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ThE BURDEN OF ATRIAL FIBRILLATION

Atrial fibrillation (AF) is defined by irregular RR intervals and absence of P-waves on the 

electrocardiogram (Figure 1).1 Frequency of atrial activation is highly variable and can 

reach 300 beats per minute, with irregular conducted ventricular rates up to 200 beats 

per minute.1

AF is the most common arrhythmia in the world. In the Netherlands the overall prevalence 

of AF is 5.5%, with a higher incidence in older patients. There is a lifetime risk of 22-24% 

of developing AF after the age of 55 years.2 AF results in frequent hospitalizations and in-

hospital procedures such as electrical cardioversion and ablation procedures. The costs 

of AF were estimated to be € 583 million in the Netherlands in 2009.3 This accounted 

for 1.3% of healthcare expenditure.3 It is estimated, using population projections from 

the Netherlands and large international cohort studies, that the prevalence of AF will 

have doubled in 2060.4–7 Such an increase is important as AF is related to debilitating 

morbidity and mortality, such as an increased risk of thrombo embolic stroke.8,9

Figure 1. – Electrocardiographic tracings showing (A) a tracing with sinus rhythm with clear P-waves 
(black arrow), representing organized atrial activation. Below (B) a typical example of atrial fibrilla-
tion showing irregular ventricular rhythm with no clear P waves.

CLINICAL PRESENTATION OF ATRIAL FIBRILLATION

The clinical presentation of patients with AF is diverse. Patients can be asymptomatic, 

so called “silent AF”. However, a majority of the patients presents themselves at the 

outpatient clinic with complaints of palpitations, chest pain, dyspnea and decreased ex-

ercise tolerance. The current classification of AF is based on the duration of the episodes. 

Patients with paroxysmal AF have short episodes of AF that usually terminate sponta-

neously within 48 hours to 7 days. Patients with persistent AF have longer episodes of 

the arrhythmia, that do not terminate spontaneously and may last for more than 7 days. 

Finally, patients with permanent AF perpetually have AF, with little or no episodes of sinus 

rhythm.1 It is important to note that the current AF classification is not based on underly-

ing pathophysiology, but purely based on the clinical presentation of the arrhythmia.
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RISKS OF ATRIAL FIBRILLATION

Independent of the presentation of the disease, AF can result in a high ventricular rate. 

In patients with cardiac comorbidities this can lead to hemodynamic instability, requiring 

immediate treatment. Otherwise, a continuously high ventricular rate can result in acute 

decompensation and on the long term in a tachycardiomyopathy. This is a dilated car-

diomyopathy without any signs of structural heart disease, that is potentially reversible 

when the ventricular rate is normalized.10

However, the most important complication of AF is the increased risk of thromboem-

bolic stroke.9 The exact mechanism is not completely elucidated, however, due to the 

high atrial rate the atria cannot effectively contract which results in a ‘functional atrial 

standstill’ and an increased risk of blood coagulation. Otherwise, due to changes in the 

atrial myocardium with AF, a pro-thrombotic state is induced.12 The majority of these 

thrombi are located in the left atrial appendage.11 The risk of stroke due to AF can be 

estimated by using several factors such as congestive heart failure, hypertension, age, 

diabetes, prior thromboembolic events, vascular disease and gender.13 The incidence 

of stroke can be reduced with vitamin K antagonists such as warfarin or coumarins.14,15 

However, these drugs have many drug interactions and require intensive laboratory 

monitoring and regular dose adjustment to be in the therapeutic range. Novel direct oral 

anticoagulation drugs such as dabigatran (thrombin inhibitor), apixaban, rivaroxaban 

and edoxaban (factor Xa inhibitors) are non-inferior to vitamin K antagonists and do not 

require intensive monitoring. They are therefore an attractive alternative.16–19

PAThOPhySIOLOGy OF ATRIAL FIBRILLATION

A single pathophysiological mechanism may occasionally play a major role in the occur-

rence of AF, such as postoperative AF or familial AF. In these types of AF inflammation or 

gene dysfunction in ion or gap junction channels bring about the arrhythmia.20,21 More 

often, AF is the result of the accumulation of changes to the atria due to aging, obesity 

or comorbidities such as diabetes, hypertension and sleep apnea.1 It can therefore be 

considered in most cases as an expression of underlying cardiovascular disease.

AF is often initiated from ectopic firing of cells in the pulmonary veins22, but other 

sources of atrial ectopic activity such as the left atrial appendage have been described.23 

Ectopic activity can trigger reentry in the atrium.22 However, to sustain reentry a suit-

able substrate has to be present. Depending on structural characteristics of the atrium, 

such as atrial dilatation and fibrosis, the arrhythmia can be maintained.24 Interestingly, 

AF itself induces electrical, autonomic and structural changes, that remodel the atrium 

(Figure 2). These changes further facilitate the initiation and maintenance of AF, there-
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fore “AF begets AF”.25 This remodeling explains the time course of the disease, which is 

characterized by a progression from short episodes of self-terminating AF to, ultimately, 

permanent AF.26

ELECTROPhySIOLOGICAL MEChANISM OF ATRIAL FIBRILLATION

AF has a complex electrophysiological mechanism that is not completely elucidated. 

Currently, two hypothesis are commonly used to explain the electrophysiological obser-

vations during AF (Figure 3). The multiple wavelet hypothesis was first postulated by Moe 

based on findings in a computer model of AF.27 The multiple wavelet hypothesis assumes 

that AF is maintained by small reentrant wavelets that wander chaotically through the 

atrium and continuously create new wavelets or break up due to conduction block or 

fuse with each other.27 Multiple wavelets were first observed in animal models by the 

group of Allessie.28 A second hypothesis postulates the existence of stable rapidly firing 

foci or reentry circuits giving rise to fibrillatory conduction. Reentry circuits, known as 

rotors, may be the underlying driver of AF.29 The finding of rotors in patients with AF by 

Narayan et al. provides novel insight into this hypothesis, as these investigators were 

able to ablate the rotors with catheter ablation and reduce recurrences of AF.30 However, 

due the heterogeneity of the underlying disease of AF different mechanisms might be 

present in certain types of AF.24 Additionally, both hypotheses may simultaneously 

underlie the mechanism of AF.24,31 Nevertheless, the multiple wavelets hypothesis and 

the rotor hypothesis both depend on either anatomical or functional re-entry circuits.32 

AF 

Electrical 
• Abnormal intracellular calcium 

handling 
• Shortening of the ERP 
• Loss of rate adaptation of APD 

 

Structural 
• Atrial fibrosis 
• Changed connexin expression 
• Cardiomyocyte hypertrophy 
• Atrial dilatation 

Autonomic 
• Increased sympathetic 

innervation 
• Increased intrinsic cardiac 

autonomic activity 

Figure 2. – Schematic summary of autonomic, electrical and structural remodeling of AF. Examples 
of changes occurring during AF in the atria in electrophysiological characteristics, structural proper-
ties and autonomic nervous innervation.
APD: action potential duration, AF: atrial fibrillation, ERP: effective refractory period
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Re-entry relates to the wavelength of activation, which is the mathematical product of 

conduction velocity and refractory period. Therefore electrophysiological properties of 

the atrium that affect either conduction velocity or refractoriness, as well as structural 

characteristics of the atrial myocardium that determine the pathlength of activation de-

termine the reentrant process causing AF.

AUTONOMIC MODULATION OF ATRIAL FIBRILLATION

An important modulator of the electrophysiological characteristics of the atrium is the 

autonomic nervous system. From the first descriptions of AF, the autonomic nerve system 

(ANS) was identified as an important trigger of AF.33 Historically, a clear distinction was 

made on basis of Holter recordings between vagal AF, preceded by slowing of the heart 

rate before onset of the arrhythmia and adrenergic AF, preceded by an increase in the 

heart rate before onset and usually occurring in patients with heart disease.34 However, 

a clear distinction between vagal or adrenergic AF is clinically not always possible, and 

in the majority of cases no clear provoking vagal or adrenergic momentum can be 

identified.35 However, although a clear clinical classification in patients is not possible, 

experimental in vitro, animal and human studies have shown that several specific actions 

of the autonomic nervous system can be arrhythmogenic.36–38 In animal studies, stimula-

tion of the autonomic nervous system results in ectopic firing from the pulmonary veins 

and can initiate AF.37,39 In AF, specifically the parasympathetic nervous system is involved 

in the initiation and perpetuation of the arrhythmias. Parasympathetic stimulation results 

in release of acetylcholine, the main parasympathetic neurotransmitter, that results in a 

decrease in action potential duration through stimulation of the inward K+ current via 

LPV

RPV

Rotor hypothesis

Posterior left atrium

LPV

RPV

Multiple wavelets hypothesis

Posterior left atriumA B

Figure 3. – Two hypothesis on the electrophysiological mechanism of AF. (A) Rotor hypothesis pos-
tulating the existence of stable rapidly firing reentry circuits with fibrillatory conduction. (B) The 
multiple wavelet hypothesis suggesting small reentrant wavelets wandering through the atrium and 
creating new wavelets. See text for further description.
AF: atrial fibrillation, LPV: left pulmonary veins, RPV: right pulmonary veins
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 1IKAch.40 Several aspects of the influence of the autonomic nervous system on the initiation 

and perpetuation of arrhythmias, in particular AF, will be discussed in this thesis.

