% 
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Dialysis post-OHT 

No dialysis post-OHT 

50.0±17.7% 

86.8±4.7% 

0.018 37.5±17.1% 

79.0±6.1% 

0.0098 

FF=Failing Fontan; PLE=protein losing enteropathy; OHT=orthotopic heart transplantation; TCPC=total 
cavopulmonary connection; VAD=ventricular assist device
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Figure 3. Kaplan–Meier 5-year freedom from death after orthotopic heart transplantation 
(OHT) in early and late Fontan failure (FF) stratified by pre-OHT ventricular function (VF) 
with the number of  patients at risk.
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Supplemental table 2. Univariate logistic regression analysis for 5 year mortality.  

Variable Coefficient Odd ratio 95% CI p-value 

Sex male 1.03                      0.33 0.69-11.3              0.14 

Year of OHT < 2005 0.76                     2.14                  0.21-3.82              0.21       

Diagnosis  DILV                                    1.2                       3.3                    0.8-13.1                0.08             

    HLHS & variant                  0.3                       1.03                  0.27-3.85              0.96 

    PA-IVS                                 0.02                     1.02                  0.09-10.6              0.98 

    Unbalanced AVSD           -0.15                     0.86                  0.16-4.65              0.85 

    Other diagnosis               -0.46                     0.63                   0.12-3.31             0.56 

Heterotaxy   -0.59                     0.55           0.10-2.87              0.48 

Staged Fontan (BDG)                         1.6                       5.0                    1.01-24.73           0.048 

TCPC 2.01                     7.5                    0.89-12.4              0.062 

Conversion of APC to TCPC             -13.2                      NS 0 0.97 

Take-down Fontan                             1.21                     3.38                   0.43-26.4              0.24      

Early Fontan failure                            2.2                       9.18                   2.7-38.8                0.002 

PAP > 15 mmHg pre OHT                  1.53                     2.3                     0.81-11.7             0.068 

OHT  for poor ventric. function       -1.49                     0.22                   0.07-0.83             0.028 

    arrhythmia -1.08                    0.90                   0-0.33                   0.88 

    complex obstruction       1.81                     6.37                  1.8-23.2               0.005 

    PLE                                         1.88                     7.62                  2.2-28.8               0.0044 

    combination of above         2.0                       7.71                  0.68-15.4             0.09 

AV valve insufficiency                       -0.92                     0.4                    0.05-3.5                0.40 

Urgent status                                       0.87                     2.4                    0.7-8.36                0.17 

Mech. Ventilation pre OHT                0.8                      2.12                   0.26-9.8                0.06 

Dialysis pre OHT                                  14.5                     NS  0-200                   0.97    

Supplementary table 2. Univariate logistic regression analysis for 5 year mortality. 
Demographics, anatomy, surgical strategy and technique, indication for OHT, preoperative 
status and intraoperative variables were tested to identify potential predictors of  5 year mortality
Supplemental table 2. Univariate logistic regression analysis for 5 year mortality.  

Variable Coefficient Odd ratio 95% CI p-value 

Sex male 1.03                      0.33 0.69-11.3              0.14 

Year of OHT < 2005 0.76                     2.14                  0.21-3.82              0.21       

Diagnosis  DILV                                    1.2                       3.3                    0.8-13.1                0.08             

    HLHS & variant                  0.3                       1.03                  0.27-3.85              0.96 

    PA-IVS                                 0.02                     1.02                  0.09-10.6              0.98 

    Unbalanced AVSD           -0.15                     0.86                  0.16-4.65              0.85 

    Other diagnosis               -0.46                     0.63                   0.12-3.31             0.56 

Heterotaxy   -0.59                     0.55           0.10-2.87              0.48 

Staged Fontan (BDG)                         1.6                       5.0                    1.01-24.73           0.048 

TCPC 2.01                     7.5                    0.89-12.4              0.062 

Conversion of APC to TCPC             -13.2                      NS 0 0.97 

Take-down Fontan                             1.21                     3.38                   0.43-26.4              0.24      

Early Fontan failure                            2.2                       9.18                   2.7-38.8                0.002 

PAP > 15 mmHg pre OHT                  1.53                     2.3                     0.81-11.7             0.068 

OHT  for poor ventric. function       -1.49                     0.22                   0.07-0.83             0.028 

    arrhythmia -1.08                    0.90                   0-0.33                   0.88 

    complex obstruction       1.81                     6.37                  1.8-23.2               0.005 

    PLE                                         1.88                     7.62                  2.2-28.8               0.0044 

    combination of above         2.0                       7.71                  0.68-15.4             0.09 

AV valve insufficiency                       -0.92                     0.4                    0.05-3.5                0.40 

Urgent status                                       0.87                     2.4                    0.7-8.36                0.17 

Mech. Ventilation pre OHT                0.8                      2.12                   0.26-9.8                0.06 

Dialysis pre OHT                                  14.5                     NS  0-200                   0.97    

APC=atriopulmonary connection; AVSD=atrioventricular septal defect; BDG= bidirectional Glenn; DHCA= deep 
hypothermic  circulatory arrest; DILV=double inlet left ventricle; ECC=extracorporeal circulation; HLHS=hypoplastic 
left heart syndrome; PA+IVS=pulmonary atresia with intact ventricular septum; PAP=pulmonary artery pressure; 
PLE=protein losing enteropathy; OHT=orthotopic heart transplantation; TCPC=total cavopulmonary connection; 
VAD=ventricular assist device
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Supplementary figure 2 depicts the cumulative hazard plot for 10-year follow-up with early and 
late phase of  hazard. Supplementary Table 1 shows 1- and 5-year Kaplan-Meier survivals after 
OHT according to mutually exclusive subgroups. Poor ventricular function represented the best 
indication for OHT, with 87.4 ± 5.3% 5-year Kaplan-Meier survival (p=0.0252). The Kaplan-
Meier 5-year OHT survival estimate was 82.3 ± 5.9% in late FF and 32.7 ± 15.0% in early FF 
(p=0.0007) (Figure 2). 

When timing to FF was stratified by pre-OHT ventricular function, late FF with poor ventricular 
function exhibited the best mid-term outcome for OHT in FF, with 91.5 ± 5.8% 5-year survival 
(p=0.0010) (figure 3). The mid-term outcome in PLE was suboptimal, with a Kaplan-Meier 
5-year survival of  46.3 ± 14.4 vs 84.30 ± 5.5% in non-PLE (p=0.0147) (figure 4). 

Logistic regression identified potential risk factors for mortality that are outlined in 
Supplementary table 2. When all potential risk factors for death (p < 0.10) were entered 
in a Cox proportional hazard model, early FF (p=0.0005), complex obstruction of  Fontan 
pathway (p=0.0043) and PLE (p=0.0033) were identified as independent predictors of  5-year 
mortality (Table 4).

Reintervention and major morbidity

Ten patients underwent major reinterventions between 0.4 and 180 months after OHT. Early 
graft failure (1), recurrent PLE (1) and chronic rejection (6) represented the indication for re-
OHT in 8 patients. Candida mediastinitis with aortic penetration resulted in massive mediastinal 
bleeding in one patient who required multiple sternal revisions, excision of  the infected tissue 
and patch reconstruction of  the ascending aorta, 25 days after OHT. The last patient required 
stenting of  the right pulmonary artery to correct a critical RPA stenosis 13 days after OHT. 
Additional reinterventions included re-exploration for bleeding (4), wound debridment (1) 
and embolization of  a residual AV fistula (1). KM freedom from major reintervention was 
82.2±7% at 10 years. Five non-fatal but life-threatening infections were successfully treated 
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during follow-up, including Toxoplasma myocarditis (2), Candida mediastinitis (1) respiratory 
syncytial virus pneumonia with bilateral alveolo-interstitial infiltrate (1) and hepatitis C (1). 
PLE was cured in 7 out of  9 hospital survivors (77.7%). PLE relapsed in 2 patients at 33 
months and 10 years after OHT. It was treated by re-OHT in the first case and by medical 
therapy in the other. Four patients are currently under evaluation for the development of  
accelerated coronary artery disease. Ultimately, 41 patients are currently alive (70.5%) and 35 
of  them (85.4%) are in NYHA class 1 or 2 at last follow-up. Four patients (9,3%) are currently 
under evaluation for development of  accelerated coronary heart disease. 

