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General Introduction

Background
Atrial fibrillation (AF) has a major impact on health care in the Western population and is
associated with stroke, heart failure and death.(1-3) Estimations show that worldwide 33.5
million individuals suffer from AF and that there are about 5 million new cases each year.
(4) AF increases in frequency with aging and typically occurs in patients with associated
comorbidities. The most common associated comorbidities are hypertension, coronary
artery disease, valvular disease, hyperthyroidism, heart failure, sleep apnea, obesity and
autonomic dysfunction(5). AF causes a significant burden on the patient and also on the
healthcare system resources. Five patterns of AF can be identified; first diagnosed AF
(AF that has not been diagnosed before irrespective of the duration), paroxysmal (selfterminating within 7 days), persistent (lasts > 7 days), long-standing persistent (continuous
for >12 months when rhythm control strategy is adopted) and permanent (AF accepted
by the patient and physician)(5). Episodes that are cardioverted within 7 days should be
considered paroxysmal. The definition of permanent AF is that the patient and physician
accept the arrhythmia, and further rhythm control strategy is abandoned(5).
The exact mechanism of AF is not completely understood and may differ per patient.
One or multiple triggers, often caused by foci from the pulmonary veins, initiate AF. It
provokes a shortening of the atrial effective refractory period immediately after start of
AF. Further, and more importantly, AF and the associated comorbidities induce a slow
process of structural remodeling including fibrosis, inflammation, and fatty infiltration.
Structural remodeling results in electrical dissociation between muscle bundles and local
conduction heterogeneities(6), favouring re-entry and perpetuation of the arrhythmia(7).
In many patients, the structural remodeling process occurs before the onset of AF(8). As
the substrate remodels over time, AF is less likely to terminate spontaneously and treatment to maintain sinus rhythm becomes more challenging (Figure 1). Therefore, early
diagnosis and early aggressive treatment is important to reduce the AF burden(9). This
arrhythmia is associated with impaired quality of life, stroke and heart failure and mortality(10). Studies have shown that rate control strategy is non-inferior to rhythm control,
and that rhythm control is only indicated for reduction of symptoms, not for improvement
of survival(11,12). According to the European Society of Cardiology guidelines, pharmacological rhythm-control therapy is recommended for symptomatic AF patients(13).
However, antiarrhythmic drugs (AAD) with or without cardioversion are only moderately
effective maintaining sinus rhythm and AAD have known adverse effects(11,12).

Risk factor management and life style changes
There is growing evidence of associations between the presence of modifiable risk factors
and the risk of developing AF. In order to decrease the healthcare burden of AF-associated
9
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figure 1. Importance of triggers and substrate in AF progression

Trigger

Substrate

AF progression
(Modified with permission from Mayo Clin Proc. 2009 Jul;84(7):643-62)

co-morbidities it is essential to aggressively address risk factors such as hypertension,
diabetes mellitus, obesity, smoking and alcohol consumption(14). Their management is
often challenging in the clinical practice, in particular obesity. It is well known that obesity
is an independent risk factor for the development and perpetuation of AF(15), and that
it negatively influences the success of ablation(16,17). A recent study compared active
weight management in combination with aggressive risk factor management to general
lifestyle advice. Results showed that weight reduction with intensive risk factor management causes a significant reduction in AF symptom burden and severity(18). Furthermore,
aggressive risk factor management improves long-term outcomes of AF ablation(17). If this
weight loss is sustained at long-term follow-up, reduction of AF burden and maintenance
of sinus rhythm are significantly higher compared to patients with weight fluctuation(19).
For AF patients, cardiac rehabilitation programs focused on risk factor reduction and life
style management are an option following AF ablation and should be considered before
invasive treatment strategies are performed(14). The feasibility, effect and economic value
of these programs are still to be thoroughly investigated in large clinical trials. Targeting the specific individualized substrate must be accompanied by aggressive risk factor
management and multidisciplinary chronic care to improve outcomes(20).

