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1. Introduction 

Atrial fibrillation is a common cardiac arrhythmia and occurs in up to 2% of the general 

population, but may be present in more than half of the patients late after Fontan surgery for 
single ventricle physiology (Chugh et al., 2001, Freedom et al., 2003; Steinberg, 2004).  

Atrial fibrillation is often considered to be a mild arrhythmia. However, even in patients 
with a structurally normal heart atrial fibrillation may result in significant symptoms, 
systemic and pulmonary thrombo-embolism and tachycardia-induced cardiomyopathy 
leading to a diminished quality of life with increased morbidity and mortality (Ad, 2007).  

In patients with a Fontan repair often atrial dilatation occurs and consequently atrial 
arrhythmias develop that are not only frequent, but easily evolve into life threatening events 
as well (Ad, 2007). 

In general, symptoms of atrial fibrillation are an indication for intervention, the most 
important being the elevated risk for thrombo-embolism. While pharmaco-medical 
treatment for atrial fibrillation is aimed at either rate or rhythm control (van Gelder et al., 
2002), invasive treatment for atrial fibrillation is aimed at rhythm control. An invasive 
approach may consist of percutaneous catheter techniques, various surgical approaches or 
hybrid approaches. With regard to the Fontan circulation, the lateral tunnel has been 
introduced as primary surgical technique to reduce later atrial enlargement and Fontan 
constructions with an atrio-pulmonary or atrio-ventricular connection are changed into a 
Fontan with a lateral tunnel or with an extra-cardiac conduit (Fontan & Baudet, 1971; de 
Leval et al., 1998; Mavroudis et al., 1998). This chapter concentrates on surgical maze 
procedures for atrial fibrillation occurring late after Fontan surgery. 

2. Definitions 

The most widely used classification for atrial fibrillation is published jointly by the 
American Heart Association, the American College of Cardiology, and the Heart Rhythm 
Society (American Heart Association, American College of Cardiology & Heart Rhythm 
Society, 2002; Cox, 2003). Atrial fibrillation is defined as either paroxysmal, persistent, or 
permanent. Atrial fibrillation is considered recurrent when two or more episodes have 
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occurred. If recurrent atrial fibrillation terminates by itself, it is defined paroxysmal; if not, it 
is defined persistent. Termination by pharmacologic therapy or electrical cardioversion 
before expected spontaneous termination does not change the designation of paroxysmal. 
Permanent atrial fibrillation includes cases of long-standing atrial fibrillation (>1 year), in 
which cardioversion has not been indicated or has failed to convert the arrhythmia. This 
terminology applies to episodes of atrial fibrillation that last more than 30 seconds and that 
are unrelated to a reversible cause.  

3. A history of Fontan constructions 

In patients with one of the many variations of a univentricular heart, surgical palliation can 
be accomplished to construct a Fontan circulation. In a Fontan circulation essentially the 
systemic circulation is supported by the single ventricle and all systemic venous return is 
directed directly to the pulmonary circulation in the absence of a subpulmonary ventricle. 
At the introduction of the Fontan circulation, the awareness that sinus rhythm was 
important was already appreciated. However, at that time this was because brady-
arrhythmic atrioventricular conduction disturbances turned out to be related to adverse 
outcome after these procedures (Fontan & Baudet, 1971). Only in later years, atrial 
fibrillation was explicitly described in the failing Fontan circulation and attempts at surgical 
treatment in the conversion-Fontan were initiated (Mavroudis et al., 1998). 

3.1 Implementation of a concept 

The concept of a separated systemic and pulmonary circulation without a subpulmonary 
ventricle for the palliation of patients with a univentricular heart was first described by 
Fontan and Baudet (Fontan & Baudet, 1971). Successful application of this complete right 
heart bypass was soon confirmed by others (Kreutzer et al., 1973) 

The fact that the circulation could be maintained in the absence of the pulmonary ventricle 
was one of the most important contributions to the field of congenital heart disease and 
allowed survival of many patients with a univentricular heart into adulthood. However, the 
original procedures turned out to be not at all free from complications and events at follow 
up, with early reoperation rates of over 40 percent. Although the basic concept of diverting 
the systemic venous return directly to the pulmonary circulation is still essential, the Fontan 
procedure has been extensively modified since its original description, each modification 
being an attempt to address a specific problem (Davies et al., 2011). 