Discussion

In recent years there has been a growing interest for the challenging management of  the 
FF circulation, which is expected to become a substantial cause of  pediatric and adult 
congenital heart failure in the near future12-14. Several medical, surgical and catheter-

based interventions have been introduced to improve the FF circulation, nevertheless OHT 
currently represents the ultimate surgical option in FF15. OHT in FF is still challenging for 
the complexity of  preoperative, intraoperative and postoperative management. Our 18.3% 
early mortality favorably compares with the average early mortality on OHT for FF of  most 
recent reports, which can vary from the outstanding 4% by the Atlanta group16, to 24% in 
St Louis report17, or to 35%, in the Columbia University experience18. Random variations in 
small and single-center cohorts over a long time span, may account for such a large variability 
in early outcome, nevertheless a 22% mean early mortality for OHT in FF was confirmed 
in three large multicenter studies10,11,19. Surgical creativity has largely overcome the technical 
intraoperative issues related to abnormalities of  cardiac position, situs and systemic or 
pulmonary venous connections. The extensive use of  donor tissue has proved to be useful 
in compensating for recipient anatomic defects or distorsions. This has been true in our 
experience as well, since virtually all our patients required extensive PA reconstruction and/
or systemic venous reconnection or systemic arterial remodeling preferentially by donor 
tissue. Moreover, we verified that previous conversion of  an atriopulmonary Fontan to 
TCPC did not carry any additional risk at OHT. Despite the undeniable technical challenges, 
demonstrated by longer ischemic times and occasional need for circulatory arrest, a careful 
surgical planning enables a successful OHT for FF. The advancements in postoperative ICU 
care and immunosuppression therapies have further contributed to better survival trends in 
recent years16-18. These operative and postoperative improvements, however, did not translate 
into a statistically significant better early outcome in recent years, both in single center 
reports,18,20 and in multicenter studies13 including this ECHSA report (supplementary table 1). 
Bernstein10 described a significantly lower OHT actuarial survival in Fontan diagnosis versus 
non-congenital pediatric OHT, both at 1 year (77% vs 91%) and 5 years (67% vs 81%). In 
the combined Pediatric Tranplant Study and Cardiac Transplant Registry Database, Lamour 
et al.11 not only confirmed this finding, but identified a significantly lower 5-year survival in 
OHT for FF compared with OHT for non-Fontan congenital heart disease (60% vs 74%). 
A previous Fontan status exhibited a 8.6-fold risk of  death after OHT11. Nevertheless this 
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impact was completely neutralized when conditional freedom from death was analyzed for 90-
day survivors. We infer that substantial improvements in the early phase of  hazard after OHT 
for FF might be achieved when properly addressing pre-transplant issues, since operative 
and postoperative enhancements were not sufficient to abolish the gap with non-Fontan 
congenital OHT outcome. This issue guided the rationale of  our multicenter study, which 
was specifically designed to identify the best candidate for OHT in FF, in order to set the 
optimal standards for early and mid-term OHT survival. Our multicenter study proves that 
primary ventricular failure represents the best indication for OHT in FF, in agreement with 
the experience of  Griffiths et al.6. Poor ventricular function was identified as an inverse risk 
factor of  5-year mortality. We could verify a strong correlation between late FF and impaired 
ventricular function. We observed that patients with late FF and poor ventricular function 
can benefit the most from OHT, exhibiting a 91.5±5.8% 5-year OHT survival. These two 
last findings represent the novel message of  this report, which centers on the domain of  
best graft allocation in OHT for FF. Referral for OHT in this setting should occur prior to 
the development of  systemic hypoperfusion, severe malnutrition or cachexia. Conversely, 
several risk factors for OHT mortality have been suggested in previous studies. Bernstein 
et al. identified younger age and need for mechanical ventilation at listing as significant 
preoperative risk factors for OHT in FF10. Davies et al. indicated higher creatinine levels 
prior to OHT as an independent predictor of  mortality18. In our study, anatomic diagnosis 
including heterotaxy, ICU admission with pre-OHT inotropic support and mechanical 
ventilation did not affect OHT outcome, in agreement with the experience of  Backer et al20. 
High pre-OHT pulmonary artery pressures only marginally influenced 5-year OHT survival 
by univariate analysis. Need for dialysis after OHT was associated with a significant increase 
in 5-year mortality by univariate analysis, in agreement with Davies et al18. Our multivariate 
analysis indicates early FF as the most powerful predictor of  5-year OHT mortality. Early 
FF was associated with a relatively preserved ventricular function. OHT for early FF and 
preserved ventricular function was not beneficial in our experience, because the problem 
was not myocardial in origin. We believe that alternative options such as Fontan revision or 
take-down5 should be pursued in this scenario. Moreover we speculate that RVAD could be 
considered in selected cases, as we could successfully bridge to OHT early FF with preserved 
ventricular function, after resolution of  PLE through RVAD22. This study identified PLE 
as an independent predictor of  OHT mortality, mainly for infective complications, but we 
acknowledge that PLE was cured in the majority of  our OHT survivors, as reported by 
Backer et al20.

One of  the strengths of  this study is it multi-institutional nature is, which reflects a cross-
section of  contemporary practice of  OHT in FF, as demonstrated by the high percentage 
of  HLHS and variants in the anatomic spectrum, by the mean age at Fontan completion,  
the high prevalence of  TCPC as technique for Fontan completion and the uniform bicaval 
technique used for OHT. Nevertheless this is a retrospective study and selection bias related 
to indication for listing and transplant might have occurred among different institutions. 
Moreover, this report does not evaluate the morbidity and mortality which occurred on the 
waiting list, possibly introducing additional selection bias. 
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In conclusion, OHT is an excellent option for late FF with impaired ventricular function. 
Previous Fontan conversion does not jeopardize subsequent OHT. Early FF is the most 
powerful predictor of  5-year mortality after OHT. This finding underlines the magnitude of  
the decision-making process at the time of  Fontan completion, since rescue OHT after early 
FF seems unwarranted. PLE improves in the majority of  patients after OHT, but remains an 
independent predictor of  mortality, mainly for the exposure to early infection hazard. 
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General Discussion



This thesis began with the statement that a heart has the same biventricular design in 
all mammals. A univentricular cardiac design is the norm in amphibians and fish, but 
these circulations are sustained with systemic oxygen saturation much lower than 

in humans1. Humans with a Fontan circulation, however, are an exception, and live with 
a functionally single ventricle to sustain both the pulmonary and systemic circulation. The 
Fontan circulation is inherently related to unphysiologic characteristics with multiple known 
and unknown sequelae after the operation. The aims of  this thesis were to investigate outcome 
after the Fontan operation, to gain better understanding and identify potential markers of  the 
Fontan attrition, and to evaluate different treatment strategies for a failing Fontan circulation. 
In this chapter, the main findings of  this thesis and future perspectives are discussed.

Survival after the Fontan circulation

Multiple strategies have been tried and tested to improve the outcome after the 
Fontan operation. Two of  the most compelling landmarks in the Fontan evolution 
are the development of  the TCPC technique and the introduction of  staging 

the procedure. Various studies have demonstrated the TCPC to be favorable compared to 
the APC, in term of  survival and functional outcome2-4, but have frequently not included 
mortality associated with the first stage of  the Fontan procedure (bidirectional Glenn) and 
the interstage period. With analyses starting at the initiation of  the Fontan circulation (the 
bidirectional Glenn or one-stage Fontan operation), we demonstrated the benefits of  the 
TCPC technique and staging the Fontan procedure. We did this by showing that the one-stage 
APC and one-stage TCPC are independent risk factors for early mortality. Besides improved 
early survival, staging with early volume unloading has been suggested to be beneficial for 
future ventricular function and exercise capacity5,6. This supports the widely accepted current 
practice of  staging the Fontan procedure and performing a bidirectional Glenn operation for 
early volume unloading around the age of  6 months.

The benefit of  early volume unloading of  the functionally single ventricle is, however, 
in contradiction with the “ticking clock” theory. This concept suggests that the Fontan 
circulation has a limited survival once it has been installed and advocates that the Fontan 
operation might best be proponed to the latest possible age. However, the incompatibility 
of  the Fontan circulation with a normal life-span is a point of  discussion7. Our finding that 
no robust improvement in late survival could be demonstrated over the subsequent decades 
of  Fontan surgery seems to support this “ticking clock” theory. However, patients who were 
operated upon in the most recent decades accordingly to current strategies inevitably had a 
shorter follow-up duration. In our latest cohort, mean follow-up duration was only 4 years, 
whereas Fontan et al. pointed out in 1990 that the hazard ratio of  death or functional decline 
starts to rise 6 years after the operation8. Furthermore, another factor than follow-up duration 
that might play a role is the fact that, with increasing experience with the Fontan operation 
over the years, the criteria for eligibility for Fontan surgery have been widened. This has led to 
the allocation of  more high risk patients to Fontan surgery, which might have affected survival 
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over time9,10. Only future can tell whether the surgical modifications and the new approaches 
in timing of  the operations have improved the long-term survival after the Fontan procedure, 
and will elucidate whether either early volume unloading or postponement of  the surgery is 
most beneficial to patients. We advocate including the first stage of  the Fontan procedure, 
the bidirectional Glenn, in these future survival analyses to provide better comparison with 
older Fontan techniques. 
 