Af symptoms
Two-third of AF patients are symptomatic(10). Typical symptoms are palpitations, fatigue,
weakness, dizziness, reduced exercise capacity, or dyspnea. More severe symptoms include dyspnea at rest, angina, presyncope, or infrequently, syncope. Also, some patients
present with an thromboembolic event. Provocative factors can be rest, sleeping, eating
or alcohol (vagal AF) but AF may also be triggered by exercise or emotions. To quantify
symptom severity, a simple symptom score has been developed by the European Heart
Rhythm Association (EHRA-score) classifying AF-related symptoms(21).
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Patients with highly symptomatic, recurrent and AAD resistant AF are recommended to
undergo AF ablation(5). Catheter ablation can be effective as a rhythm control instrument
in patients with paroxysmal and short-standing persistent AF. For more persistent forms of
AF, refractory to catheter ablation or as concomitant procedure, AF surgery can be considered. In the following section, different invasive rhythm control treatment strategies will
be introduced.

MAZE surgery
The first successful surgical treatment of AF was performed by Dr. Cox in 1987 with the
Maze lesion set(22). The objective of the Maze procedure was to preclude the ability of
the atria to fibrillate, using lesions to prevent formation of macro-reentrant circuits. The
lesions entail pulmonary vein isolation (PVI), a right atrial set (e.g. ablation lines up to
superior vena cava and down to inferior vena cava across the right atrial free wall towards the atrioventricular groove) and a left atrial set (e.g. closure of appendage and
ablation line across the floor of the left atrium towards the orifice of left inferior PV).
This procedure is performed either through a median sternotomy or a minimal-invasive
thoracotomy, both requiring cardiopulmonary bypass. Long-term results of the Maze-III
operation have been reported to be excellent, with freedom from symptomatic AF up
to 90% at 10-year(23-25). This procedure is complex, technically demanding, requires
cardiopulmonary bypass and median sternotomy. This, accompanied by adverse events,
significantly limited the popularity and general applicability. The Cox-Maze procedure has
been modified over time, in 2004 the group of Damiano replaced most of the original incisions with bipolar radiofrequency and cryothermy (Cox-Maze IV) (Figure 2). This way, surFigure 2. Modified Cox-Maze IV lesion set
RAA

LAA

SVC

PV
TV
MV

IVC

Cox-Maze IV lesion set using a bipolar radiofrequency clamp. IVC= Inferior Vena Cava, LAA= Left atrial appendage, PV= Pulmonary Veins, MV= Mitral Valve, TV = Tricuspid Valve, SVC = Superior Vena Cava
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geons are enabled to perform this procedure through minimally invasive approach whilst
maintaining its efficacy(26). The results are still superior to catheter ablation, especially
for more advanced AF types(27). The Maze procedure can be performed as a stand-alone
procedure in specialized centers, but is nowadays more often used concomitant to (mitral)
valve surgery(28,29).

Transcatheter PVI using radiofrequency
Ever since the important discovery that AF can be triggered from rapidly firing foci situated
in the muscular sleeves of the pulmonary veins (30), techniques were developed to create
electrophysiological blockage of these triggers (Figure 3) (31). Nowadays, transcatheter
PVI using radiofrequency is a widespread and well-established technique to prevent recurrence of symptomatic AF(1,2). Two major randomized trials (MANTRA-PAF, RAAFT-2)
proved the superiority of catheter ablation over AADs(32,33). Outcome of transcatheter
ablation is influenced by severity of structural heart disease. For paroxysmal AF, transcatheter PVI has a wide range of reported efficacy (up to 70%) at 1-year follow-up(34). In approximately one-third of the patients multiple transcatheter ablations are necessary(35).
Technical difficulty of achieving transmural lesions and complete electrical isolation causes
re-conduction to occur in 29% of all patients(36). Complications of transcatheter ablation
are reported in up to 6%(35). Recent studies have shown hampered long-term results of
transcatheter PVI using radiofrequency (RF)(37,38). In order to improve results of transcatheter PVI alternative treatment options have been introduced. The new generation of

Figure 3. Minimally invasive left atrial ablation methods

Transcatheter RF PVI

Thoracoscopic PVI

Transcatheter cryo-balloon PVI

Thoracoscopic PVI + box lesion set

Transcatheter radiofrequency point-by-point wide circumferential ablation, Transcatheter cryo-balloon PVI,
Thoracoscopic bipolar radiofrequency PVI and Thoracoscopic bipolar radiofrequency PVI with a box lesion set
created with a linear bipolar ablation pen. RF= radiofrequency, PVI = Pulmonary vein isolation
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RF catheters fitted with pressure sensors, have shown improved outcome. For patients
with persistent and long-standing persistent AF current ablation guidelines promote more
extensive ablation beyond just the PVI(13). These lines can entail a left atrial roofline and
mitral isthmus line. However, the recent STAR-AF 2 trial proved no beneficial effect of
additional ablation lines(39).