3.2 Fontan physiology 

The goal of the Fontan procedure was to treat cyanosis. Indeed, the separation of the 
pulmonary and systemic circulations resulted in improved peripheral oxygen saturation, up 
to a nearly normal level. However, this was accomplished with a definitely palliative and 
abnormal hemodynamic arrangement. The most obvious clinical observations included an 
elevated systemic venous pressure. Combined with intrinsic abnormalities of the single 
ventricle systolic and diastolic dysfunction can be found. These dysfunctions, together with 
the obligatory passive circulation of the venous return through the pulmonary vascular bed 
before filling the systemic ventricle, limit ventricular preload, stroke volume, and ultimately 
cardiac output. The result is a relative reduction in systemic cardiac output. 
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Over the years, it became clear that the success factors for a Fontan circulation are defined 
by an adequate pulmonary blood flow at an acceptable systemic venous pressures, requiring 
a low left atrial pressure and a low trans-pulmonary gradient (Hosein et al., 2007). In the 
absence of a propulsive pump, there is little tolerance for energy loss or inefficiency in the 
system (Gewillig, 2005). 

3.3 Work in progress 

With the observation that a hypertrophied right atrium was often found in tricuspid atresia 

and other univentricular hearts, in the early experience of Fontan operations valves were 

used at various locations in the circuit. The idea was that this right atrial contraction was 

able to provide some pressure up stream of the implanted valve or valves. In case of a 

hypoplastic, but approachable right ventricle, this was often incorporated as well. In this 

regard modifications with valve implants at cavo-atrial level, atrioventricular level (in the 

situation of a hypoplastic subpulmonary ventricle) and atrio-pulmonary level have been 

described (Davies et al., 2011; Fontan & Baudet, 1971; Gewillig, 2005; Kreutzer et al., 1973). 

The idea of using a valve in the circuit has been abandoned with recognition that it was both 

unnecessary and potentially deleterious (Davies et al., 2011; Gewillig, 2005) 

Over the years also the location of the connection has varied to some extent with 

constructions having been made with a posterior atrio-pulmonary connection, an anterior 

atrio-pulmonary connection or inclusion of a hypoplastic right ventricle when this was 

present. Often in these constructions long term follow up demonstrated dilation of the 

atrium that was included in the connection from systemic venous return to pulmonary 

artery. These are the patients who may end up with a failing Fontan involving a dilated 

right atrium possibly with atrial arrhythmias and atrial fibrillation and with thrombo-

embolic events. For this reason, physicians caring for adult Fontan patients must have the 

operation notes and be familiar with the variety of circuits and their respective 

shortcomings. 

In order to address this problem, more recently a total cavopulmonary connection is 
constructed with either an intra-atrial lateral tunnel or completely extra-cardiac prosthetic 
conduit (Gewillig, 2005; Hosein et al,. 2007; de Leval et al., 1988). Systemic venous blood 
from the superior vena cava drains directly into the pulmonary arteries. In the intra-atrial 
lateral tunnel modification, the inferior vena caval blood is routed via an intra-atrial conduit 
to the caudal side of the pulmonary artery. While a small amount of atrium remains in the 
circuit to provide growth potential, this atrial tissue is minimized to theoretically reduce the 
risk of atrial dilatation and arrhythmia. In the extra-cardiac conduit modification, a graft is 
interposed between the transsected inferior vena cava and the caudal side of the pulmonary 
artery (Marceletti et al., 1990). The concept for introduction of the extra-cardiac conduit 
modification was the need to avoid potential pulmonary and systemic venous obstruction in 
patients with small atrial chambers or malpositioned pulmonary or systemic veins. 
However, its ease of construction has led many surgeons to adopt it routinely. 