Either favoring the ticking clock theory or seeing the benefits of  early volume unloading, 
there is general consensus that the Fontan circulation shows attrition over time. Multiple 
organ systems and outcome measures are impaired in the Fontan patients and vulnerable for 
gradual attrition with aging or time since the Fontan operation.

Exercise tolerance

Previous reports have shown that peak exercise capacity, measured by the peak oxygen 
consumption during exercise (peak VO2index), is low in Fontan patients compared 
to controls (around 52- to 65% of  predicted) and negatively affected by the time 

since Fontan completion, which is consistent with our own findings11-15. Longitudinal studies 
showed a progressive decline in exercise tolerance in Fontan patients of  1.25 – 2.6% per 
year, but these studies are potentially biased by including only patients with ≥ 2 subsequent 
exercise tests, which, in the absence of  the standardized follow-up protocol with yearly or 
two-yearly exercise tests, favors patients with an advanced exercise intolerance or circulatory 
deterioration as these are more likely to be referred for a second exercise test14,16. Our analyses, 
using the peak VO2 as percentage of  predicted compared to reference values, showed that 
exercise capacity of  Fontan patients seemed not to deteriorate faster than healthy individuals. 
It suggested the unphysiologic circumstances after the installment of  the Fontan circulation 
to be the main cause of  the exercise limitation, and Fontan patients to show a rate of  decline 
in exercise capacity very similar to those of  healthy individuals. This finding might be of  
great help to identify failing Fontan patients: assuming that they reach the same percentage 
of  peak exercise tolerance compared to normal values throughout their lives, a drop in this 
percentage could signal the physician that the circulatory performance is deteriorating and 
potentially failing.

Cardiac function

The single ventricle in a Fontan circulation is subjected to abnormal loading conditions 
including a decreased ventricular preload and increased ventricular afterload17-19. 
Together with cardiac complications such as arrhythmias and atrioventricular valve 

regurgitation, these factors are likely to contribute to a low cardiac output in Fontan patients 
and result in a limited ability to increase heart rate and stroke volume (determinants of  
cardiac output) during exercise7,20,21. We demonstrated that this ability to increase cardiac 

General discussion



210

output during exercise is, together with pulmonary function, an important determinant of  
exercise capacity in Fontan patients, whereas conventional cardiac measurements, including 
end-diastolic volume, ejection fraction and cardiac index, were not associated with exercise 
tolerance. The importance of  therapies aiming to increase preload and preserve heart rate 
reserve in the Fontan circulation is thereby highlighted. 

The conventional cardiac measurements are known to be load-dependent. The ventricular 
loading conditions in patients with a biventricular heart and congestive heart failure are 
very distinct from those in patients with a Fontan circulation. Congestive heart failure in 
biventricular patients is characterized by systolic or diastolic ventricular dysfunction and an 
increased end-diastolic volume or pressure, causing ventricular wall stress22,23. In contrast, 
in Fontan patients, the serial coupling of  both systemic and pulmonary circulation results 
in a chronically restricted ventricular preload, systemic venous congestion and increased 
ventricular afterload. Potentially, the abnormal loading conditions in the Fontan circulation 
cause the conventional cardiac measurements to be less informative on intrinsic (myocardial) 
cardiac function and circulatory performance in Fontan patients than in patients with 
biventricular hearts. This is illustrated by our finding that NT-proBNP, an important biomarker 
of  ventricular dysfunction in patients with a biventricular heart, is related to measures of  the 
circulatory performance (namely systemic venous congestion), but is only limitedly related to 
conventional measures of  ventricular function in the Fontan circulation11,24-27. 

We identified, however, that NT-proBNP is not only related to indices of  circulatory 
performance, but also progressively rises along with longer time after the Fontan procedure, 
suggesting that this peptide might be valuable in the recognition of  Fontan failure by signaling 
a less-optimal circulatory performance of  the Fontan circulation.
 
Despite the potentially limited value of  conventional cardiac measurements, cardiac function 
does affect the Fontan patients when dysfunction is evident. We identified in the intention-to-
treat analyses regarding failing Fontan surgery, that poor ventricular function is a risk factor 
for mortality/HTX after Fontan conversion or heart transplantation (HTX) for Fontan 
failure. Moreover, in patients with overt ventricular dysfunction, no survival benefit of  HTX 
over Fontan conversion was found, suggesting that poor ventricular function is related to a 
high patient frailty. Interestingly, poor ventricular function was not a risk factor in the analyses 
starting at the HTX procedures. Instead, patients with a poor ventricular function had a better 
outcome than patients with a preserved ventricular function. This difference between the 
intention-to-treat analyses and the HTX-only analyses is presumably caused by the patients 
who first underwent Fontan conversion and were then redirected for a HTX. All these patients 
had an impaired ventricular function prior to the failing Fontan surgery. In the intention-to-
treat analyses, these patients reached the primary endpoint (defined as HTX or death) quite 
early after Fontan conversion (3.7±0.9 years), thereby negatively influencing transplant-free 
survival for patients with poor ventricular function. After their HTX treatment, none of  these 
patients died, resulting in a better outcome. Previous studies have also recognized a favorable 
outcome after HTX for patients with a poor ventricular function compared to patients with 
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a preserved ventricular function28, consistent with our findings. Potentially, the underlying 
mode of  failure is distinct between these two patient groups, explaining the difference in 
survival rates. 

Pulmonary function

Patients with a Fontan circulation generally tend to have a restricted pulmonary 
function29-31. There are developmental, functional and mechanical explanations for 
this sequel31. Some patients have a deprived pulmonary perfusion prior to the Fontan 

operation, which can inhibit alveolar recruitment and subsequent pulmonary development31-33. 
Furthermore, Fontan patients undergo several thoracic operations in early life, including lateral 
thoracotomies. The number of  thoracotomies is negatively associated with the pulmonary 
capacity34. Ascites, scoliosis, cardiomegaly and diaphragmatic paralysis, may further limit 
pulmonary volumes31,35,36. However, the question whether these “hits” in the past (decreased 
perfusion or thoracotomies) or progressively deterioration with longer follow-up duration 
since the Fontan operation, are the main determinants of  the restricted pulmonary function, 
remains unanswered. Nevertheless, smaller pulmonary volumes and increased pulmonary 
air trapping have been associated with reduced exercise tolerance in Fontan patients29,31. To 
our knowledge, we were the first to demonstrate that pulmonary parameters significantly 
contribute to a multivariable model including exercise and cardiac parameters to explain 
variation in exercise tolerance in Fontan patients. These findings implicates that pulmonary 
function is important in Fontan patients and diagnostics should be directed towards potential 
impairment of  pulmonary function.

Hepatic fibrosis and -cirrhosis

Chronic systemic venous congestion is inevitably associated with a Fontan circulation 
and appears to be related to several severe complications in the longer term, including 
hepatic disease. Gross structural changes in hepatic architecture are previously 

recognized in patients with longstanding Fontan circulation and the degree of  fibrosis and 
cirrhosis have been shown to correlate with an increased interval from the Fontan operation 
to death37-40. Incidences of  fibrosis/cirrhosis of  up to 58% are reported37,41 and five-year 
survival after the diagnosis of  hepatic cirrhosis is only 35%42. In search for an alternative for 
the invasive and hazardous liver biopsy to monitor hepatic damage, we performed the first 
diffusion-weighted magnetic resonance imaging (DWI) study in Fontan patients, and showed 
that the apparent diffusion coefficients measured by DWI seem to reflect progressive hepatic 
damage in Fontan patients. The bi-exponential model demonstrated that this hepatic damage 
might be associated with chronically decreased microperfusion, probably due to hepatic 
congestion, and deteriorating cellular diffusion, presumably related to development of  
hepatic fibrosis/-cirrhosis. This newly applied DWI technique might be a useful, non-invasive 
technique for longitudinal assessment and early detection of  hepatic fibrosis/cirrhosis. 
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Pulmonary vascular resistance

One of  the potential underlying mechanisms of  progressive Fontan attrition is 
progressive pulmonary vascular remodeling that may cause a gradual increase in 
pulmonary vascular resistance. Previous studies have reported histopathological 

changes in the pulmonary vasculature of  patients undergoing a Fontan operation. These 
vascular changes included increased wall-thickness due the muscularization of  the medial 
layer in the intra-acinar pulmonary vessels. Since the studied pulmonary tissue in these 
studies was obtained either by biopsy during the Fontan operation itself  or at autopsy after 
perioperative mortality, this pattern of  vascular remodeling was most probably still related 
to the pulmonary hemodynamics that had existed pre-operatively43-45. We demonstrated that 
the long-term Fontan circulation is associated with a completely different pattern of  adverse 
changes in the pulmonary vasculature and that this was related to the interval since the Fontan 
operation. The pulmonary vascular remodeling we observed after more than 15 years of  
Fontan circulation comprised a decreased medial thickness and eccentric intimal fibrosis. We 
hypothesize that this type of  pulmonary vascular remodeling is associated with the chronic 
non-pulsatile pulmonary flow, which reduces circumferential strain and shear stress46,47, and 
with in-situ thrombosis or multiple microembolic events, of  which high rates have been 
suggested in the Fontan circulation as a result of  a frequent hypercoagulable state and 
sluggish blood flow48. Importantly, the observed pattern of  pulmonary vascular remodeling 
in the long term Fontan circulation was completely different from that found in pulmonary 
arterial hypertension (PAH). Therefore, these observations do not support the concept 
of  PAH-targeted therapy in the failing Fontan circulation. Future studies should focus on 
the underlying pathogenetic and biological mechanisms of  this remodeling. Furthermore, 
the question whether these pulmonary vascular changes (preferably assessed in vivo) are 
associated with Fontan hemodynamics, including pulmonary vascular resistance and systemic 
venous congestion, should be investigated.