MANAGEMENT OF ATRIAL FIBRILLATION

The management of AF consists of three important principles; thromboembolic risk 

reduction, arrhythmia management and cardiovascular risk factor reduction.1 Arrhythmia 

management and reduction of symptoms can be achieved with either rate control or 

rhythm control. Rate control aims to control the ventricular rate in patients with AF. 

Rhythm control aims to achieve sinus rhythm.41 There is no preference for either strategy, 

as none is superior to the other in regard to mortality.42–47 Yet, maintenance of sinus 

rhythm theoretically might be superior, as this is the normal cardiac rhythm. Indeed, 

population studies have observed that rhythm control reduces the progression of the 

disease to permanent AF.48 The non-superiority of rhythm control might be due to the 

side effects of the currently available anti-arrhythmic drugs. Many of the anti-arrhythmic 

drugs currently used in patients with AF also have pro-arrhythmic effects.49–51 Otherwise, 

many anti-arrhythmic drugs are contraindicated in certain populations of patients, such 

as flecainide in patients with ischemic heart disease or sotalol in patients with decreased 

renal function.49,52 Of note, the major randomized studies have not incorporated invasive 

treatment strategies for AF such as pulmonary vein isolation, which might increase the 

effect of rhythm control.53 Fortunately, in the majority of the patients symptom relief can 

be achieved with rate control and rhythm control. Nevertheless, a minority of the patients 

have debilitating symptoms from AF, for which invasive treatment might be indicated.1,54

INvASIvE TREATMENT OF ATRIAL FIBRILLATION

Invasive treatment options of AF have been limited before the 21st century. The surgical 

Maze procedure described by Cox et al. was the first surgical AF treatment available.55,56 

In this procedure the atrium is cut and sewed to create electrically isolated areas of 

atrial tissue to prevent development of macro-reentrant circuits. Experimentation with 

different ablation modalities such as cryo-ablation and radiofrequency ablation have 

made this procedure more accessible.54 The most recent iteration of this surgical maze 

procedure, the Cox-Maze IV, has a high success rate in preventing recurrence of AF with 

up to 78% of the patients free from AF and anti-arrhythmic drugs at one year.57 However, 

these procedures are invasive, technically challenging and associated with a mortality of 

2-4% and morbidity such as postoperative bleeding in 4-5% and pacemaker implanta-

tion in 5-6% of patients.58
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In a landmark study by Haissaguerre et al. the authors ablated ectopic foci originating 

from the pulmonary veins that triggered AF in patients with paroxysmal AF.22 The ablation 

of the foci in the pulmonary veins resulted in freedom from AF in 62% of patients after 

8 months follow up.22 The discovery that AF was frequently initiated from the pulmonary 

veins was the basis of pulmonary vein isolation with catheter ablation (Figure 4).54,59 

Although pulmonary vein isolation is widely advertised, success rates are moderate with 

a single procedure success rate of 57% after a mean follow up of 14 months in mainly 

paroxysmal AF patients.53 Most patients needed multiple procedures to achieve a success 

rate of 71%.53 Patients have recurrences of AF due to the fact that the ablation lines of 

the pulmonary vein isolation are not always complete.54 Alternatively, there are other foci 

that can initiate AF, such as ectopic foci in the left atrial appendage.23 The unsatisfactory 

success rate of pulmonary vein ablation, especially in persistent AF, has stimulated the 

search for novel ablation targets. Substrate modulation of AF by ablation of additional 

atrial lines or ablation of areas of complex fragmented electrical electrograms (‘CAFE’s) 

resulted in reduced recurrences of AF.60 However, a recent randomized trial in 589 pa-

tients with persistent AF comparing pulmonary vein isolation to pulmonary vein isolation 

with additional atrial ablation and pulmonary vein isolation plus ablation of endocardial 

electrograms showing complex fractionated activity, showed similar results in all three 

groups.61 In patients with pulmonary vein isolation alone, 59% were free of AF after 18 

months compared to 49% of patients with pulmonary vein isolation and complex atrial 

electrogram ablation and 46% of patients with pulmonary vein isolation and additional 

ablation lines.61 Novel strategies aim at identifying electrophysiological targets of AF. Fo-

cal impulse and rotor ablation by electrophysiological mapping of foci and rotors during 

AF appear promising.30 Otherwise, autonomic modulation through target ablation of the 

components of the cardiac autonomic nervous system appears to be successful and will 

be discussed in this thesis.38

Simultaneous to these developments in endocardial catheter ablation, the principles 

of pulmonary vein isolation have also been applied epicardially by cardiac surgeons. 

A minimal invasive pulmonary vein isolation is a surgical procedure creating epicardial 

pulmonary vein isolation through a thoracotomy or totally thoracoscopically.62,63 This 

combination of surgical and electrophysiological expertise has created new hybrid abla-

tion strategies that will be discussed in this thesis.

UNANSwERED qUESTIONS

As summarized above the etiology and treatment of AF is complex and many unanswered 

questions remain. In this thesis the following issues will be addressed:

1) What are the options for invasive autonomic modulation in cardiac arrhythmias
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2) What is the role of interstitial fi brosis of the human atria on conduction properties in 

patients with AF

3) How does ganglion plexus stimulation aff ect the electrophysiological properties of 

the atrium during sinus rhythm in patients with AF.

4) What is the eff ect of parasympathetic stimulation on conduction characteristics in 

the fi brotic atrium of patients with AF.

5) What are the current results of minimal invasive surgery using radiofrequency abla-

tion

Superior 
caval vein

Right pulmonary
veins

Left pulmonary
veins

Right
atrium

Left 
atrium

Inferior
caval vein

Figure 4. – Anatomical representation of pulmonary vein isolation. The inside of the atria and ven-
tricles are shown from an anterior view into the heart. The yellow dashed line is the area of the pul-
monary vein isolation. Pulmonary vein isolation is the basis of invasive management of atrial fi bril-
lation, either through catheter ablation or surgical ablation. This fi gure is adapted from Krul et al..59
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6) What are the results of thoracoscopic pulmonary vein isolation and ganglion plexus 

ablation using extensive epicardial electrophysiological guidance.

7) What are the results of extensive electrophysiological measurements either endo-

cardially or epicardially in thoracoscopic pulmonary vein isolation in AF patients with 

enlarged left atria and/or earlier ablation procedures.

We use a translational approach to assess the role of the autonomic nervous system in 

the pathophysiology of AF. In patients with AF we performed thoracoscopic pulmonary 

vein isolation using epicardial electrophysiological guidance and performed autonomic 

modulation. We peri-procedurally investigated the electrophysiological properties of 

the atrium during autonomic modulation. We subsequently performed experiments on 

amputated tissue of the left atrial appendage of these patients to identify the fibrotic 

substrate and the effect of autonomic modulation of this substrate. Furthermore, we 

monitored these patients intensively to determine the outcome of thoracoscopic surgery 

and autonomic modulation in specific groups of patients.