As a rigid interposition graft, it shares many of the favourable energetics with the lateral 
tunnel procedure. However, studies using computational flow dynamics analyses have 
shown equivalent performance of both the lateral tunnel and extra cardiac conduit Fontan 
procedures (Bove et al., 2003). In addition, the assumption was made that the extra-cardiac 
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conduit modification would be associated with less long-term postoperative arrhythmias; 
however, to this date no definitive benefit has been proven. Potential drawbacks of the 
extra-cardiac conduit Fontan modification include the lack of growth potential and the risk 
of thrombosis of the prosthetic conduit. Despite these concerns, midterm analyses have 
revealed essentially equivalent outcomes (Kumar et al., 2003). 

Usually both modifications are performed as a staged procedure, comprising of neonatal 
palliation, partial cavopulmonary connection in the first year of life, and completion of total 
cavo-pulmonary connection in early childhood. 

3.4 The failing Fontan 

Although a Fontan circulation with the nowadays abandoned atrio-pulmonary or atrio-
ventricular connection may have been initially successful, many patients develop 
complications during long-term follow up in adulthood. These may include systemic 
ventricular dysfunction, systemic atrio-ventricular valve dysfunction, subaortic obstruction, 
protein-losing enteropathy, elevated pulmonary vascular resistance, pulmonary arterio-
venous malformations and thrombotic circuit events (Davies et al., 2011). In addition this 
concerns progressive right atrial dilatation and consequently atrial arrhythmias as well, 
resulting in a loss of atrial transport function and a further decrease of cardiac output in 
these patients. 

Arrhythmias in these patients with a Fontan circulation are regarded to be the result of 
combination of atrial dilation, extensive atrial suture lines and cardiac dysfunction ion 
(Peters & Somerville, 1992). Percutaneous treatment of these arrhythmias is often limited by 
inability to access the appropriate cardiac chamber and has had only variable success 
(Walsh, 2007). 

In an attempt to offer a further treatment to patients facing these problems, the total 
cavopulmonary connection, either with a lateral intra-atrial tunnel or with an extra-cardiac 
conduit, is also being applied as a conversion for the failing atrio-pulmonary or atrio-
ventricular connection including a surgical maze procedure to treat the atrial arrhythmias 
(Mavroudis et al., 1998). 

4. A history of maze surgery for atrial fibrillation 

Maze surgery for atrial arrhythmias is characterised by a stepwise development in 
pioneering during the early years. Some of the present surgical procedures are being used 
based on limited experience and technical feasibility rather than true science (Ad 2007). 

4.1 Left atrial isolation 

In 1980, a left atrial isolation procedure was described, with confinement of atrial fibrillation 
to the left atrium (Ad, 2007). The right atrium and both of the ventricles continued to be in a 
synchronized sinus rhythm. This procedure was relatively effective in restoring regular 
ventricular rhythm without the need for a permanent pacemaker. This procedure also 
restored normal cardiac hemodynamics in patients with normal left ventricular function. 
The normalized right-sided cardiac output apparently was passed to the left atrium 
functioning as a conduit to the left ventricle. Unfortunately, the risk for systemic thrombo-
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embolism was unaffected because the left atrium stayed in fibrillation. Further steps in maze 
surgery for atrial fibrillation ideally needed to realise not only abolishing atrial fibrillation, 
but also re-establishing sinus rhythm, maintaining atrio-ventricular synchrony, restoring 
normal atrial transport function, and eliminating the risk of thrombo-embolic events. 