In addition, systemic vascular remodeling and resistance are of  interest in the Fontan 
circulation. Chronic systemic venous congestion potentially affects the systemic peripheral 
vessels and could lead to adaptive changes in order to maintain cardiac output. A reduced 
venous compliance, reduced basal arterial tone and vasodilator response have been 
recognized49,50. Altered endothelial dysfunction as well as sympathetic and parasympathetic 
nerve dysregulation might be underlying causes51. The effects of  systemic venous congestion 
on systemic vasculature and its autonomic feedback has to be further elucidated in future 
studies. 

Quality of  life and sexual wellbeing

Despite the limited life expectancy, impaired exercise tolerance and further co-
morbidities of  the univentricular circulation, Fontan patients have a generally 
well preserved self-perceived health related quality of  life4,52. Only on physical 
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functioning and general health, Fontan patients tend to score lower than their healthy 
peers53-55. In patients with congenital heart diseases, the peak exercise tolerance is associated 
with the perceived physical functioning and general health56, but specifically in Fontan 
patients, no such relation has been identified55,57,58. However, we demonstrated that most 
patients did experience physical limitations during their childhood. These physical limitations 
often resulted in the feeling of  being an outsider and being bullied at school. 

To our knowledge, we were the first to show that in Fontan patients, despite them showing a 
general well preserved sexual wellbeing as a cohort in general, large inter-individual differences 
existed. The sexual problems described by the Fontan patients, including erectile dysfunction 
and sexual avoidance due to arrhythmias, are generally comparable to those described in 
patients with other congenital heart defects59,60. In those patients, the sexual problems 
significantly affected the quality of  life61. Whether these issues are more common in Fontan 
patients due to their unphysiologic circulation, remains to be investigated. The concerns 
regarding fertility and pregnancy were distinct in women with a Fontan circulation from 
patients with other congenital heart diseases, and impacted on their self-esteem. Importantly, 
our findings suggested that sexual function in Fontan patients deteriorates with progressive 
attrition of  the Fontan circulation. Future studies have to be conducted to investigate the 
social isolation in Fontan children, as well as the prevalence of  sexual problems and its 
relation with attrition of  the Fontan circulation.

Fontan Failure

Eventually, attrition of  the Fontan circulation can lead to the life-threatening Fontan 
failure62,63. There are two types of  Fontan failure: early postoperative failure, occurring 
in 2-6% in the same hospital admission as the Fontan completion procedure10,64, and 

late failure, with an estimated incidence of  Fontan failure of  2-13%, including “hemodynamic 
and multi-organ complications of  the Fontan circulation which are not reversible by surgical 
or catheter interventions at acceptable risk”62. We demonstrated that the Fontan takedown 
surgery has predominantly been performed to treat Fontan failure in the early postoperative 
phase, with a high risk of  mortality. Early Fontan failure was also found to be one of  the 
most important predictors of  mortality of  HTX. Potentially, early failure is associated with 
a distinct, more fulminant, etiology62 or the more frail patients fail earlier, exhibiting a higher 
risk of  mortality. 

Fontan conversion and HTX have been the main treatment options for late Fontan failure. 
Ten-year survival after HTX for failing Fontan patients have demonstrated to be around 
86%65, but a rate of  44% survival after HTX in children with congenital heart diseases has also 
been reported66. Transplant-free survival of  67% following Fontan conversion is described67. 
In our multi-center international cohort of  failing Fontan surgeries, we were not able to 
identify a difference in transplant-free survival after Fontan conversion or HTX to treat 
late Fontan failure. Future studies should elucidate whether early recognition and treatment 
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of  Fontan failure, for instance prior to the development of  ventricular dysfunction, results 
in better outcome for the patients. Finally, newer surgical treatment options for a failing 
Fontan, such as the recently suggested Hraška shunt to treat protein losing enteropathy68, late 
Fontan takedown69 or ventricular assist devices70 might expand the treatment arsenal for these 
complex patients in the future.

Conclusions

In conclusion, outcome after the Fontan procedure has improved over the past decades, 
but patients with a Fontan circulation still face multiple long-term sequelae and an 
uncertain future. By evaluating functional state, NT-proBNP and hepatic status, relations 

with the circulatory performance and changes over time became apparent, making these 
measurements potential markers of  Fontan attrition. Treatment for eventual failure of  the 
circulation is associated with considerable mortality, and does not favor one surgical option 
above another. Future research is necessary to determine how we can improve the outcome 
for these patients. 
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Chapter 1

In this chapter, we provided a general introduction to the univentricular heart, the Fontan 
operation, its modifications, the eventual Fontan circulation and its consequences. Over 
the past decades, various adjustments regarding peri-operative care, patient selection and 

surgical technique have been made, aiming at improving the outcome after the Fontan surgery. 
However, the Fontan procedure remains a palliative procedure, and is related to several 
unphysiologic characteristics, including increased ventricular afterload, impaired ventricular 
preload and chronic systemic venous congestion. Consequently, the Fontan circulation is 
associated with multiple long-term sequelae. 

Chapter 2

C hapter 2 is introduced by a scientific letter, in which we highlighted the difficulties 
when evaluating survival after the Fontan procedure, and brought to attention the 
importance of  the inclusion of  mortality associated with the bidirectional Glenn 

procedure and the so-called interstage period in retrospective studies on Fontan survival. 
We addressed these issues by performing a retrospective cohort study on the patients who 
underwent the Fontan operation or bidirectional Glenn operation in the University Medical 
Center Groningen, the Netherlands between 1975 and 2011. We aimed to investigate trends 
in mortality of  all patients who underwent a bidirectional Glenn procedure or one-stage 
Fontan procedure at our institution in the period between 1975–2011.During a mean follow-
up of  12 years, the overall survival after the Fontan operation in the UMCG was 69% and 
median survival after hospital discharge was 31 years. We demonstrated that the early survival 
after the Fontan operation has improved significantly over the past decades, from 26% in the 
earliest decade to 5% in the latest decade. However, an improvement in long-term survival 
could not be identified. An APC and one-stage TCPC were associated with increased risk of  
early mortality, whereas a heterotaxy syndrome implied late mortality risks. We concluded that 
the overall mortality after the Fontan procedure improved over the past decades, and that this 
improvement was mainly driven by changes in early rather than late mortality rates. 

Chapter 3

One of  the sequels of  the Fontan circulation is an impaired functional status. In 
chapter 3, we investigated the functional outcome of  85 Fontan survivors ≥ 10 
years old who were followed at the pediatric or adult cardiology outpatient clinic 

of  the University Medical Center Groningen and who performed adequate exercise testing 
(RER > 1.01) in  2012 or 2013. With a mean interval since the Fontan operation of  15 
± 9 years, we found that Fontan patients have a decreased functional status in terms of  
NYHA-FC and peak exercise capacity shortly after Fontan completion. NYHA-FC and 
peak VO2index both correlated with time since the Fontan operation, but peak VO2 as 
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percentage of  predicted did not. Instead, the peak VO2(pred) remained around 60% of  the 
age-appropriate reference values independent of  interval after Fontan. We hypothesized that 
the unphysiologic circumstances intrinsic to the Fontan circulation were the main causes 
of  the exercise limitation, and that the rate of  decline in exercise capacity over time shown 
by Fontan patients is similar to that in healthy individuals. Furthermore, we demonstrated 
that not the conventional cardiac assessment during rest, but the cardiac reserve capacity 
during exercise (defined as maximum heart rate and oxygen pulse during exercise) and the 
pulmonary function (FEV1) were major determinants of  functional capacity. 