OUTLINE OF ThE ThESIS

The parasympathetic or sympathetic nervous system can trigger or maintain episodes of 

atrial and ventricular arrhythmias. Chapter 2 reviews the role of the autonomic nervous 

system in atrial and ventricular arrhythmias. Furthermore, novel interventions targeted 

at the different components of the autonomic nervous system are described. Part One 

of this thesis addresses the role of atrial fibrosis and the autonomic nervous system 

in the pathophysiology of human AF. The effect of the human fibrotic substrate on 

electrophysiological properties of the atrium has not been studied in detail. In Chapter 

3, we investigate the influence of the atrial fibrotic substrate on conduction properties 

of patients with AF. The fibrotic substrate of AF consists of depositions of extracellular 

matrix proteins like collagen from fibroblasts. The influence of fibrosis on conduction 

characteristics has not be entirely elucidated. Human AF is complex and a multitude of 

mechanisms contribute to the occurrence of AF. In Chapter 4 we investigate the effects 

of autonomic nerve stimulation on atrial conduction characteristics in patients with AF 

during thoracoscopic surgery. In this study local stimulation of both sympathetic and 

parasympathetic nerves was performed to assess the influence on sinus node frequency 

and local atrial conduction characteristics in patients with AF. To further investigate the 

observed effects of parasympathetic nervous system stimulation, in the fibrotic substrate 

of patients with AF local superfusion of acetylcholine was performed on excised left 

atrial tissue. We performed high resolution optical mapping to investigate the effects 

of vagal stimulation on conduction properties. The results of this study are reported in 

Chapter 5.
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 1In Part Two of this thesis we continue with a focus on the treatment of AF. Minimal invasive 

pulmonary vein isolation is a novel treatment option for patients with AF. In a systematic 

review, in Chapter 6, we review published papers and investigate the first results of this 

treatment modality. In the Academic Medical Center of Amsterdam a variation of this 

procedure was developed. Whilst the surgical technique is similar to that reported in the 

majority of the studies, we performed extensive epicardial electrophysiological measure-

ments of ablation lines during the thoracoscopic pulmonary vein isolation. Additionally, 

due to the epicardial approach of thoracoscopic surgery the autonomic nervous system 

(ganglion plexus, located within the epicardial fat pads) can be targeted, besides the 

electrical isolation of the pulmonary veins. The first results of this procedure are reported 

in Chapter 7. Since thoracoscopic surgery was first reported in 2005, many small studies 

have been performed with variations of the original procedure. Finally in Chapter 8, we 

performed an analysis on two patient cohorts who underwent either a fully epicardial 

approach or hybrid epicardial/endocardial approach with electrophysiological measure-

ments. The patients in this analysis consists of a challenging population of patients with 

a failed previous pulmonary vein isolation and/or enlarged left atria. We report the safety 

of electrophysiological measurements and the outcome in these patient categories.

Finally we conclude this thesis with a summary in Chapter 9 in English and Chapter 10 in 

Dutch. Future directions for research of the pathophysiology of the autonomic nervous 

system in AF and the surgical treatment of AF will be discussed.
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ABSTRACT

This paper reviews the contribution of autonomic nervous system (ANS) modulation in 

the treatment of arrhythmias. Both the atria and ventricles are innervated by an extensive 

network of nerve fibers of parasympathetic and sympathetic origin. Both the parasympa-

thetic and sympathetic nervous system exert arrhythmogenic electrophysiological effects 

on atrial and pulmonary vein myocardium, while in the ventricle the sympathetic nervous 

system plays a more dominant role in arrhythmogenesis. Identification of ANS activity is 

possible with nuclear imaging. This technique may provide further insight in mechanisms 

and treatment targets. Additionally, the myocardial effects of the intrinsic ANS can be 

identified through stimulation of the ganglionic plexuses. These can be ablated for 

the treatment of atrial fibrillation. New (non-) invasive treatment options targeting the 

extrinsic cardiac ANS, such as low-level tragus stimulation and renal denervation, provide 

interesting future treatment possibilities both for atrial fibrillation and ventricular ar-

rhythmias. However, the first randomized trials have yet to be performed. Future clinical 

studies on modifying the ANS may not only improve the outcome of ablation therapy but 

may also advance our understanding of the manner in which the ANS interacts with the 

myocardium to modify arrhythmogenic triggers and substrate.
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The atria and ventricles are innervated by an intricate network of autonomic nerves.1,2 

The role of the sympathetic and parasympathetic nervous system in the pathophysiology 

of cardiac arrhythmias is complex. Parasympathetic and sympathetic activation influence 

atrial and ventricular electrophysiology and these changes can initiate, facilitate, or 

counteract cardiac arrhythmias depending on the presence of a suitable substrate.3,4 By 

selectively ablating or stimulating the different components of the autonomic nervous 

system (ANS), such as ganglionic plexuses (GPs) or the vagal nerve, the net activity of 

the ANS can be modulated and arrhythmias treated.5,6 Here, we briefly review the role 

of the ANS as trigger and modulator of cardiac arrhythmias. Notably, we focus on novel 

methods to clinically identify the cardiac ANS and we discuss autonomic modulation as 

treatment for cardiac arrhythmias.

ANATOMy OF ThE CARDIAC ANS

In the human heart, the extrinsic sympathetic innervation is mediated via the cervical, 

stellate (cervicothoracic), and thoracic ganglia. Parasympathetic extrinsic innervation 

is routed via the vagus nerve, although sympathetic fibers are found in vagal nerves 

and parasympathetic fibers in sympathetic nerves as well.7,8 The extrinsic nerves pass 

through the hilum of the heart along the great cardiac vessels and branch into 7 epi-

cardial subplexuses, the intrinsic neural pathways of the ANS.1 Small nerve fibers form 

an extensive neural network of small interconnecting efferent and afferent sympathetic, 

parasympathetic, and mixed nerve fibers, that contain the neurotransmitters noradrena-

line and acetylcholine, respectively, but some also contain neuropeptide Y, somatostatin, 

vasoactive intestinal polypeptide, and substance P.2,9–12 The density of small fibers and 

ganglia is highest in the posterior part of the left atrium and around the antrum of the (left) 

pulmonary veins (PVs).11,13 The atria are predominantly parasympathetically innervated, 

while in the ventricles (where only 16% of total cardiac ganglia reside) predominantly 

sympathetic nerve fibers are found.1,14,15 GPs are conglomerates of ganglia from different 

subplexuses and function as an integration center of the parasympathetic and sympa-

thetic nerves and interconnect the intrinsic ANS.9,16,17 The atrial GPs are located near the 

sinus node and PVs and reside in epicardial fat pads as shown in Figure 1. Ventricular GPs 

are located near the interventricular groove.9 The ligament of Marshall, the embryonic 

remnant of the left superior caval vein, near the left superior PV is densely innervated 

with parasympathetic and sympathetic nerves.18,19
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A

B

Figure 1. – Anatomy of the intrinsic autonomic nervous system. Pauza et al.1 have shown an exten-
sive network of epicardial nerves on the atria and ventricles divided in 7 subplexus (A). Right is a 
posterior and left is an anterior view of the heart. Along these subplexus, ganglia are localized, con-
glomerated in ganglion plexus (GP) marked in light gray. Armour et al.9 (B) identified the major atrial 
and ventricular GP from a posterior view of the heart. A is reprinted with permission from Pauza et 
al.1; B is reprinted with permission from Armour et al..9

DRA: dorsal right atrial ganglionated subplexus, IVC: inferior vena cava, LC: left coronary ganglionated 
subplexus, LD: left dorsal ganglionated subplexus, LV: left ventricle: MD: middle dorsal ganglionated 
subplexus, PA: pulmonary artery, RC: right coronary ganglionated subplexus, RV: right ventricle, SVC: 
superior vena cava, VLA: ventral left atrial ganglionated subplexus, VRA: ventral right atrial ganglion-
ated subplexus.
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AUTONOMIC MODULATION IN ATRIAL FIBRILLATION

The atrial susceptibility to autonomic nervous modulation relates to the high density of 

autonomic nerves and the presence of acetylcholine sensitive potassium channels. The 

influence of the intrinsic ANS on the atrium was reviewed by Stavrakis et al.20 recently.

Trigger modulation

In the study of Choi et al.21, atrial fibrillation (AF) and atrial arrhythmias (induced by rapid 

atrial pacing) were always preceded by activation of the intrinsic ANS in dogs, but no 

intracardiac recordings were made to localize the origin of AF. In patients, PV ectopy, 

most frequently arising in the superior PVs, commonly triggers paroxysmal AF.22 Animal 

and human studies have shown that stimulation of the GPs near the PV triggers PV ec-

topy.23,24 In canine PVs, Patterson et al.3 demonstrated that decreased action potential 

duration was mediated by the parasympathetic system, and that the sympathetic system 

increased myocardial cytoplasmatic [Ca2+]. The combination of both components was 

required for early afterdepolarizations in the PVs, which in turn triggered AF. In right 

atrial tissue a similar protocol did not yield arrhythmias.3 A high degree of autonomic 

innervation near the PVs and a shorter action potential duration in PV myocytes than in 

atrial myocytes might underlie these findings. Ectopic activity in other highly innervated 

structures, such as the ligament of Marshall, may also trigger AF.11,13,25 Stimulation of the 

ligament of Marshall caused ectopy and triggered AF in 8 AF patients during catheter 

ablation.26 However, triggers of AF are not confined to highly innervated tissue. In 27% 

of 987 patients with repeat ablation after a first PV isolation had been unsuccessful, 

with predominantly nonparoxysmal AF, ectopic firing from the left atrial appendage 

was observed.27 It is unknown whether this trigger mechanism is different from patients 

with AF not previously treated or whether non-PV triggers remain once PV triggers are 

excluded after ablation.

Substrate modulation

The perpetuation of AF requires an arrhythmogenic substrate suitable for reentry or 

the presence of a continuous trigger. A short effective refractory period, heterogene-

ity in repolarization, or slow conduction constitute the main determinants for reentry. 