4.2 Cox-maze procedure 

The concept of the Cox-maze procedure resulted from animal studies by Cox et al. (Boineau 
et al., 1980; Cox et al., 1991a; Smith et al., 1985). The animal experiments suggested that a 
mechanism for atrial fibrillation could be found in large macro- re-entrant circuits around 
the orifice of the left atrial appendage and the ostia of the four pulmonary veins (Smith et 
al., 1985). Based on these findings, the atrial transsection procedure was introduced, 
consisting of an incision dorsally in the atria from the annulus of the tricuspid valve to the 
annulus of the mitral valve. By combining computerized mapping data in humans and data 
recorded in animal models, a better picture of the mechanisms of both atrial flutter and 
fibrillation evolved (Canavan et al., 1988; Cox et al., 1991a; Smith et al., 1985). It was 
documented that both in atrial flutter and fibrillation, three components could be identified: 
macro re-entrant circuit(s), passive atrial conduction in the atrium not involved in the macro 
re-entrant circuit(s), and atrioventricular conduction. The electrophysiological characteristics 
of these three components define a spectrum of atrial arrhythmias, from simple atrial flutter 
to complex atrial fibrillation. A surgical procedure capable of interrupting all macro re-
entrant circuits that might potentially develop in the atria was developed. The procedure 
was designed to allow the sinus node to resume activity following surgery and to propagate 
the sinus impulse through both atria, and was first applied clinically in 1987 (Canavan et al., 
1988; Cox et al., 1991a, Cox, 2011). This Cox-maze I procedure was associated with the late 
incidence of the inability to generate an appropriate sinus tachycardia in response to 
exercise, and with left atrial dysfunction. In order to deal with these drawbacks, the 
procedure was modified in steps to the Cox-maze III procedure (Cox, 1991; Cox et al., 1991b; 
Cox et al., 1995a; Cox et al., 1995b).  

4.3 Cox-maze III 

The Cox-maze III procedure was associated with a higher incidence of sinus rhythm, with 
improved long-term sinus node function, with fewer pacemaker implantations, and with 
improved long-term atrial transport function. In addition, the Cox-maze III procedure was 
technically somewhat less demanding than earlier procedures (Arcidi et al., 2000; Kosekai, 
2000; McCarthy et al.,2000; Schaff et al., 2000). The Cox-maze III procedure proved to be 
effective in treating atrial fibrillation (Arcidi et al., 2000; Cox et al., 1996; Kosekai, 2000; 
McCarthy et al.,2000; Schaff et al., 2000). 

Despite its success, the procedure has not been widely adopted, in part owing to its 
remaining complexity and technical difficulty. There was also a relatively high incidence of 
morbidity associated with the procedure, such as re-exploration for bleeding and a 10% 
incidence of pacemaker implantation. Because of the technical complexity of the original 
cut-and-sew Cox-maze procedure, it required a formal median sternotomy and 
cardiopulmonary bypass (Cox, 1991; Cox et al., 1996). As a result, only a few surgeons 
started to perform the procedure and gained sufficient experience, and many were waiting 
for less-invasive or simpler approaches to treat this extremely common arrhythmia. 
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4.4 Maze modifications 

Over the years, a better understanding regarding atrial fibrillation pathophysiology 
evolved. In 1998, Haissaguerre and associates published a key work describing the pattern 
of the arrhythmogenic-foci-originating atrial fibrillation (Haissaguerre et al., 1998). In 
patients with paroxysmal atrial fibrillation, the pulmonary veins were found to be an 
important source of triggers initiating paroxysmal atrial fibrillation, which would probably 
respond to treatment with radiofrequency ablation. Based on these findings, a new strategy 
for non-pharmacological treatment was developed involving pulmonary vein isolation. 
However, some patients exhibit a much more complex pattern of initiation and maintenance 
of the arrhythmia, and the solution in certain cases is not as simple as pulmonary vein 
isolation only ( Nademanee et al, 2004; Schmitt et al., 2002). 