Chapter 4

In patients with biventricular hearts, the peptide NT-proBNP has become an important 
biomarker with strong prognostic value to evaluate ventricular dysfunction and congestive 
heart failure. Due to the unphysiologic characteristics of  the Fontan circulation, these results 

cannot readily be extrapolated to Fontan patients. Challenges regarding the interpretation of  
NT-proBNP serum levels in the Fontan circulation were explained in our editorial, introducing 
this chapter. We performed a cross-sectional study aiming to investigate whether NT-proBNP 
serum level represents cardiac function or other key variables of  the Fontan circulation and is 
related to functional status. Our cohort consisted of  95 consecutively included Fontan patients 
≥ 10 years old who attended the pediatric or adult cardiology outpatient clinic in 2012-2013. 
Time since the Fontan operation was 16 ± 9 years. Median NT-proBNP was 114(IQR 61-264) 
ng/l, and was higher than age-dependent normal values in 42% of  the patients. Interestingly, 
we found that NT-proBNP levels rose progressively above the age-appropriate reference range 
with larger time span since the Fontan operation. However, limited correlations between NT-
proBNP and functional status, defined as NYHA functional class, peak exercise capacity and 
cardiac index, or cardiac function, assessed by cardiac magnetic resonance (ejection fraction) 
and echocardiography (ventricular function, E’, E/E’ ratio, E/A ratio) were found. Moreover, 
the peptide levels significantly correlated with indexed ventricular mass (p=0.001), inferior caval 
vein diameter (p < 0.001), and gamma-glutamyl transferase (p=0.011, adjusted Rsquare=0.636). 
These correlations indicated that NT-proBNP might be of  value in the recognition of  Fontan 
failure by signaling a sub-optimal circulatory performance of  the Fontan circulation.

Chapter 5

H epatic fibrosis and –cirrhosis are two of  the long-term sequelae of  the Fontan 
circulation. The purpose of  this chapter is to use magnetic resonance diffusion-
weighted imaging (DWI) for detecting liver fibrosis- and cirrhosis and to determine 

whether DWI results are related to functional aspects of  the Fontan circulation. In a cross-
sectional study on 59 Fontan patients, we demonstrated that apparent diffusion coefficients 
(ADC) in Fontan patients are low (0.82 × 10-3 ± 0.11 × 10-3 mm2/s) compared to values 
for healthy volunteers from literature, and are negatively associated with calculated liver 
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fibrosis/cirrhosis scores (Fib-4 score, p=0.019; AST/ALT ratio, p=0.009) and gamma-
glutamyl transferase (p=0.001). Furthermore, ADC values correlated negatively with follow-
up duration (p=0.001) and positively with functional parameters associated with circulatory 
performance of  the Fontan circulation (cardiac index; p=0.019). No correlation between 
ADC values and exercise tests was found. In multivariable analysis, the ADC values were 
independently correlated with follow-up duration after Fontan completion. We concluded 
that liver ADC values seem to reflect progressive liver damage due to chronic congestion 
and potential hypoperfusion and highlighted that liver damage in the context of  the Fontan 
circulation might be far more common than previously thought. Therefore, the implementation 
of  liver assessment in the routine follow-up of  Fontan patients is recommendable.   

Chapter 6

This study was conducted to investigate the role of  the bi-exponential model of  
ADC values in the Fontan circulation. The bi-exponential model demonstrated 
that liver damage (described in chapter 5) is associated with chronically decreased 

microperfusion, probably due to hepatic congestion, and deteriorating cellular diffusion, 
presumably related to development of  liver fibrosis/-cirrhosis. 

This newly applied DWI technique might be a useful technique for the longitudinal assessment 
of  hepatic fibrosis/cirrhosis in Fontan patients.

Chapter 7

One of  the potential underlying mechanisms of  progressive Fontan attrition is a 
gradual increase in pulmonary vascular resistance. The aim of  chapter 8 was to 
identify pulmonary vascular remodeling in Fontan patients. For this purpose, we 

analysed histomorphometric and immunohistochemical pulmonary vessel characteristics on 
pulmonary lung tissue derived at autopsy of  12 Fontan patients, and compared the results 
to two age matched control groups. We found that Fontan patients who died early after the 
Fontan operation (<15 days post-operatively) had increased wall thickness of  intra-acinar 
vessels due to muscularization of  the medial layer. We hypothesized that these changes are 
likely to reflect abnormal pulmonary hemodynamics prior to the Fontan completion. On 
the other hand, patients who died > 5years after Fontan completion showed an increased 
wall-thickness of  pulmonary vessels with a decreased medial layer, with a reduced number 
of  smooth muscle cells, and eccentric intimal fibrosis. The intimal thickness was related 
to the time elapsed since the Fontan operation. These changes could be explained by the 
chronic non-pulsatile flow, which reduces circumferential strain and shear stress, and in situ 
thrombosis. This study suggests that longer time elapsed since Fontan operation is related to 
increased adverse pulmonary vascular remodeling. Adverse pulmonary vascular remodeling in 
the Fontan circulation might play an important role in the attrition of  these patients. 
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Chapter 8

In this chapter, we performed a qualitative pilot study, using questionnaires regarding 
health-related quality of  life, sexual function and fertility/pregnancy and interviews. 
The 21 adolescents and adults with a Fontan circulation who filled out the 

questionnaires reported a generally preserved health-related quality of  life. However, the 
majority of  the eight patients who were interviewed described physical limitations and 
the feeling of  being an outsider during their childhood. As an important part of  quality 
of  life, sexual wellbeing was also explored and found to be comparable to that of  healthy 
controls. Large inter-individual differences were noted however. For instance, we noted a 
male/female difference regarding sexual wellbeing. In males, physical limitations seemed to 
predominate, whereas in females, psychosocial limitations seemed to be most important. 
Furthermore, no sexual problems were reported by the four youngsters (25-30 years old), in 
contrast to the four older interviewees (33-47 years old), who reported erectile dysfunction, 
sexual avoidance and impaired self-esteem. However, as this study was a pilot study, no 
firm conclusions can be drawn from it. It can however be hypothesized (among other 
hypotheses) that sexual function in Fontan patients deteriorates with progressive attrition 
of  the Fontan circulation. 

Chapter 9

Eventually, progressive deterioration of  the circulatory performance of  the Fontan 
circulation can lead to Fontan failure. Three surgical strategies are embraced 
worldwide to treat Fontan failure: Fontan takedown, Fontan conversion and a 

heart transplantation (HTX). To investigate the (differences in) survival and risk factors 
for mortality after failing Fontan surgery, we performed an international, multi-center 
study. In this retrospective study, using an intention-to-treat analysis, 225 Fontan patients 
were included: 38 Fontan takedowns (17%), 137 Fontan conversions (61%) and 50 HTXs 
(22%). The most prevalent indication for failing Fontan surgery was arrhythmia (43.6%), but 
indications differed across the groups (p < 0.001). Median follow-up was 5.9 years (range 
0-23.7 years). Event rate of  death or (re-)HTX was 44.7% after Fontan takedown, 26.3% after 
Fontan conversion and 34.0% after HTX (p=0.08). We demonstrated the Fontan takedown 
to be generally performed at a short interval after Fontan completion (0.6 ± 1.9 years), 
and Fontan conversion and HTX to be the main treatment options for late Fontan failure 
(postoperative interval 8.5 ± 6.1 years and 15.2 ± 7.0 years respectively). Interestingly, no 
difference was observed between survival after Fontan conversion and HTX. Furthermore, 
we found that poor systemic ventricular function was a risk factor for death/HTX after 
Fontan conversion or HTX. We hypothesized that ventricular dysfunction is associated with 
poor general health status and high patient frailty in Fontan patients, which consequently 
may affect survival. 
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Chapter 10

Some patients who underwent a Fontan takedown or Fontan conversion, were later 
treated with a HTX. Therefore, in chapter 10, we aimed to identify predictors of  best 
outcome after orthotopic heart transplantation. We identified 61 Fontan patients who 

underwent a HTX in the multicenter Fontan failure cohort. The interval between Fontan 
completion and HTX was 10.7 ± 6.6 years: in 18% (11 patients) HTX was performed within 
2 years after Fontan completion (defined as early Fontan failure) and in 82% (50 patients) 
> 2 years after Fontan completion (late Fontan failure). Seventy percent of  patients with 
late Fontan failure were diagnosed with impaired ventricular function, compared to 27% in 
patients with early Fontan failure. Hospital mortality was 18% (11 patients). Late mortality 
was 14% (7 of  50 patients), and occurred between 1-19 years after HTX. Five-year survival 
after HTX for Fontan failure was 73 ± 3%, with 82 ± 6% after HTX for late Fontan failure 
and 32 ± 15% after HTX for early Fontan failure. Early Fontan failure, complex obstruction 
of  the Fontan conduit, and PLE were identified as independent predictors of  5-year mortality. 
We observed that patients with late FF and poor ventricular function benefitted most from 
HTX, with a 92 ± 6% survival after 5 years. 

We concluded that HTX seems to be an excellent treatment option for Fontan failure patients 
with poor ventricular function. 