Vagal stimulation shortens the effective refractory period in rapid pacing induced AF 

models in dogs and creates a functional substrate for AF.28–30 In addition, repolariza-

tion becomes more heterogeneous, most likely due to the heterogeneous nature of 

parasympathetic innervation.30,31 In canine atria, AF was induced after superfusion with 

a combination of isoprenaline and acetylcholine. Isoprenaline facilitated initiation and 

maintenance of acetylcholine induced AF through a decreased AF threshold (lowering 

the acetylcholine dose required to induce AF).32 The ANS not only affects repolarization, 
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but also conduction properties. In patients, GP stimulation has been shown to affect ac-

tivation time.33,34 GP stimulation activates all nerves present in the GP and is therefore 

not specific for 1 arm of the ANS, but conduction slowing was particularly evident in 

patients using beta-blockers.33 Conduction slowing by acetylcholine could be attrib-

uted to a reduced excitability, but a role of noncholinergic neurotransmitters released 

upon vagal stimulation cannot be excluded.35 In dogs, vasoactive intestinal polypeptide 

induced conduction slowing in a dose-dependent manner.36 ANS-mediated conduction 

changes might cause or increase fractionation in atrial electrograms with or without the 

presence of a suitable structural substrate such as fibrosis.37,38

Autonomic Remodeling

Most of the data on autonomic modulation come from healthy tissue, frequently from 

animal studies, with only short-term remodeling.3,32 In most cardiac patients, the myo-

cardium is electrically, structurally, and autonomically remodeled for a long period. 

Autonomic remodeling may change the response to ANS stimulation and (the balance 

of) the para- and sympathetic innervation.3,39–41 Increased sympathetic nerve and 

beta-adrenergic receptor density was observed in dogs with heart failure together with 

increased acetylcholinesterase activity and less shortening of effective refractory period 

on vagal stimulation.41 In rapid pacing AF models in dogs, parasympathetic and sympa-

thetic nerve density was increased.42 An increase of sympathetic nerve density has been 

described in human chronic AF patients, but whether this is compensatory to increased 

vagal stimulation or causal for AF in unknown.12,43

AUTONOMIC MODULATION IN vENTRICULAR ARRhyThMIAS

In acute myocardial infarction, a high heart rate is an important risk factor for arrhyth-

mias.44 Not only is it a marker of a high sympathetic tone, but a high heart rate increases 

ventricular oxygen demand and has important proarrhythmic effects such as a decreased 

action potential duration and increased myocardial cytoplasmatic [Ca2+].45 Heart rate vari-

ability has been used as an indirect measure of autonomic balance and is significantly 

associated with the risk of life threatening arrhythmias.46 Additionally, a high sympa-

thetic tone during myocardial infarction leads to vasoconstriction and increased infarct 

size.47 However, the sympathetic nervous system also exerts an arrhythmogenic effect 

independent of heart rate. Evidently, ventricular arrhythmias in the setting of inherited 

arrhythmia syndromes such as catecholaminergic polymorphic ventricular tachycardia 

(VT) are entirely dependent on sympathetic activity.48 Furthermore, QT interval and QT 

dispersion are markedly increased upon infusion of epinephrine (but not phenlyephrine) 
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in patients with Long QT syndrome 1 compared to healthy controls, underscoring the 

arrhythmogenic potential of the sympathetic ANS.49

Trigger modulation

Experimental data suggest a role of triggered activity in ANS-mediated ventricular ar-

rhythmias, although there is limited data from clinical studies. For example, in 20 dogs 

treated with cesium-chloride to prolong QT time, left stellate ganglion stimulation caused 

early afterdepolarizations.50 Left stellate ganglion stimulation decreased action potential 

duration and elicited delayed afterdepolarizations in 10 of 14 cats.51 Early afterdepo-

larizations were also elicited in isolated ventricular cardiomyocytes from failing human 

hearts after superfusion with noradrenaline.52 The contribution of triggered activity to 

ventricular arrhythmias in patients with myocardial infarction is unknown.53

Substrate modulation

Sympathetic stimulation either shortens or prolongs the ventricular effective refrac-

tory period, depending on species and comorbidities. For instance, in a study on dogs, 

the ventricular effective refractory period was prolonged after vagal stimulation and 

shortened after sympathetic stellate ganglion stimulation.4 Indeed, stellate ganglion 

stimulation reduced ventricular fibrillation (VF) intervals in dogs on cardiopulmonary 

bypass.54 Interestingly, these effects were heterogeneous, with differences upon right 

or the left stellate ganglion stimulation, and with marked individual variation. Therefore, 

sympathetic stimulation can facilitate reentry not only through shortening of effective 

refractory period but also through increased repolarization heterogeneity.47,54–56 Although 

parasympathetic nerves are not abundantly present on the ventricle, they may partially 

and regionally antagonize the effects of the sympathetic nervous system.4,57

Autonomic remodeling

In addition to electrical and structural remodeling of the ANS, the sympathetic branch 

in particular remodels following myocardial infarction.58 The density of synapses and 

nerves and nerve activity of the left stellate ganglion increased in dogs with myocardial 

infarction.59 These remote changes preceded increased ventricular myocardial sympa-

thetic innervation.60 In transplanted human hearts an increased density of sympathetic 

nerves was found in patients with a history of ventricular arrhythmias.61 Heterogeneity in 

sympathetic innervation due to denervation in infarcted areas induced supersensitivity, 

resulting in increased shortening of the effective refractory period during sympathetic 

stimulation.62 This may increase vulnerability to ventricular arrhythmias during ischemia.63



Chapter 2

32

IDENTIFICATION OF ANS ACTIvITy

Noninvasive methods to identify autonomic activity are limited. The exception is heart 

rate variability, which has been extensively studied as a marker for autonomic activity 

and balance but this parameter only supplies information on sinus node innervation 

and does not reflect the extrinsic and intrinsic nerve activity.39,64 The activity from the 

postganglionic nerve fibers in skin and muscle appears to accurately reflect central sym-

pathetic activity more sensitively than heart rate variability in dogs, but this option has to 

prove its clinical value.65,66 Computed tomography and magnetic resonance imaging have 

been of great value in demonstrating the structural substrate of cardiac arrhythmias, 

but are of limited value in the identification of the ANS.67,68 Currently, only iodine-123 

metaiodobenzylguanidine (123I-MIBG) imaging provides information on the sympathetic 

ANS and has been extensively studied in patients with ventricular arrhythmias.

123I-MIBG Imaging
123I-MIBG imaging assesses sympathetic nerve distribution and quantifies local nor-

adrenaline reuptake and sympathetic activity. A lower heart/mediastinum 123I-MIBG ratio, 

represents increased sympathetic neurotransmitter reuptake activity. A high sympathetic 

activity on 123I-MIBG imaging predicted progression to permanent AF during a mean 

follow-up of 4 years or correlated with increased recurrences of AF after ablation.69,70 

However, 123I-MIBG imaging lacks the resolution for assessment of local atrial innervation 

and denervation. Therefore, its application might be limited in unselected populations 

with atrial arrhythmias. There is an association between increased sympathetic activ-

ity on 123I-MIBG imaging and the increased risk of recurrent ventricular arrhythmias in 

patients with structural heart disease, as in patients with myocardial infarction.71 Similar 

observations were made in patients with VT and apparent normal structural hearts.72,73 

These patients present either a subgroup of patients at high risk or a group of patients 

with a cardiac disease before it is clinically detectable. Defects in sympathetic innerva-

tion can be assessed and neural activity can be compared with perfusion images from 

single-photon emission computed tomography scanning. Sympathetic denervation on 
123I-MIBG scans has a high accuracy in predicting arrhythmic events in implantable car-

dioverter-defibrillator patients and patients with previous ventricular arrhythmias.74–76 In 

the ADMIRE-HF (AdreView Myocardial Imaging for Risk Evaluation in Heart Failure) trial, 

a low 123I-MIBG heart/mediastinum ratio (<1.6) was associated with an increased risk for 

cardiac arrhythmias in patients with heart failure and a left ventricular ejection fraction 

of ≤35%.77 However, sympathetic denervation per se did not predict cardiac events, 

potentially because these patients had no prior ventricular arrhythmias. Therefore, the 

heart/mediastinum ratio is useful only in selected patient populations to identify risk 

for future arrhythmic events. Klein et al.78 investigated the use of 123I-MIBG acquired 
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denervation maps in combination with voltage maps for the ablation of ventricular ar-

rhythmias. In this study the denervation maps were larger than the scar areas and VT 

ablation sites were located in the areas of abnormal innervation. However, the VT recur-

rence rate of 43% after 6 months was similar to conventional treatment (not guided 

by 123I-MIBG- single-photon emission computed tomography). This study is of interest 

because it looked beyond structural substrate ablation toward autonomic modulators in 

ablation of ventricular arrhythmias. Thus, clinical validation of 123I-MIBG single-photon 

emission computed tomography derived parameters in different patient populations 

with different risk profiles is needed.