In the late 1990s, the first few cases of cryomaze procedure were performed. These were 
mainly application of cryoablation lines. The objective of the cryoablation was to replace the 
surgical incisions with transmural ablation lines to create conduction block. In 1999, the first 
non-cut-and-sew full Cox-maze procedure was performed using cryothermal energy as the 
only ablation modality. It was later that year that the Cox-maze III procedure was modified 
to what was later referred as the Cox-Maze IV. In this procedure, the pulmonary veins were 
isolated bilaterally and a connecting lesion was applied rather than performing the original 
box lesion. This modification was based on the findings of Haissaguerre and associates 
(Haissaguerre et al., 1998). The cryosurgical Cox-Maze procedure was also performed as a 
minimally invasive procedure through a right anterior thoracotomy (Cox &Ad, 2000). Most 
of the subsequent surgical modifications to the original Cox-Maze procedure were based on 
new surgical ablation devices, utilizing various ablative technologies. The new devices 
facilitated new surgical procedures to treat atrial fibrillation using different ablation 
protocols. Currently, it is a common approach to replace the surgical incisions with linear 
lines of ablation. Various ablation devices have been developed using different energy 
sources to perform the ablation, including radiofrequency (unipolar and bipolar) (Khargi et 
al., 2001; Gillinov et al., 2005), microwave (Kabbani et al., 2005), laser (Garrido et al., 2004), 
cryo-ablation Mack et al., 2009), and high-frequency ultrasound (Ninet et al., 2005). The 
concept behind these new technologies was to replace the surgical incisions with lines of 
transmural ablation creating conduction blocks. By using the ablation devices properly, the 
goal of the maze procedure to block re-entrant circuits can be maintained. However, various 
publications revealed that the various lesions applied on the heart under different 
conditions may result in non-transmural lesions (Damiano, 2003; Viola et al., 2002). 
Theoretically, the cut-and-sew Cox-maze procedure can be replaced by a more simple 
technique that is much less demanding technically and may be performed using less 
invasive tools. 

4.5 Current surgical strategies 

At present, a number of surgical approaches and procedures are described and being 
practised. Different options regarding surgical procedures are available (Ad, 2007). While 
the Cox-maze procedures were the product of a stepwise process, some of the present 
surgical procedures have only been based on limited experience and technical feasibility 
rather than true science (Ad, 2007). Some of the issues still under debate are, whether or not 
the maze procedure can be confined to the left atrium or to pulmonary vein isolation or that 
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bi-atrial procedures are indicated, whether or not cardiopulmonary bypass is to be applied 
and which route of exposure facilitates an optimal result. 

Although it was previously thought that atrial fibrillation was maintained by multiple 
macro-reentrant circuits, there is evidence that focal triggers can be responsible for the 
initiation of paroxysmal atrial fibrillation as well (Hocini et al., 2000; Nademannee et al., 
2004). Therefore, preoperative electrophysiological diagnostic studies into areas of early 
activation, may allow surgeons to identify the particular triggers of atrial fibrillation in 
individual patients. Unfortunately, the analysis of multiple atrial electrocardiograms over 
long periods of time has been difficult. Thus, it usually is not possible to locate the precise 
focal point of origin responsible for the initiation or maintenance of AF in the majority of 
patients. 

Nevertheless, modern atrial fibrillation surgery should include different surgical approaches 
to match the procedure to a given patient. Currently, surgery through a median sternotomy 
is being offered to patients with atrial fibrillation who are candidates for a concomitant 
cardiac surgical procedure. It is also be applied in patients who are candidates for an 
isolated maze procedure and who are at high risk for a minimally invasive approach. 
Generally, these patients should undergo a full biatrial maze lesion set. There is no place for 
the cut-and-sew technique anymore unless surgical ablation devices are not available. Any 
device that satisfies the operator in creating reliable transmural lesions can be used. 
Surgeons should be familiar with the limitations of each device. 

In an effort to reduce cardiopulmonary bypass and cross clamp time, parts of the operation 

can be performed off bypass and before or after cross-clamping of the aorta. Right-sided 

lesions can be performed in every case before the patient is connected to cardiopulmonary 

bypass. One way of doing this is based on applying three purse-strings to the right atrial 

wall through which the ablation device can be introduced. 

With left-sided lesions, there are two possible methods. The first is using the classical box 

lesion around all four pulmonary veins, as described in the original Cox-maze procedure. 

An endocardial approach for this lesion is usually performed in redo cases in which 

dissection of the epicardial adhesions around the pulmonary vein may be difficult. The 

other option is to encircle the right and left pulmonary veins from the epicardial side. This 

can be done off-bypass in some cases and with the support of cardiopulmonary bypass but 

without cross-clamping in others. Following isolation of the pulmonary veins and the 

necessary steps, the left atrium is opened and a connecting lesion and a mitral valve isthmus 

lesion to include the coronary sinus are created. 