Chapter 11

I n this final chapter, we discussed the findings of  this thesis and sketched directions for 
future research.
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Hoofdstuk 1

In dit hoofdstuk hebben we een algemene introductie gegeven over het univentriculaire 
hart, de Fontanoperatie, de wijzigingen in de Fontanoperatie, de Fontancirculatie en 
de consequenties daarvan. Gedurende de afgelopen decennia zijn er verschillende 

aanpassingen gedaan op het gebied van de peri-operatieve zorg, patiëntselectie and 
operatietechniek, om de uitkomst na de Fontanoperatie te verbeteren. Echter blijft de 
Fontanoperatie een palliatieve procedure en is gerelateerd aan verscheidene onfysiologische 
kenmerken, onder andere een verhoogde afterload voor de hartkamer, een beperkte preload 
voor de hartkamer en chronische systeem veneuse stuwing. Als gevolg daarvan is de 
Fontancirculatie geassocieerd met meerdere gevolgen op de lange termijn. 

Hoofdstuk 2

Hoofdstuk 2 is geïntroduceerd met een wetenschappelijke brief, waarin wij de 
moeilijkheden rondom de evaluatie van overleving na de Fontanprocedure 
benadrukt hebben, en het belang van het includeren van de mortaliteit die 

geassocieerd is met de bidirectionele Glennprocedure en de zogenoemde inter-stage period in 
retrospectieve studies over Fontanoverleving aan het licht gebracht hebben. Wij hebben deze 
kwesties behandeld in een retrospectieve cohortstudie bij patiënten die een Fontanoperatie 
of  een bidirectionele Glennoperatie hebben ondergaan in het Unversitair Medisch Centrum 
Groningen, Nederland, tussen 1975 en 2011. Gedurende een gemiddelde follow-upduur 
van 12 jaar, was de algehele overleving 69% na een Fontanoperatie in het UMCG en de 
gemiddelde overleving nadat de patienten uit het ziekenhuis waren ontslagen was 31 jaar.  
We hebben aangetoond dat de vroege overleving (< 30 dagen na de operatie) significant is 
verbeterd gedurende de afgelopen decennia, van 74% in het eerste decennium tot 95% in het 
laatste decennium. Echter kon er geen verbetering in de lange-termijnsoverleving worden 
vastgesteld. Een atriopulmonale connectie en een één-traps totale cavopulmonale connectie 
waren geassocieerd met een hogere kans op vroege mortaliteit, terwijl een heterotaxysyndroom 
een risico vormde voor de late mortaliteit. Wij concludeerden dat de algehele mortaliteit in 
de Fontanprocedure is verbeterd gedurende de afgelopen decennia, en dat deze verbetering 
grotendeels gedreven is door veranderingen in de vroege in plaats van late mortaliteit.

Hoofdstuk 3

Eén van de gevolgen van de Fontancirculatie is een beperkte functionele status. In 
hoofdstuk 3 hebben we de functionele uitkomst van 85 Fontanoverlevers ≥ 10 
jaar oud die gevolgd worden in the kinder- of  volwassenencardiologiepolikliniek 

van het Universitair Medisch Centrum Groningen en die een adequate inspanningstest 
hebben geleverd (RER > 1.01) in 2012 of  2013. Met een gemiddeld interval sinds de 
Fontanoperatie van 15 ± 9 jaar, vonden we dat Fontanpatienten een verminderde 
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functionele status hebben in termen van New York Heart Association-functionele klasse 
(NYHA-FC) en inspanningscapaciteit (piek VO2index) kort na de Fontancompletering. De 
NYHA-FC en piek VO2index correleerden allebei met de tijd sinds de Fontanoperatie, 
maar de piek VO2 als percentage van voorspeld (ten opzichte van gezonde personen) 
niet. In plaats daarvan bleef  de piek VO2index(voorspeld) rond 60% van de leeftijds-
afhankelijke referentiewaarden, onafhankelijk van het interval na de Fontanprocedure. We 
hypothetiseerden dat de onfysiologische omstandigheden intrinsiek aan de Fontancirculatie 
de belangrijkste oorzaken zijn van de inspanningsbeperking, en dat de mate van vermindering 
in inspanningscapaciteit over tijd die gezien wordt bij Fontanpatienten net zo snel gaat als bij 
gezonde individuen. Bovendien hebben we aangetoond dat niet de conventionele metingen 
van hartfunctie tijdens rust, maar juist de reserve capaciteit van het hart, gemeten tijdens 
inspanning (gedefineerd als maximale hartfrequentie en zuurstofpuls tijdens insppanning) 
en de longfunctie (FEV1) belangrijke determinanten waren van functionele capaciteit. 

Hoofdstuk 4

In patienten met biventriculaire harten (twee-kamer harten) is het eiwit NT-proBNP 
een belangrijke biomarker geworden met een sterke prognostische waarde, om 
de kamer disfunctie en congestief  hartfalen te evalueren. Door de onfysiologische 

karakteristieken van de Fontancirculatie kunnen deze resultaten niet gemakkelijk 
worden geëxtrapoleerd naar Fontanpatiënten. Uitdagingen in de interpretatie van NT-
proBNP serum levels in de Fontancirculatie zijn uitgelegd in onze editorial, welke dit 
hoofdstuk introduceert. Wij hebben een cross-sectionele studie gedaan, met als doel het 
onderzoeken of  NT-proBNP serumlevels representerend zijn voor hartkamer of  andere 
sleutelvariabelen in de Fontancirculatie, en relateren aan de functionele status. Ons cohort 
bestond uit 95 opeenvolgend geincludeerde Fontanpatienten van ≥ 10 jaar oud die de 
kinder- of  volwassencardiologiepolikliniek bezocht hebben in 2012-2013. De tijd sinds de 
Fontanoperatie was 16 ± 9 jaar. De mediane NT-proBNP was 114(IQR 61-264) ng/l, en was 
hoger dan de leeftijds-afhankelijke normaalwaarden in 42% van de patienten. Interessant 
genoeg vonden wij dat NT-proBNP levels progressief  toenamen boven de leeftijds-
afhankelijke normaalwaarden bij langere tijdsspanne sinds de Fontanoperatie. Echter 
werden er slechts beperkte correlaties gevonden tussen NT-proBNP en functionele status, 
gedefinieerd als NYHA-FC, piek inspanningscapaciteit, en cardiac index, of  hartfunctie, 
gemeten met cardiale magnetische resonantie (ejectie fractie) en echocardiografie (geschatte 
ventricular functie, E’, E/E’ ratio, E/A ratio). Daarentegen correleerden de eiwit-levels 
wel met geidexeerde kamermassa (p=0.001), vena cava inferior diameter (p < 0.001), en 
gamma-glutamyl transferase (p=0.011, adjusted Rsquare=0.636). Deze correlaties geven 
aan dat NT-proBNP van belang kan zijn bij de herkenning van Fontanfalen door een sub-
optimale circulatoire performance van de Fontancirculatie te kunnen signaleren. 
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Hoofdstuk 5

L everfibrose en -cirrose zijn twee lange termijn gevolgen van de Fontancirculatie. 
Het doel van dit hoofdstuk was het gebruiken van de magnetische resonantie 
diffusie-gewogen beeldvorming (DWI) om leverfibrose en -cirrose te detecteren, 

en om te bepalen of  DWI-resultaten gerelateerd zijn aan de functionele aspecten van de 
Fontancirculatie. In een cross-sectionele studie van 59 Fontanpatienten demonstreerden wij 
dat de apparent diffusiecoefficienten (ADC waarden) in Fontanpatienten laag zijn (0.82 × 10-3 
± 0.11 × 10-3 mm2/s) vergeleken met waarden bij gezonde vrijwilligers uit de literatuur, en 
zijn negatief  geassocieerd met berekende leverfibrose/-cirrosescores (Fib-4 score, p=0.019; 
AST/ALT ratio, p=0.009) and gamma-glutamyltransferase (p=0.001). Bovendien waren 
de ADC-waarden negatief  gecorreleerd met de follow-upduur (p=0.001) en positief  met 
functionele parameters geassocieerd met de circulatoire performance van de Fontancirculatie 
(cardiac index; p=0.019). Geen correlatie tussen ADC-waarden en de inspanningstesten werd 
gevonden. In de multivariabele analyses waren de ADC-waarden onafhankelijk gecorreleerd 
met de follow-upduur na de Fontancompletering. Wij concludeerden dat de lever ADC-
waarden progressieve leverschade door chronische stuwing en mogelijke hypoperfusie lijken 
te reflecteren, en hebben uitgelicht dat leverschade in de context van de Fontancirculatie 
mogelijk veel vaker voorkomt dan eerder gedacht. Daarom is de implementatie van 
leverbeoordeling in de routinematige follow-up van Fontanpatiënten aanbevolen. 