Cardiac ANS localization

GPs may be a target for ablation, and thus it is important to identify their location. Endo-

cardial stimulation of atrial GPs with high frequency stimulation induces a vagal reaction, 

reflected in a R-R interval prolongation of >50%.79 Right atrial GP ablation attenuates 

this vagal response, as it is predominantly mediated by the anterior right GP on the sinus 

node and by the inferior right GP on the AV node.17,80 Thus, absence of an increase in R-R 

interval of 50%, only proves a loss of innervation of the sinus node or AV-node and not 

the dysfunction or destruction of the GPs per se. Therefore, absence of increase in R-R 

interval upon high frequency stimulation is an unreliable endpoint of successful ablation 

of the GPs. A randomized study in 80 patients showed that an anatomical rather than a 

functional (eliciting a vagal response) approach toward atrial GP localization and abla-

tion led to more favorable results (77.5% vs. 42.5% absence of AF, 13.1 ± 1.9 months 

follow-up) (Figure 2).81 Despite high success rates for GP ablation compared to other 

studies, the data suggest that anatomical localization and ablation of the GPs might be 

superior.9 An anatomical epicardial approach of ablation, as with thoracoscopic surgery 

allows clear visualization of epicardial fat pad in which the atrial GPs reside.82 Areas of 

complex fractionated atrial electrograms, defined as low-voltage multiple potential bipo-

lar atrial electrograms with a high degree of fractionation are found around the anatomi-

cal locations of the GPs.38,83–85 They may represent a dynamic substrate driven by both 

parasympathetic and sympathetic innervation, and are often identified to guide ablation 

procedures in patients with AF.84 However, complex fractionated atrial electrograms are 

not a specific marker of the ANS but an electrophysiological representation of structural, 

electrical and autonomic remodeling resulting from a variety of pathophysiologic condi-

tions.86
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ThERAPEUTIC MODULATION OF ThE INTRINSIC ANS

Pharmacological GP modulation

Direct injection of botulinum toxin, a cholinergic blocker, in epicardial fat pads contain-

ing the GPs, temporally suppressed AF inducibility in dogs87 (Central Illustration). In a 

small pilot study in patients undergoing coronary artery bypass surgery botulinum toxin 

injection resulted in less post-operative AF (7% vs. 30%).88 Larger studies are needed to 

confirm this finding. Yu et al.89 delivered a neurotoxin N-isopropyl acrylamide monomer 

to the GPs using iron-core nanoparticles, both after direct injection and intracoronary 

infusion. Nanoparticles injected into the anterior right GP resulted in a reduced sinus 

node response upon GP stimulation and increased AF threshold. The nanoparticles were 

magnetically directed to the inferior right GP using a large magnet and resulted in a re-

duced ventricular rate response upon GP stimulation. This proof-of-concept study dem-

onstrates that it is possible to selectively target the intricate neural network, although 

clinical application has to be awaited.

Figure 2. – Differences between anatomical and selective functional ganglion plexus ablation. Free-
dom from recurrent atrial fibrillation or atrial flutter after selective functional ganglion plexus abla-
tion (solid line) and anatomic ablation (dashed line). Reprinted with permission from Pokushalov et 
al..81

AGPA: anatomical ganglion plexus ablation, SGPA: selective ganglion plexus ablation.
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Central Illustration - Targets of autonomic nervous system modulation for treatment of cardiac ar-
rhythmias. A schematic representation of the extrinsic and intrinsic autonomic nervous system. The 
different targets for autonomic nervous system modulation in the treatment of cardiac arrhythmias 
are shown.
AF: atrial fibrillation, CP: cardiac plexus, MI: myocardial infarction, PVI: pulmonary vein isolation, VF: 
ventricular fibrillation, VT: ventricular tachycardia.
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GP Ablation

GP ablation additional to PV isolation (PVI) (but not as a stand-alone procedure) appears 

to improve procedural efficacy (Central Illustration).5,90 Combined PVI and GP ablation 

resulted in a 74% success rate in patients with paroxysmal AF compared to 56% and 

48% in GP ablation and PVI alone, respectively, after 2 years of follow-up.5 The effects 

may be due to prevention of PV ectopy through GP ablation and PVI, although it cannot 

be excluded that GP ablation involves more extensive left atrial myocardial ablation. 

This alone, even without the involvement of ANS modulation, might have contributed 

to the added effect of GP ablation and makes the potential beneficial effect of GP abla-

tion uncertain.91 Compared to endocardial ablation, where the delivered energy may 

not always reach the epicardially located fat pads, the epicardial approach through 

thoracoscopic surgery allows visualization of GPs and more effective ablation of a 

larger part of the epicardial neural network.82,92 However, regardless of the approach to 

GP ablation, partial recovery of GPs function has been observed, which may limit the 

long-term procedural effect.93,94 This might be due to reinnervation by efferent nerves 

or through neural remodeling, leading to increased sensitivity to the remaining neural 

stimulation or both.60,95 Ablation of GP may not be harmless. He et al.96 reported an 

increased incidence of myocardial ischemia induced VF after atrial GP ablation in dogs, 

potentially due to attenuated parasympathetic tone. Few data exist of GP modulation of 

ventricular arrhythmias. Stimulation of the GPs in dogs has been reported to decrease 

the incidence of ventricular arrhythmias, which may relate to parasympathetic effects 

indirectly modifying sympathetic activity.97 However, selective ablation of ventricular 

GPs has not been studied.

ThERAPEUTIC MODULATION OF ThE ExTRINSIC ANS

Modulation of the extrinsic ANS, mainly stellate ganglion ablation, has been applied 

for VF.98 Recently, there have been a number of studies investigating the extrinsic ANS 

for the treatment of AF (Central Illustration).99,100 However, most data are derived from 

animal studies and await clinical confirmation of efficacy and safety.

Stellate ganglion ablation

Modification of the sympathetic tone through ablation of the stellate ganglion reduces 

ventricular arrhythmias.101 In patients with recurrent multiple VF episodes after myo-

cardial infarction sympathetic blockade, either with stellate ganglion ablation or with 

beta-blockers, increased survival compared to standard antiarrhythmic drugs.102 Addi-

tionally, stellate ganglion ablation has been applied in patients with inherited arrhythmia 

disorders with drug resistant sympathetically induced arrhythmias, such as long QT 
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syndrome and catecholaminergic polymorphic VT.103,104 Although highly successful, 

stellate ganglion ablation surgery may lead to surgical complications and denervation 

is not always complete.103,104 There are no reports on stellate ganglion ablation for the 

treatment of atrial arrhythmias in humans. However, in a study with 6 dogs with pacing-

induced heart failure, left and right paravertebral T2 to T4 thoracic sympathetic ganglion 

ablation reduced of the number of atrial tachycardia episodes compared to a control 

group without stellate ganglia ablation.105

Spinal cord stimulation

Spinal cord stimulation (SCS) of T1 to T5 with an external stimulator appears to modulate 

autonomic activity, possibly via inhibition of the stellate ganglion, but a role for increased 

vagal activity has been reported as well.106,107 This discrepancy may be related to the 

level (T1 to T5) of SCS. Antiarrhythmic effects in both atrial and ventricular arrhythmias 

have been described in canine studies. In canine AF tachypacing models SCS was able 

to reduce AF burden and inducibility.108 No effect was observed if SCS was initiated 8 

weeks after tachypacing was started. SCS decreased the occurrence of ischemia-induced 

ventricular arrhythmias via an anti-sympathetic action in dogs with healed myocardial 

infarctions.109,110 Interestingly, in animals using beta-blockers there was an additional 

antiarrhythmic effect of SCS, which suggests that SCS is not limited to the reported anti-

sympathetic effects.110 Similarly, SCS led to fewer ventricular arrhythmias and reduced 

heart rate variability and left stellate ganglion activity in acute myocardial infarction.107 

In 2 patients with a cardiomyopathy and high burden of ventricular arrhythmias SCS 

reduced VT and VF episodes up to 75% to 100%.111 The mechanism of SCS is not com-

pletely understood, and long term clinical effects and safety have never been studied in 

patients with arrhythmias.