A minimally maze procedure through right anterior mini-thoracotomy can be performed for 
an isolated maze procedure or be combined with other procedures through the same 
approach [Garrido et al., 2004; Saltman et al., 2003]. The minimally invasive approach can 
also be considered in redo surgery, especially when a repeat median sternotomy may carry 
an increased risk. The procedure involves groin cannulation to connect the patients to 
cardiopulmonary bypass. The right sided lesions can be performed on a beating heart with 
or without cardiopulmonary support. Following cross-clamping, a vertical left atriotomy is 
performed, and the left sided lesions are made, creating a box lesion around all the 
pulmonary veins and a connecting lesion to the left atrial appendage and to the mitral valve 
isthmus with special attention to the coronary sinus. In the original technique, the left atrial 
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appendage is resected, but increasingly the left atrial appendage orifice is oversewn from 
the endocardial side. Mitral valve procedures should be performed only after completion of 
the Cox-Maze procedure to ensure perfect left atrial isthmus ablation. In case of tricuspid 
valve surgery and repair of an atrial septal defect, double venous cannulation is required 
and the right atrium is opened, so the purse-string approach cannot be applied. When 
performed properly, the results obtained from the minimally invasive procedure are good 
(Ad, 2007). 

Surgery to achieve pulmonary vein isolation only with or without left atrial appendage is 
now being performed and can be done as a totally endoscopic procedure using different 
ablation devices (Kabbani et al 2005; Saltman et al. 2003). Bilateral limited thoracotomies or 
mini sternotomy can also be used to control and isolate the pulmonary veins (Kawaguchi et 
al., 1996; Ninet et al., 2005). The major advantage of this approach is that it can be performed 
without the use of cardiopulmonary bypass, and in most instances, pulmonary vein 
isolation and left atrial appendage disarticulation can be offered. The experience gathered 
with this approach is fairly limited, and the follow-up in most reports is fairly short in a 
highly selected group of patients. It is clear that pulmonary vein isolation is not as 
successful in patients with more complex atrial fibrillation, such as permanent atrial 
fibrillation and enlarged left atrium, as in patients with paroxysmal atrial fibrillation (Hocini 
et al., 2000). 

4.6 Prospects 

Maze procedures are not guided by electrophysiological mapping and thus theoretically 
include some unnecessary lesions for some patients. Recent data has suggested that in some 
patients, there is a potential to cure their arrhythmia by performing procedures that are 
confined to the left atrium or include only isolation of the pulmonary veins (Nadamanee et 
al., 2004; Wolf et al., 2005). However, the success rate for these limited procedures is in 
general less than optimal (Barnett & Ad, 2006). Epicardial mapping systems may be 
developed that support the understanding of the pathophysiology of the arrhythmia and 
can be used to guide the surgeon to choose the appropriate procedure. Map-guided surgery 
has a great deal of potential; however, mapping patients in atrial fibrillation is complex, and 
the current intra-operative mapping devices would have to be minimized to allow 
minimally invasive surgery (Nitta et al., 2003). 

5. Maze application in conversion-Fontan 

When localised anatomic problems are associated with deteriorisation of a patient with a 
Fontan circulation, treatment (either surgical or interventional) should be considered. 
Recently, the total cavo-pulmonary connection, either with a lateral intra-atrial tunnel or 
with an extra-cardiac conduit, is also being applied as a conversion for the failing atrio-
pulmonary connection or atrio-ventricular connection (Mavroudis et al., 1998). The 
combination of revision of the intracardiac form of Fontan to either a lateral tunnel or an 
extra-cardiac conduit, with an atrial reduction procedure, an appropriately modified maze 
procedure (see Figures 1 and 2) and the possibility of dual chamber pacing has been 
successful in a number of patients. It should be clear that following Fontan conversion 
morbidity is considerable and that mortality (up to 10%) is not insignificant, but those 
results continue to improve (Mavroudis et al., 2007). It should also be clear that an 
important number of Fontan failure patients are not amenable to revision or conversion. 
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On the right side, the right atrial appendage (RAA) is amputated and the inferior caval vein (IVC) and 
superior caval vein (SVC) are transsected in connection with the right atriotomy. On the left side, the 
left atrial appendage (LAA) is amputated. With cryoablation, the right-sided lines from atrial septal 
defect (ASD) to the RAA, to the coronary sinus (CS) and through the crista terminalis to the posterior 
cut edge of the atrial wall and from the IVC to the CS and to the tricuspid valve annulus (TV) are made. 
The left-sided cryoablation lines consisted of lines from the pulmonary venous encircling to the LAA, to 
the mitral valve annulus (MV) and the CS cryoablation. In addition, a line from the base of the RAA to 
the base of the LAA across the domes of the right and left atria for the left atrial maze procedure was 
cryo-ablated. 