Hoofdstuk 6

Deze studie is uitgevoerd om de rol van het bi-exponentiele model van ADC-waarden 
te onderzoeken in de Fontancirulatie. Het bi-exponentiele model demonstreerde 
dat leverschade (beschreven in hoofdstuk 5) geassocieerd is met chronisch 

verminderde microperfusie, waarschijnlijk veroorzaakt door leverstuwing, en achteruitgaande 
cellulaire diffusie, vermoedelijk gerelateerd aan de ontwikkeling van leverfibrose/-cirrose. 
Deze nieuw toegepaste DWI-techniek zou een nuttige techniek kunnen zijn voor de 
longitudinale beoordeling van leverfibrose/-cirrose in Fontanpatienten. 

Hoofdstuk 7

Eén van de mogelijk onderliggende mechanismes van progressieve Fontanverslechtering 
is een graduele toename van de longvaatweerstand. Het doel van hoofdstuk 8 was om 
longvaatremodelering te identificeren in Fontanpatiënten. Voor dit doel hebben wij 

histomorfometrische en immunohistochemische longvaatkarakteristieken geanalyseerd op 
longweefsel verkregen uit autopsien van 12 Fontanpatiënten, en vergeleken de resultaten met 
twee leeftijdsgematchte controlegroepen. 

Wij vonden dat Fontanpatienten die vroeg gestorven waren na de Fontanoperatie (< 15 
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dagen postoperatief) toegenomen wanddiktes van de intra-acinaire vaten hadden door 
muscularisatie van de medialaag. Wij hypothetiseerden dat deze veranderingen waarschijnlijk 
de abnormale longhemodynamiek vooraf  aan de Fontanoperatie reflecteerden. Aan de 
andere kant hadden ptienten die overleden > 5 jaar na de Fontancompletering toonden een 
toegenomen wanddikte van de longvaten met een afgenomen medialaag, gereduceerd aantal 
gladde spiercellen, en eccentrische intimafibrose. De intimadikte was gerelateerd aan de tijd 
sinds de Fontanoperatie. Deze veranderingen kunnen verklaard worden door de chronische 
niet-pulsatiele bloedstroom, die de circumferentiele spanning en shear stress verminderd, 
en in situ trombose. Deze studie suggereert dat een langere tijd sinds de Fontanoperatie is 
gerelateerd aan toegenomen nadelige longvaatremoderling. Nadelige longvaatremodelering in 
de Fontancirculatie speelt mogelijk een belangrijke rol in de attritie van deze patiënten. 

Hoofdstuk 8

In dit hoofdstuk hebben we een kwalitatieve pilotstudie uitgevoerd, waarin we gebruik 
hebben gemaakt van vragenlijsten over gezondheidsgerelateerde kwaliteit van leven, 
seksuele functie en vruchtbaarheid/zwangerschap, en interviews. De 21 adolescenten en 

volwassenen met een Fontancirculatie die de vragenlijsten hebben ingevuld, rapporteerden 
over het algemeen een behouden kwaliteit van leven. Echter, de meerderheid van de acht 
patiënten die geïnterviewd werden, beschreven fysieke beperkingen en het gevoel een 
buitenstaander te zijn tijdens hun jeugd. Als belangrijk onderdeel van de kwaliteit van leven 
was het seksuele welzijn ook onderzocht en bleek vergelijkbaar te zijn met gezonde personen. 
Grote inter-individuele verschillen werden echter gezien. Wij constateerden een man/vrouw-
verschil met betrekking tot het seksuele welzijn. Bij mannen leken de fysieke beperkingen 
te overheersen, terwijl bij vrouwen psychosociale problemen het meest belangrijk leken 
te zijn. Verder werden er geen seksuele problemen gerapporteerd door de vier jongeren 
(25-30 jaar oud), in tegenstelling tot de vier oudere geïnterviewden (33-47 jaar oud), die 
erectiele disfunctie, vermijding van seks en laag gevoel van eigenwaarde rapporteerden. Deze 
studie was een pilotstudie waardoor geen definitieve conclusies konden worden getrokken. 
Het kan echter worden gehypothetiseerd (samen met hypothesen) dat seksuele functie bij 
Fontanpatiënten verslechtert met het progressieve verloop van de Fontancirculatie.

Hoofdstuk 9

Uiteindelijk kan progressieve verslechtering van de circulatoire prestatie van de 
Fontancirculatie leiden tot Fontanfalen. Drie chirurgische strategiën zijn wereldwijd 
omarmd voor de behandeling van Fontanfalen: Fontantakedown (het afbreken van 

de Fontanverbinding tot een circulatie met alleen bidirectionele Glennshunt en/of  arteriële 
shunt), Fontanconversie (het ombouwen van een oudere vorm van de Fontanoperatie naar 
een Fontancirculatie met een laterale tunnel of  extracardiaal conduit) en een harttransplantatie 
(HTx). Om de (verschillen in) overleving en risicofactoren voor mortaliteit na chirurgie 
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voor een falende Fontan te onderzoeken hebben wij een internationele multi-centerstudie 
gedaan. In dit retrospectieve onderzoek, waarin wij een intentie-om-te-behandelenstrategie 
hebben gevolgd (wat betekent dat wij de eerste operatieve ingreep voor een falende 
Fontan hebben genomen als uitgangspunt voor de analyses), werden 225 Fontanpatienten 
geïncludeerd: 38 Fontantakedowns (17%), 137 Fontanconversies (61%) and 50 HTXs 
(22%). De meest voorkomende indicatie voor falene Fontanchirurgie was een ritmestoornis 
(43.6%), maar de indicaties verschilden tussen de groepen (p < 0.001). Mediane follow-
upduur was 5.9 jaar (spreading van 0-23.7 jaar). De incidentie van overlijden of  (her)HTX 
was 44.7% na Fontantakedown, 26.3% na Fontanconversie en 34.0% na HTX (p=0.08). Wij 
demonstreerden dat de Fontantakedown voornamelijk is uitgevoerd op de korte termijn na 
de Fontancompletering (0.6 ± 1.9 jaar), en dat de Fontanconversie en HTX de belangrijkste 
behandelingsmogelijkheden zijn voor laat Fontanfalen (postoperatieve interval 8.5 ± 6.1 jaar 
en 15.2 ± 7.0 jaar respectievelijk). Interessant genoeg werd er geen verschil gevonden tussen 
overleving na Fontanconversie of  HTX. Verder vonden wij dat slechte ventrikelfunctie een 
risicofactor was voor dood/HTX na Fontan conversie/HTX. Wij hypothetiseerden dat de 
ventrikeldisfunctie geassocieerd is met een slechte algemene gezondheidsstatus en hoge 
fragiliteit van de Fontanpatiënten waardoor de overleving beïnvloed. 

Hoofdstuk 10

Sommige patienten die een Fontantakedown of  Fontanconversie hebben ondergaan, 
zijn later behandeld met een HTX. Daarom hebben wij in hoofdstuk 10 onszelf  het 
doel gesteld om de voorspellers voor de beste uitkomst na een harttransplantatie te 

identificeren. Wij identificeerden, in het multicenter falende Fontancohort, 61 Fontanpatiënten 
die een harttransplantatie hadden ondergaan. Het interval tussen Fontancompletering en 
harttransplantatie was 10.7 ± 6.6 jaar: in 18% (11 patienten) de HTX was uitgevoerd binnen 
2 jaar na de Fontancompletering (dit werd gedefinieerd als vroeg Fontanfalen) en in 82% (50 
patienten) meer dan 2 jaar na de Fontancompletering (laat Fontanfalen). Zeventig procent van 
de patienten met laat Fontanfalen waren gediagnosticeerd met verminderde ventrikelfunctie, 
vergeleken met 27% van de patienten met vroeg Fontan alen. Ziekenhuismortaliteit was 18% 
(11 patienten). Late mortaliteit was 14% (7 van de 50 patienten), en trad op tussen 1-19 
jaar na de HTX. Vijfjaarsoverleving na HTX voor een falende Fontan 73 ± 3%, met 82 ± 
6% na HTX voor laat Fontanfalen en 32 ± 15% na HTX voor vroeg Fontanfalen. Vroeg 
Fontanfalen, complexe obstructie van het Fontanconduit, en protein losing enteropathy 
werden geindentificeerd als voorspellers voor vijfjaarsmortaliteit. Wij observeerden dat 
patienten met laat Fontanfalen en slechte ventrikelfunctie het meest baat hadden met een 
HTX, met een overleving van 92 ± 6% na 5 jaar. 

Wij concludeerden dat HTx een uitstekende behandelingsoptie voor falende Fontanpatienten 
met een slechte ventrikelfunctie lijkt te zijn.
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Hoofdstuk 11

In dit laatste hoofdstuk hebben wij de bevindingen van dit proefschrift bediscussieerd en 
richtingen voor toekomstig onderzoek geschetst.