vagal nerve stimulation

Stimulation of the cervical vagosympathetic trunks can antagonize the pro-arrhythmic 

sympathetic surge during acute myocardial infarction. Indeed, high-intensity vagal stimu-

lation during myocardial infarction resulted in 71% VF free survival versus 40% with low 

intensity and 10% with no vagal stimulation. During ventricular pacing to exclude heart 

rate effects, less VF occurred, suggesting a protective effect of the vagal stimulation be-

yond heart rate reduction.112 Vagal stimulation shortly after onset of myocardial ischemia 

also decreased VF incidence (from 92% to 10%) in dogs with prior myocardial infarc-

tion.113 Although vagal stimulation has pro-arrhythmic effects in the atria because of the 

presence of acetylcholine sensitive ion channels, discrete modulation of vagal tone with 

low-level vagal stimulation (LLVS) prevents atrial arrhythmias.32 LLVS stimulates the vagal 

nerve below the threshold at which an effect on heart rate is elicited. One week of LLVS 

reduced sympathetic nerve density in the stellate ganglion, as observed in dogs with 
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rapid pacing-induced AF, which is associated with fewer paroxysms of AF and decreased 

AF inducibility.114 Additionally, LLVS prevented and reversed atrial remodeling induced 

by rapid atrial pacing.6 These data have been confirmed in a proof-of-concept study 

where patients with paroxysmal AF received transcutaneous LLVS to the tracheal nerve, 

a branch of the vagus nerve. The patients had shorter episodes of pacing induced AF.115 

This study only applied short lasting vagal stimulation, during an ablation procedure. If, 

however, transcutaneous LLVS proves effective and safe in ambulatory patients with AF, 

this may pave the way for noninvasive application of this therapy.

Carotid body stimulation

No large clinical studies have been performed on electrical carotid body stimulation 

(CBS) in the treatment of atrial and ventricular arrhythmias.116 However, high-output CBS 

induces a vagal response that can be pro-arrhythmic in the atrium. CBS resulted in a 

shortening of the effective refractory period and increased AF inducibility in pigs.117 Low-

level CBS might prevent excessive vagal activation but still modulate autonomic activity: 

it prolonged the effective refractory period and prevented rapid atrial pacing–induced 

remodeling in rabbits.118 Low-level CBS also prolonged ventricular effective refractory 

period and reduced ventricular arrhythmias after acute myocardial infarction.119 How-

ever, in light of the recent progress in LLVS, which appears to act in a similar manner, it 

remains unclear whether CBS will develop as a viable alternative, as the carotid body is 

a delicate structure, located in a complex anatomical area.

Renal denervation

Renal denervation (RDN) caused decreased central sympathetic activity and lowered 

blood pressure in patients with refractory hypertension in experimental and early clinical 

studies.120 However, the SYMPLICITY HTN-III (Renal Denervation in Patients With Uncon-

trolled Hypertension) trial, a large multicenter trial, showed no benefit of RDN on systolic 

blood pressure in 535 patients with refractory hypertension compared to control. This 

could be explained by procedural characteristics, operator experience, placebo effect of 

the sham procedure, or insufficient selection of patients.121 However, although no effect 

on blood pressure was observed, and there is evidence that the effect on blood pressure 

and sympathetic activity are independent.120 RDN affects atrial and ventricular electro-

physiology, independent of the blood pressure effect as outlined subsequently.117,122–124 

Similarly, RDN led to decreased left atrial volume independent of the change in blood 

pressure in 66 patients with hypertension but without AF.125 Subjects with a high burden 

of premature atrial complexes experienced a reduction of these premature complexes, 

but this was not related to left atrial volume change. The lack of correlation between 

morphological and electric or autonomic changes might be due to a low sample size and 

heterogeneity within the group. Nevertheless, these findings suggest that RDN has an 
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effect beyond blood pressure reduction and appears to influence autonomic activity. In 

16 dogs with a hypersympathetic state (induced by rapid atrial pacing and left stellate 

ganglion stimulation), RDN diminished AF inducibility and reversed the effective refrac-

tory period shortening following stimulation of the left stellate ganglion and rapid atrial 

pacing.126 RDN applied before the onset of AF reduced atrial remodeling after 5 weeks of 

rapid atrial pacing in dogs and after 6 weeks in goats independent of the change in blood 

pressure.122,127 Therefore, RDN may affect extensive remodeling during long-term follow-

up. These observations suggest that RDN is effective in patients with sympathetically 

driven AF. In a small clinical study, 69% of the 27 paroxysmal or persistent AF patients 

with refractory hypertension who underwent PVI and RDN were free of AF versus 29% in 

the PVI alone group (Figure 3).100 A meta-analysis of 80 patients showed similar results, 

with a more profound effect in a subgroup analysis in patients with severe hyperten-

sion.128 Although follow-up was performed without continuous monitoring, RDN appears 

beneficial in patients with AF and moderate or severe hypertension. However, there are 

no data on RDN in patients with AF without hypertension. RDN also reduced the number 

of spontaneous ventricular extra systoles and VF in pigs (with acute regional ischemia) in 

a similar manner as betablockade with atenolol.123 Additionally, in 4 patients with (non) 

ischemic cardiomyopathy and frequent VT despite maximal drug therapy and ablation, 

RDN reduced the occurrence of VT episodes from 11.0 episodes during the month before 

Figure 3. – Incidence of AF recurrences in patients with and without renal artery denervation. The 
group that underwent both PVI and renal artery ablation has a significantly reduced atrial fibrillation 
(AF) recurrence rate over time compared with the control pulmonary vein isolation (PVI)–only group. 
Reprinted with permission from Pokushalov et al..100

AT: atrial tachyarrhythmia.
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to 0.3 episodes the month after ablation.129 However, in light of the SIMPLICITY HTN-III 

experience, blinded clinical studies with sham interventions should be performed to 

assess the antiarrhythmic effect of RDN.

CONCLUSIONS

Modulation of the ANS may be used to treat cardiac arrhythmias. Animal and human 

studies have revealed an intricate network of interconnected nerves of both the para-

sympathetic and sympathetic nervous system on the atria and ventricle. New functional 

imaging techniques can help us visualize the ANS in individual patients.70 Ablation of 

GPs, the integration centers of the intrinsic ANS, shows promising results for the treat-

ment of AF.5 However, with current imaging techniques it is difficult to identify or localize 

the intrinsic ANS. New invasive treatment options aimed at the extrinsic cardiac ANS, 

such as LLVS and RDN, provide interesting future treatment possibilities both for AF and 

ventricular arrhythmias, but await thorough clinical testing.114,128 Furthermore, targeting 

these nerve structures is invasive and associated with the risk of complications.104 Once 

we are able to reliably identify the intrinsic ANS and define the optimal treatment target 

of ANS modification, clinical studies on modifying the ANS may open an entirely new 

stage for treatment of arrhythmias. Such studies may not only improve the outcome of 

ablation therapy but may also advance our understanding of how the ANS interacts with 

the myocardium to cause cardiac arrhythmias.
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ABSTRACT

Introduction

Atrial fibrosis is an important component of the arrhythmogenic substrate in patients 

with atrial fibrillation (AF). We studied the effect of interstitial fibrosis on conduction 

velocity (CV) in the left atrial appendage of patients with AF.

Methods

Thirty-five left atrial appendages were obtained during AF surgery. Preparations were 

superfused and stimulated at 100 beats per minute. Activation was recorded with opti-

cal mapping. Longitudinal CV (CVL), transverse CV (CVT), and activation times (>2 mm 

distance) were measured. Interstitial collagen was quantified and graded qualitatively. 

The presence of fibroblasts and myofibroblasts was assessed immunohistochemically.

Results

Mean CVL was 0.55±0.22 m/s, mean CVT was 0.25±0.15 m/s, and the mean activation 

time was 9.31±5.45 ms. The amount of fibrosis was unrelated to CV or patient character-

istics. CVL was higher in left atrial appendages with thick compared with thin interstitial 

collagen strands (0.77±0.22 versus 0.48±0.19 m/s; p=0.012), which were more frequently 

present in persistent patients with AF. CVT was not significantly different (p=0.47), but 

activation time was 14.93±4.12 versus 7.95±4.12 ms in patients with thick versus thin 

interstitial collagen strands, respectively (p=0.004). Fibroblasts were abundantly present 

and were associated with the presence of thick interstitial collagen strands (p=0.008). 

Myofibroblasts were not detected in the left atrial appendage.