Fig. 1. Diagram with atrial view from the right side of a modified right-sided maze 
procedure for right atrial re-entry tachycardia (continuous dotted lines) and a left atrial 
maze procedure for atrial fibrillation and left atrial re-entry tachycardia (continuous lines) 
(Adapted from Mavroudis et al., 2008). 

At conversion, the atrial arrhythmias are in addition being treated by excision of a greater 

part of the dilated right atrial free wall and by intra-operative additional ablation of 

potential circuits of atrial arrhythmias. Intra-operative ablation consists of a right-sided 

maze operation for atrial flutter or the Cox-III maze operation for atrial fibrillation (Backer et 

al., 2006). 
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The inferior and superior venae cavae have been transected, the atrial wall excision has been performed, 
and the atrial septal patch has been removed. The right atrial appendage (when still present) is 
amputated. If the sino-atrial node is nonfunctional, no specific measures are taken for preservation of 
this structure. Cryoablation lesions are placed in three areas to complete the modified right-sided maze 
procedure. Cryoablation lesions are made to connect the superior portion of the atrial septal ridge with 
the incised area of the right atrial appendage and to connect the posterior portion of the atrial septal 
ridge with the posterior cut edge of the atrial wall, which extends through the crista terminalis. For the 
isthmus ablation, the lines are dependent on the anatomic substrate. In patients with tricuspid atresia, 
as noted here, the cryoablation lesion is placed to connect the postero-inferior portion of the coronary 
sinus orifice with the transected inferior vena cava.  

In other anomalies, the isthmus block is completed by an additional line to connect the tricuspid valve 
annulus or common atrioventricular valve annulus with the transected inferior vena cava orifice. 

Fig. 2. Atrial view from the right side of a patient who had an atrio-pulmonary Fontan 
procedure after aortic cross-clamping and cardioplegic arrest (Adapted from Mavroudis et 
al., 2008). 

In addition, some authors propagate completion of surgery with an epicardial pacemaker 

system for further management of arrhythmias (Backer et al., 2006). The rationale is that 

transvenous access to the heart is not possible anymore and that frequently conversion 

concerns a more than once repeated sternotomy. 

After conversion to a total cavo-pulmonary connection, most patients improve in New York 
Heart Association class (Backer et al., 2006; Bogers et al., 2008). This improvement may, 
however, take up to a year after surgery. Without anti-arrhythmic surgery, the recurrence 
rate of atrial arrhythmias is reported to be up to 76% (Backer et al., 2006). Among patients 
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with a form of intracardiac Fontan and atrial dysrhythmias, conversion to an extra-cardiac 
conduit with a modified atrial maze procedure results in approximately 80% freedom from 
recurrence at 5 years of follow up (Deal et al., 2007). Moreover, recovery of atrial transport 
function, which is essential in the Fontan circulation, can be accomplished (Bogers et al., 
2008)  

6. Factors affecting the results of surgical maze procedures for atrial 
fibrillation 

Taken into account that the different surgical strategies are usually the product of evolving 
techniques, the results from different series are in general not easy to accumulate or to 
compare, but results are fairly rewarding, not only with regard to restoring sinus rhythm, 
but also with regard to freedom of stroke and freedom of cardiovascular-related death on 
midterm follow up ( Ad et al., 2000; Ballaux et al., 2006; Bando et al ., 2002, 2003; Cox et al., 
1995a; Damiano et al., 2003; Fujita et al.,2010, Gaynor et al., 2007; Gillinov et al., 2007; Kim et 
al., 2007; Mokadam et al., 2004; Prasad et al., 2003; Rahman et al., 2010). In addition, 
differences in the reported success rate in restoring sinus rhythm are a continuing debate 
among cardiac surgeons and cardiologists on the outcome of maze procedures, because 
surgeons more often treat patients with chronic atrial fibrillation, while cardiologists choose 
more often to treat patients with paroxysmal atrial fibrillation. 