Samenvatting





Dankwoord



238

Dit proefschrift zou er nooit zijn gekomen zonder de inspiratie, motivatie, begeleiding 
en steun van anderen. Daarom wil ik graag de volgende mensen bedanken: 
Prof. dr. R.M.F. Berger, beste Rolf. Toen ik voor het eerst bij jou kwam in 2010 

met de boodschap “dat ik iets van onderzoek wilde doen” had ik niet kunnen vermoeden 
dat er een aantal jaren later dit proefschrift zou liggen. Na het uitpluizen van de UMCG-
archieven, was jij degene die mij wees op het MD/PhD-traject. Ik heb veel bewondering voor 
de gedrevenheid waarmee jij het onderzoek, de onderzoekers en de kliniek draaiende houdt 
en combineert. Daarnaast ben ik je zeer dankbaar voor de keren dat jij duidelijkheid kon 
scheppen en mij kon motiveren om verder te gaan in de tijden waarin ik met mijn handen in 
het haar zat. 

Prof. dr. T. Ebels, beste Tjark. Ik heb het zeer gewaardeerd dat ik altijd met open armen werd 
ontvangen als ik langs kwam in je kantoor (of  op Vlieland, of  thuis). Het voelde alsof  je een 
zee van tijd had, terwijl ik onverwachts langs kwam. Met jouw enthousiasme en bevlogenheid 
voor de congenitale thoraxchirurgie en onderzoek ben je een inspiratiebron voor mij. Jij bent 
de meester in “thinking outside the box” en dat zal ik altijd in mijn achterhoofd houden in 
mijn komende loopbaan. 

Dr. J.P. van Melle, beste Joost. Vanaf  het begin af  aan heb jij je volledig ingezet voor ons 
onderzoek. Je stond altijd klaar voor mijn dagelijkse ondersteuning en hulp tijdens het 
opzetten en uitvoeren van het onderzoek. Dankjewel!

Mijn bijzondere dank gaat uit naar de leden van de beoordelingscommissie, prof. dr. Helbing, 
prof. dr. Haas en prof. dr. Budts, voor het beoordelen van dit proefschrift. 

Klinische wetenschappelijke studies zijn niet mogelijk zonder de deelname van patiënten. 
Daarom wil ik graag zowel alle kinderen en hun ouders, als alle volwassen patiënten die 
hebben deelgenomen heel hartelijk bedanken. 

Tevens zou dit proefschrift er nooit zijn gekomen zonder medewerking van 
verschillende afdelingen van het UMCG. Ik wil graag alle kindercardiologen, congenitaal 
cardiologen, cardiothoracale chirurgen, functie-assistenten, echografisten, secretaresses, 
polikliniekmedewerkers, radiologiemedewerkers bedanken voor hun inzet. 

Enkelen van hen wil ik graag speciaal bedanken: 
Radiologe Tineke Willems, dankjewel voor jouw begeleiding bij het meten van de MRI’s 
van de Fontanpatiënten en bovenal voor jouw betrokkenheid bij mijn welzijn tussen “de 
mannen”. 
Kindercardiologe Beatrijs Bartelds, heel hartelijk dank voor jouw steun bij het analyseren van 
de inspanningstesten, kritische revisie van het manuscript en jouw wekelijkse organisatie en 
input tijdens de researchbespreking. 
Statisticus Hans Hillege, ik heb onze soms korte, maar altijd krachtige overleggen zeer 
gewaardeerd. Door jouw input zijn onze manuscripten naar een hoger niveau gestegen. 
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Patholoog Bert Timmer, bedankt voor jouw geduld en uitleg tijdens mijn verkenningstocht in 
de pathologie en in de longcoupes. 

Hildebrand Dijkstra, veel dank voor de samenwerking en de twee mooie artikelen die we 
samen hebben geschreven. 

Gezondheidspsycholoog prof. dr. van der Wiel en gynaecoloog/seksuoloog prof. dr. Weijmar 
Schultz. Beste Harry en Willibord, onze samenwerking en de manier waarop jullie een andere 
kijk wisten te geven op wetenschappelijk onderzoek en de benadering van patiënten heeft mij 
vele nieuwe inzichten gegeven. Ik heb genoten van de keren waarop jullie “de heren” af  en 
toe in verlegenheid konden brengen.

Aan dit proefschrift hebben ook meerdere studenten Geneeskunde meegewerkt. Henk-Jan, 
Graziella, Mirthe, Joaquin, Lilian; allen hebben jullie hard gewerkt aan de dataverzameling 
voor het FAIR-onderzoek, heel erg bedankt voor jullie inzet en bijdrage!

Beste Floris-Jan, jij bent natuurlijk ook begonnen als student binnen de FAIR-studie en 
hebt mijn lasten behoorlijk verlicht door tijdens mijn co-schappen de taken over te nemen. 
Inmiddels ben je een zeer gewaardeerde collega, en ik weet zeker dat jouw onderzoek weer 
veel nieuwe inzichten over de Fontancirculatie gaat voortbrengen. 

Natuurlijk zijn er nog meer zeer gewaardeerde collega’s: Mark-Jan, Menno, Willemijn, Reinout, 
Michael, Lysanne, Diederik, Guido, Quint, Annemarie, hartelijk dank voor alles! 

Alle strubbelingen die horen bij het opstarten van een onderzoek heb ik tijdens mijn eerste jaar 
kunnen delen met Nicole Goossens, Karin Miedema, Deirdre Vader-van Imhoff  en Caroline 
van der Schaaf. Dames, allen heel erg bedankt voor jullie steun en vooral jullie gezelligheid 
en vriendschap. 

In de kelder zaten we natuurlijk niet alleen. Daarom aan alle mede-keldergenoten: heel erg 
bedankt voor de gezellige gezamenlijke lunches in de zon en het feit dat ik altijd bij jullie naar 
binnen kon stappen voor vragen. 

Verder wil ik natuurlijk iedereen die een bijdrage heeft geleverd aan dit proefschrift, maar die 
ik hier nog niet met naam en toenaam heb genoemd, bedanken. 

Dan mijn lieve ouders, Hans en Ineke. Ik weet dat jullie ietwat huiverig waren toen ik met dit 
project begon, bang dat ik al mijn tijd aan werk zou besteden zonder te genieten van het leven. 
Ik ben blij dat jullie altijd kritisch zijn gebleven en alsnog mij overal waar mogelijk gesteund 
hebben tijdens dit hele traject. Ik had mij geen betere ouders kunnen wensen. 

Lieve Pinto, mijn trouwe maatje tijdens het schrijven van dit proefschrift. Ik mis je. 
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Ten slotte mijn paranimfen, Willemijn en Francisco. 
Lieve Willemijn, als we alles van tevoren hadden geweten hadden we misschien onze 
onderzoeksjaren anders ingepland, want we hebben elkaar steeds misgelopen in de kelder. In 
de tijden dat ik in de kliniek zat, deed jij full-time onderzoek, en andersom. Toch hebben we 
regelmatig contact kunnen houden om bij te kletsen en ervaringen uit te wisselen. Ik heb veel 
bewondering voor jouw gedrevenheid en precisie waarmee jij jouw werk uitvoert. Ik ben heel 
blij dat jij deze dag aan mijn zij wil staan. 

Tot slot, allerliefste Francisco. Je bent op alle mogelijke manieren mijn rots in de branding 
geweest. Ondanks dat ik eigenlijk vond dat een partner geen paranimf  hoort te zijn, kon ik 
mij niet anders indenken dan dat jij vandaag erbij bent om mij te ondersteunen. Heel erg 
bedankt voor al jouw interesse, moral support en bovenal jouw liefde. 
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The Enigm
a of the Fontan Circulation         Djoeke W

olff

The Fontan procedure is designed for patients who are born with a 
functionally univentricular heart (one-chamber-heart) and who are not 
suitable for a biventricular (two-chamber) repair. It results in a unique, 
unphysiologic circulation, in which only one ventricle sustains both 
the pulmonary and the circulatory circulation. Attrition of the Fontan 
circulation, most likely related to the unphysiologic characteristics, is 
an emerging problem currently faced by a growing cohort of patients. 
In this thesis, we demonstrated that the outcome after the Fontan 
operation has improved over the past decades. However, the Fontan 
circulation is still associated with a multiple sequelae, including limited 
exercise tolerance, restricted cardiac and pulmonary function, hepatic 
disease and pulmonary vascular remodeling. By evaluating functional 
state, NT-proBNP and liver status, relations with the circulatory 
performance and changes over time became apparent, making these 
measurements potential markers of Fontan attrition. Treatment for 
eventual failure of the circulation is associated with considerable 
mortality, and does not favor one surgical option above another. In 
conclusion, survival after the Fontan procedure has improved over the 
past decades, but patients with a Fontan circulation still face multiple 
long-term sequelae and an uncertain future.

The Enigma 
of the 
Fontan 
Circulation
Djoeke
Wolff