Cryoballoon PVI
In recent years, several trials have proven safety and efficacy of the cryoballoon PVI(4042). Especially with the second-generation balloon, promising results have been achieved
mostly in paroxysmal AF patients(43). The cryoballoon delivers a circumferential lesion at
the anthrum of the pulmonary vein (Figure 3), therefore reducing incidence of conduction
gaps, which are seen in transcatheter point-to-point RF ablation. Also, this technique drastically reduces procedural time. The major drawback of this method is the risk of creating a
phrenic nerve lesion. The occurrence of phrenic nerve lesions has been reported in 5% up
to 11% of patients(42,43). As also seen in transcatheter radiofrequency PVI, the percentage of patients who require re-interventions after cryoballoon ablation remain high. The
recent randomized FIRE AND ICE trial demonstrated that for the treatment of paroxysmal
AF, PVI by means of cryoballoon ablation was non-inferior to PVI by radiofrequency ablation in terms of efficacy and safety(44). Long-term outcomes still have to be thoroughly
investigated but in small series of paroxysmal AF patients, 5 year-freedom from AF with a
single cryoballoon PVI has been described at 53%(45).

Thoracoscopic PVI
As an alternative to transcatheter radiofrequency PVI, minimally invasive surgical PVI, using bipolar RF and other energy sources(46,47) have been developed and are applicable
through a video assisted thoracoscopic approach(46,48,49). The thoracoscopic approach
is less technically demanding than the conventional Maze surgery and delivers a continuous lesion with bipolar RF or other energy sources, without the need for cardiopulmonary
bypass or opening the heart. The bipolar RF clamp uses an algorithm to determine the
impedance feedback, providing a transmural lesion, isolating the pulmonary veins. Usually
this is confirmed by testing of the exit block. Minimally invasive surgery with epicardial
PVI now has a class IIa recommendation (level of evidence B) in the current guidelines for
symptomatic patients with failed transcatheter ablation(5). In 2012, the FAST study was
the first to show that thoracoscopic PVI was superior to transcatheter PVI with regard
to freedom from AF in patients who failed on at least one AAD and prior transcatheter
ablation. However, a higher complication rate was reported in patients who underwent
thoracoscopic PVI(50). Short- and midterm results of thoracoscopic PVI have shown
promising results ranging from 64-90% freedom from AF and AAD after a single procedure(51-58). Few long-term studies show that the thoracoscopic PVI lesions are an effec13
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tive, reproducible treatment strategy with maintained efficacy at long-term follow-up(59).
Unfortunately, patient characteristics, ablation platforms and lesion sets differ among the
different available studies, which prohibit thorough comparison of the studies. Also, the
long-term outcomes and effects on cardiac function remain largely unknown.

Hybrid procedure
Some experienced AF ablation centers have pioneered with the combined technique of
epicardial (thoracoscopic PVI with box lesion set) and endocardial ablation during the
same procedure, creating a lesion set similar to that of the Cox-Maze IV(60,61)(Figure 4).
The primary advantage of the hybrid technique over thoracoscopic PVI is that the success
of epicardial lesions can be electrophysiologically assessed and if necessary completed.
Second, the transcatheter approach makes it possible to create lesions, which are otherwise not applicable in the minimally invasive setting (e.g. cavotricuspid isthmus line
and completion of lines to the mitral annulus). Especially in patients with persistent and
long-standing persistent AF this technique has shown very high freedom from AF(62,63). It
remains to be investigated if hybrid ablation offers the best of both worlds or offers double
the risk and prolonged procedural times. Furthermore, it remains unclear whether this
type of ablation should take place as a single joint procedure or patients should be offered
a stepwise approach.
Figure 4. Hybrid epi- and endocardial lesion set
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Hybrid epi- and endocardial lesion set, red lines depict the thoracoscopically applied lesions, blue lines depict
transcatheter lesions. Dotted lines imply optional lesions; the LAA amputation (surgical) and MV isthmus line
(transcatheter). IVC= Inferior Vena Cava, LAA= Left atrial appendage, PV= Pulmonary Veins, MV= Mitral Valve,
TV = Tricuspid Valve, SVC = Superior Vena Cava
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AF and heart failure can cause and exacerbate each other due to structural cardiac remodeling, neuro-hormonal mechanisms and asynchronous and/or rate-related reduced
left ventricular function. Especially heart failure with a preserved ejection fraction shares
the same risk factors as AF. Underlying treatment of these conditions could reduce the
progression of both(64). Patients who have the combination of heart failure and AF have
a worse prognosis and higher mortality as compared to patients with heart failure and in
sinus rhythm (65,66). In selected patients, catheter ablation and also MAZE surgery may
be useful to improve left ventricular function(67-69) although details from large randomized trials are lacking(70,71).