Conclusions

In patients with AF, thick interstitial collagen strands are associated with higher CVL and 

increased activation time. Our observations demonstrate that the severity and structure 

of local interstitial fibrosis is associated with atrial conduction abnormalities, presenting 

an arrhythmogenic substrate for atrial re-entry.
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INTRODUCTION

In patients with atrial fibrillation (AF), an increased amount of fibrosis is found in the 

atria.1,2 Atrial fibrosis is an important component of the arrhythmogenic substrate in 

patients with AF.3 Fibrosis can be arrhythmogenic by increasing the extracellular matrix 

collagen content, separating atrial myocytes, and increasing the length of activation 

pathways, or by direct fibroblast–cardiomyocyte coupling resulting in an increased pas-

sive electric load to the cardiomyocytes.4,5 In particular, myofibroblasts—differentiated 

fibroblasts that develop during pathological stimuli—contribute to the pathological 

fibrotic remodeling and couple directly with cardiomyocytes have been described.6,7 

The changes in fibrosis formation and (myo)fibroblast–cardiomyocyte interaction can 

facilitate re-entry after a premature beat emanating from the pulmonary veins. The effect 

of the quantity and the structural organization of fibrosis on atrial conduction abnormali-

ties in man is unknown. Animal experiments show an increase in the heterogeneity of 

conduction as a result of increased interstitial fibrosis.8,9 We studied the amount and 

organization of interstitial fibrosis and investigated the effect of interstitial fibrosis on 

conduction characteristics in the left atrial appendages (LAAs) from patients with AF.

METhODS

Thoracoscopic surgery

Thirty-five LAAs were obtained from patients with AF during thoracoscopic surgery, as 

described before.10 The patient characteristics are shown in Table. The study was in 

accordance with the declaration of Helsinki and approved by the Institutional Review 

Board. All patients gave written informed consent. The LAAs were removed using an 

endoscopic stapling device (Endo Gia stapler, Tyco Healthcare Group). The tissue samples 

were transported to the optical mapping setup in 100-mL cooled superfusion fluid (Na+, 

155.5 mmol/L; K+, 4.7 mmol/L; Ca2+, 1.45 mmol/L; Mg2+, 0.6 mmol/L; Cl−, 136.6 mmol/L; 

HCO3−, 27 mmol/L; PO43−, 0.4 mmol/L; glucose, 11.1 mmol/L; and heparin, 1000 IE).

Optical mapping

Preparations were submerged in a tissue bath. The superfusion fluid was kept at a tem-

perature of 36.5°C to 37.5°C and oxygenized with a mixture of 95% O2 and 5% CO2 to 

maintain a pH of 7.4. All LAAs were stimulated at 100 beats per minute at twice diastolic 

threshold with a pulse width of 2 ms using an epicardial electrode. In 6 LAA preparations, 

short-coupled premature stimuli were applied and optical mapping recordings were 

made of the shortest conducting S1–S2 interval. The preparation was equilibrated for 

≥30 minutes. Di-4-ANEPPS (Tebu Bio) was used as a membrane potential-sensitive fluo-
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rescent dye. A contraction uncoupler 2 to 10 mmol/L 2-3-butanedione monoxime (DAM; 

Sigma-Aldrich, B0753) was added if motion artifacts precluded recording of fluorescent 

action potentials (n=7). A MiCAM Ultima camera (SciMedia USA Ltd) was used to record 

epicardial images of an area of 1 cm2 with a resolution of 100×100 pixels and a sample 

time of 0.5 ms. Images were stored using MiCAM Ultima Experiment Manager. A custom-

made analysis program based on MATLAB R2006b (The MathWorks, Inc) was used to con-

struct epicardial activation maps. The occurrence of motion artifacts precluded analysis 

of the repolarization of the LAA.

Measurement of conduction velocity

Local activation times (ATs) were determined from the steepest upstrokes of the optical 

action potential at each pixel. Activation maps were constructed from local ATs. To assess 

conduction velocity (CV), a line was drawn in the activation map in the direction of the 

activation wavefront (Figure 1). Subsequently, ATs were plotted against the distance from 

the stimulation site. This relation allowed for identification of the latency close to the 

stimulation site and breakthrough of multiple wave fronts at larger distance of the stimu-

lation site. CV was calculated from the slope of the linear portion of the relation between 

distance to the stimulation site and AT. Local longitudinal CV (CVL) and local transverse 

Table 1. – Patient Characteristics

LAA
(n=35)

Age, mean ± SD, years 58±9

Male, n (%) 20 (57)

Years of AF, mean ± SD, years 7±7

Type AF

Paroxysmal, n (%) 12 (34)

Persistent, n (%) 23 (66)

CHADSVASc, median, limits 2 (0-4)

0-1 16 (46)

≥2 19 (54)

Medication

Flecainide, n (%) 11 (31)

Beta-blockers, n (%) 19 (54)

Sotalol, n (%) 7 (20)

Amiodarone, n (%) 3 (9)

Calcium-antagonists, n (%) 7 (20)

Echocardiographic atrial volume index, mean ± SD, mL/m2* 41±13

*Atrial volume indexed for the body surface area of the patient determined <6 months before sur-
gery.
AF: atrial fibrillation, SD: standard deviation.
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CV (CVT) were calculated from the line starting at the point of earliest activation along, 

which activation spread most rapidly, and the line perpendicular to that respectively, 

assuming that this represented fi ber direction. In addition, to assess the infl uence of 

fi brotic barriers on gross transverse conduction delay in the LAA, the AT was measured 

along an arbitrarily chosen 2 mm line on the activation maps perpendicular to the fi ber 

direction at the site of greatest transverse conduction slowing (Figure 1).

Collagen quantifi cation and organization

After optical mapping, the LAAs were frozen at −80°C with liquid nitrogen. Slides were 

prepared from the recording area of the LAA. Picrosirius red staining was performed for 

visualization and quantifi cation of interstitial collagen in 32 LAAs. Three to 5 photographs 

A B

C D

Figure 1. – A, Illustration of an activation map with a line drawn in direction of the activation wave-
front. In the graph (B) the activation times (ATs) are plotted against the distance from the stimulus 
site. The latency (L) and potential breakthrough (Br) of multiple wave fronts are identifi ed. The slope 
of the linear portion of the relation between distance and AT (a) is used to calculate the conduction 
velocity (CV). C, Typical example of an activation map (1 cm2) of left atrial appendage (LAA). The 
isochronal lines are 2 ms apart and color scale is in ms; red represents the earliest and purple the 
latest activation. The graph (D) shows the ATs along the solid and striped lines in the activation map, 
which are drawn perpendicular to the isochronal lines for longitudinal and transverse conduction, 
respectively.
CVL: longitudinal CV, CVT: transverse CV, S: stimulation
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from each section of randomly selected areas were taken of non-overlapping fields at 

×10 magnification. The percentage of interstitial collagen of the total tissue (collagen 

and cardiomyocytes) was determined, after manual exclusion of epicardial, endocardial 

and perivascular fibrosis.11,12 Two independent observers (blinded to the origin of the 

sections) assessed the width of interstitial collagen strands (ICS) qualitatively (Figure 2). 

The width of the ICS was assessed and qualified as predominantly containing either thin 

(±<0.01 mm) or thick fibrotic strands (±≥0.01 mm).

A

B

Figure 2. – A, Example of the picrosirius red staining of a left atrial appendage (LAA) with thick 
interstitial collagen fibers (ICS). The red color represents collagen and the yellow/orange staining 
represents cardiomyocytes. B, A LAA with thin ICS.
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Fibroblast histology

Fibroblasts were identified with anti-vimentin antibody (1:2000, DAKO, M0725) and an 

indirect peroxidase (3-amino-9-ethylcarbazole peroxidase) was used as the substrate in 

27 LAAs. Sections were faintly counterstained with additional hematoxylin staining and 

3 to 5 photographs of different, randomly selected areas were taken of non-overlapping 

fields at ×20 magnification. The density of fibroblasts in the tissue was semiquantitatively 

assessed optically by 2 independent observers, blinded for section origins, based on 

the density of fibroblasts scattered throughout the tissue area (excluding microvessels). 

Two groups were identified (intermediate, ±<30% of tissue area and many, ±>30% of 

tissue area). All immunohistochemical staining included the use of positive and negative 

controls with omission of the primary antibody and stained using the same techniques.

Myofibroblast histology

α–smooth muscle actin (α-SMA) antibody’s (1:800, Sigma, A2547) was used for stain-

ing of myofibroblasts in 27 LAAs. Because α-SMA stains pericytes and vascular smooth 

muscle tissue as well, an anti-CD31 antibody staining (1:500, DAKO, M0823) was 

performed to stain endothelial cells. Cell nuclei were stained with Sytox green (1:1000, 

Molecular Probes, S-7020). The combination of co-staining of α-SMA and CD31 indicates 

microvasculature. Isolated α-SMA positive cells in the interstitium were considered to be 

myofibroblasts. Three to 5 photographs of different areas were taken of non-overlapping 

fields at ×20 and ×40 magnification in each LAA to identify interstitial myofibroblasts. All 

immunohistochemical staining included the use of positive and negative controls with 

omission of the primary antibody and stained using the same techniques.