The long-term success of maze procedures is limited in patients with well established 

predictors for failure. Arrhythmia duration prior to the procedure was found to be a 

predictor of failure. This may be related to a more significant adverse atrial tissue 

remodelling, resulting in extensive fibrosis and disparity of the action potential as well as 

enlargement of the left atrium. Increased size of the left or single atrium is also a powerful 

predictor for late failure, particularly in an atrium greater than 6 cm in diameter [Gaynor et 

al., 2005; Gillinov et al., 2006; Kawaguchi et al., 1996]. Increased age at the time of the 

procedure is another predictor for late failure, although not reported as such in all series 

(Damiano et al., 2003; Rahman et al., 2010). Other clinical variables that have been 

mentioned as having a negative impact on late success, such as structural heart disease, 

rheumatic heart disease, and the type of the atrial fibrillation, have not been consistently 

found by all centres to be significant (Ad, 2007). For these factors, the influence on outcome 

after maze surgery in conversion-Fontan is unknown. 

Many problems encountered when the Cox-maze procedure was first developed are now 

being repeated in patients undergoing these less complex procedures. Therefore, in general 

a better classification of candidates for the procedure may enhance our understanding of the 

pathophysiology of atrial fibrillation and improve results of the modified procedures. This 

holds as well for congenital heart disease in general as well as for univentricular hearts after 

a Fontan palliation. 

Before applying a maze procedure, a few variables should be discussed and investigated for 
their possible impact on the results of the surgical treatment in a certain patient. Important 
issues in this regard are: the type of atrial fibrillation, the duration in time of atrial 
fibrillation, the size of the left and right atria or single atrium, the presence of additional 
heart diseases (by definition in univentricular hearts), the procedure intended for curing 
atrial fibrillation, the treatment of atrial fibrillation in a combined procedure in which 
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cardiopulmonary bypass is used (by definition in conversion-Fontan), the presence of clots 
in the left or single atrial appendage or a patent foramen ovale, limiting in general the ability 
to perform a procedure without cardio-pulmonary bypass. 

Probably only a limited percentage of patients with lone atrial fibrillation will ever become 
candidates for the classical open-heart maze procedures (Ad, 2007). However, a number of 
device-based ablation procedures are being performed, which are less complex and 
technically less demanding in those patients. Therefore, the discussion concerning the 
complexity of the maze procedure should be shifted towards application with decision trees 
regarding specific maze procedures for specific clinical questions (such as the conversion-
Fontan), e.g. type of maze procedure, timing of the maze procedure, type of equipment and 
energy source. The continuing effort to relieve the invasive downside of surgical maze 
procedures is warranted but with caution and without compromising the success rate (Ad, 
2007). Surgery for atrial fibrillation should involve a true decision-making process, just as 
with any other surgical procedure. Therefore, combining all these variables and 
understanding the importance of each one of them may lead to a higher success rate, also in 
surgery for congenital heart disease. 

7. Conclusion 

Atrial fibrillation may result in significant symptoms in patients with a structurally normal 
heart, and in patients with a univentricular circulation atrial fibrillation can be deleterious. 
Nowadays symptomatic atrial fibrillation can be treated with catheter-based ablation, 
surgical ablation or hybrid approaches. On top of this maze experience, surgical ablation for 
atrial arrhythmias at conversion of atrio-pulmonary or ventriculo-pulmonary Fontan to a 
total cavopulmonary connection is feasible with recovery of both sinus rhythm as well as 
atrial transport function. 
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