Stroke
One of the major threats caused by AF is stroke(3). Due to AF, stasis of blood in the
left atrium and the left atrial appendage (LAA) occurs and thereby exposes patients to
increased risk of clotting and subsequent thrombo-embolisms. To evaluate the risk for
stroke in AF patients, the CHA2DS2-VASc score is used. There is very strong evidence that
patients with a CHA2DS2-VASc score ≥2 in male and ≥3 in female patients benefit from
oral anticoagulation (OAC). In patients with a moderate to high risk of thrombo-embolic
events, OAC therapy has proven to significantly reduce the incidence of stroke(72,73). In
addition to traditional vitamin K antagonists, in recent years several non-vitamin K oral
anticoagulants (NOACs) have been introduced. The latest guidelines recommend using
NOACs in preference over vitamin K antagonist for all patients eligible for NOACs(5). Although effective rhythm control is important, even in patients with successful AF ablation,
abolishment of AF does not prevent stroke in the future(74).

The left atrial appendage
It is still discussed whether thrombi originating from the LAA are a major source of stroke
in AF(75). One of the supposed advantages of the surgical approach is that the LAA can be
excluded to reduce stroke risk(76). The surgical approach offers the unique opportunity to
amputate, clip or suture this appendage. However, the beneficial effect on morbidity and
mortality is yet to be demonstrated(77). There is evidence that the left atrial appendage
proves a challenge to close completely, and incomplete closure or amputation may cause
a larger risk for thrombo-embolic events(78,79). Nevertheless, at present, the LAA is amputated or closed by a clip on a large scale in stand-alone and concomitant AF surgery(77).
Besides surgical techniques, transcatheter devices have been developed to occlude the
appendage and eliminate stroke risk. Up to date, there is no clear proven beneficial effect of these techniques compared to OAC(80). Furthermore, the long-term effect of LAA
exclusion on cardiac function is still unknown.
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Aims
This thesis aims to investigate the results of different treatment strategies for highly symptomatic, drug resistant AF. In chapter 2 we assess the results of transcatheter RF PVI and
the effect of obesity on long-term outcomes. In chapter 3, we illustrate the relationship of
overweight and symptomatic AF recurrences and stress the importance of weight counseling, especially before considering invasive treatment modalities. The first three months to
assess success or failure of the ablation are not included. This is known as the “blanking
period”. Chapter 4 questions whether the duration of the blanking period should be shortened. The central part of this thesis concerns the role of thoracoscopic PVI for AF ablation.
In chapter 5 we compare the results of thoracoscopic with transcatheter PVI treatment
strategy. chapter 6 shows the mid-term results of thoracoscopic PVI in AF patients without
structural heart disease (lone AF) in a multi-center study. The long-term results of thoracoscopic PVI for paroxysmal AF in patients without structural heart disease are reported
in chapter 7 In addition to a more effective and durable PVI lesion, the thoracoscopic
approach offers the unique possibility to amputate or exclude the left atrial appendage in
order to reduce stroke risk. However, this procedure may have deleterious effects as well.
Chapter 8 focuses on the effect of concomitant left atrial appendage amputation on LA
function. In chapter 9, right ventricular function is monitored in patients who underwent
thoracoscopic PVI and this is compared to patients who underwent cryoballoon PVI. In
chapter 10, pathophysiologic aspects of AF are reviewed with regard to left atrial function
and surgical intervention. Finally, in chapter 11, the results of this thesis are summarized
and discussed. Since AF ablation is a rapidly evolving field, we would also like to offer
future perspectives.
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