Statistics

Data are presented as mean ± standard deviation for normally distributed continuous 

variables or median and empirical limits for non-normally distributed variables. Categori-

cal variables are presented in numbers with percentages. Differences were determined 

using an independent Student t test for normally distributed data or a Mann–Whitney U 

test for non-normally distributed data. To assess correlation in normally distributed data, 

the Pearson was used and in case of nonparametric data Spearmans was used. p<0.05 

was considered significant. Statistical analyses were performed using IBM SPSS Statistics 

version 20.
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RESULTS

Conduction velocity

Mean CVL was 0.55±0.22 m/s and mean CVT was 0.25±0.15 m/s. Median anisotropy was 

3.1 (1.05–13.4). CVL and CVT were not significantly different in patients with paroxysmal 

or persistent AF (CVL: p=0.25 and CVT: p=0.51). Other patient characteristics were not 

associated with CVL or CVT. In particular, the use of sodium channel blocking drugs fle-

cainide and amiodarone were not related to CVL (p=0.94) or CVT (p=0.14). Mean AT was 

9.31±5.45 ms. AT was not different between patients with paroxysmal or persistent AF 

(p=0.15). Patient characteristics, including the use of sodium channel blocking drugs fle-

cainide and amiodarone were not associated with AT (p=0.76). A total of 7 LAAs required 

DAM to reduce motion artifacts. CVL (p=0.47), CVT (p=0.28), and AT (p=0.62) between the 

LAAs exposed to DAM and other LAAs were similar.

A B

C

Figure 3. – Effect of a short coupled extrastimu-
lus on conduction. A, activation map (1 cm2) of 
the left atrial appendage (LAA) during pacing at 
600 ms, isochrones at 2 ms. B, Activation map of a 
short coupled extrastimulus of 250 ms. Over the 
red line crossing a line of block, apparent con-
duction velocity (CV) is 0.06 m/s. The black line 
shows the true direction of the activation wave-
front, circumventing the line of block, with an ap-
parent CV of 0.23 m/s. C, Associated optical trac-
ings of action potentials under the red line in (B). 
The maximum dv/dt (activation times) are marked 
with circles, which show conduction block along 
the line.
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In the 6 LAAs with premature stimulation (shortest S1–S2 interval; mean 250 ms [200–

260 ms]), CVL was 0.44 m/s [0.33–0.56 m/s] at baseline and 0.30 m/s [0.15–0.40 m/s; 

p=0.046] at shortest S1–S2 interval. CVT was 0.24 m/s (0.46–0.06 m/s) at baseline and 

0.16 m/s (0.05–0.25 m/s; p=0.12) at shortest S1–S2 interval. AT increased significantly 

from 4.73 ms (3.33–6.90 ms) to 8.08 ms (4.35–13.33 ms; p=0.028). Activation maps of 

the shortest captured S1–S2 interval showed prolonged ATs and clear lines of conduc-

tion block, that were absent during stimulation at basic cycle length. Figure 3 shows 2 

representative activation maps from the same LAA. In this LAA, the CVL was 0.46 m/s 

and CVT was 0.27 m/s at baseline. Note that at the short-coupled premature stimuli the 

activation pattern shows a zig-zag pattern, calculated CVL was 0.15 m/s and CVT was 

0.13 m/s, whereas the apparent CV along line C is 0.06 m/s. However, if we follow the 

activation wavefront (line D), circumventing the area of conduction block, apparent CV 

along the activation wavefront is 0.23 m/s.

Interstitial fibrosis

In 4 LAAs, severe artifacts precluded the semiquantitative analysis of interstitial collagen. 

In the remaining 28, the collagen content was 16.8±7.5%. There was no significant dif-

ference in the percentage of collagen between patients with paroxysmal and persistent 

AF (p=0.22). CVL and CVT were not associated with the amount of collagen (CVL: p=0.098 

and CVT: p=0.91). However, a larger degree of transverse conduction delay was observed 

in patients with a high amount of collagen (AT: p=0.015). Other clinical characteristics of 

the patients, including left atrial size were not associated with the interstitial collagen 

content.

After qualitative assessment, 24 LAAs contained mainly thin ICS, whereas 8 LAAs had 

a mainly thick ICS. Thick strands were more often found in patients with a high degree of 

interstitial collagen content (mean 14.0% versus 21.1%; p=0.027). In addition, 7 of the 

8 patients with thick ICS had persistent AF. CVL was higher in patients with thick ICS of 

0.77±0.22 m/s compared with thin ICS of 0.48±0.19 m/s (p=0.012). CVT was not signifi-

cantly different between samples with thick ICS and thin ICS (0.24±0.14 m/s compared 

with 0.22±0.16 m/s; p=0.47; Figure 4). However, AT was significantly higher in patients 

with thick ICS compared with patients with thin ICS (14.93±6.93 versus 7.95±4.12 ms; 

p=0.004).

Fibroblast histology

Fibroblasts were abundantly present (intermediate, n=10 and many, n=17). A high den-

sity of fibroblasts was associated with a high CVL as shown in Figure 5 (intermediate, 

0.44±0.11 m/s versus many, 0.71±0.24 m/s; p=0.007). No differences were observed 

in CVT (intermediate, 0.21±0.09 m/s versus many, 0.30±0.20 m/s; p=0.66) and AT (in-
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Figure 4. – Influence of the quantity and quality of fibrosis on conduction velocity (CV) and activa-
tion time (AT). A, No correlation between the amount of fibrosis and longitudinal CV (CVL) and trans-
verse CV (CVT), but correlation with AT (p=0.015). B, Qualitative analysis reveals that a higher CVL is 
observed in samples with thick interstitial collagen fibers (ICSs) between cardiomyocytes (p=0.012). 
No influence of width of interstitial fibrosis is found on CVT. A longer AT is observed in the patients 
with thick ICS (p=0.004).
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termediate, 9.67±3.95 ms versus many, 10.64±6.68 ms; p=0.90). Furthermore, all the 

specimens with thick ICS also had many fibroblasts (p=0.008).

Myofibroblast histology

The combination of α-SMA and CD31 staining revealed a significant amount of interstitial 

atrial microvasculature, composed of CD31 positive smooth muscle cells bordered by a 

rim of α-SMA positive pericytes. Myofibroblasts could not be identified in the LAA (n=27) 

because no isolated α-SMA positive interstitial cells were present (Figure 6).

A
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Figure 5. – A, Section of a left atrial appendage is shown with intermediate fibroblast staining. B, 
Section with a high number of fibroblasts. C, High number of fibroblasts was associated with a high-
er longitudinal CV (CVL; p=0.007), whereas no difference is found in transverse CV (CVT).
CV: conduction velocity.
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DISCUSSION

This study shows that the structural local components of fibrosis, specifically the col-

lagenous interstitial matrix, played an important role in modulating CVL and CVT in LAAs 

obtained from patients undergoing antiarrhythmic surgery for AF. Patients with persistent 

AF or high degree of interstitial collagen had predominantly thick ICS. This was associated 

with increased CVL, whereas local CVT was not affected. In spite of increased CVL, more 

transverse activation delay was present in these preparations and areas of activation 

block occurred, leading to zig-zag conduction. More pronounced slowing of conduction 

was observed after short-coupled stimuli. They also induced lines of conduction block, 

which were absent under baseline stimulation. Fibroblasts were abundantly present in 

the human LAA, and was associated with thick ICS and a high CVL. No myofibroblasts 

were detected in the LAAs.

The role of fibrosis in the arrhythmogenic substrate of AF

The patients undergoing thoracoscopic surgery for AF had a mean amount of 16.8% fi-

brosis. In a study investigating patients with AF with or without mitral valve disease 7.6% 

fibrosis was reported in the LAAs of patients with lone AF and 10.7% in patients with 

mitral valve disease using similar methods of fibrosis quantification.1 The patients in our 

A B

Figure 6. – High contrast pictures of the combined fluorescence of Sytox Green (cell nuclei, blue), 
CD31 (endothelial cells, red), and α-SMA (α–smooth muscle actin; myofibroblasts, pericytes and vas-
cular smooth muscle tissue, green) at ×20 (A) and ×40 (B) magnification. Contrast is increased to vi-
sualize the background staining of the cardiomyocytes with CD31 (red) and α-SMA (green). Both the 
transverse and the longitudinal myocardial fibers are visible. The yellow and red\green costaining 
reveals the microvasculature. No isolated α-SMA staining, indicating the presence of myofibroblasts, 
could be found.
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study are patients with highly symptomatic AF with an indication for surgical treatment. 

The high amount of fibrosis in our patients might be explained by large atria, older age, 

and a greater predominance of persistent AF compared with earlier studies. However, no 

single patient characteristic was associated with the amount of fibrosis in the LAA in our 

data. In our patients, the organization of interstitial collagen rather than the amount was 

associated with conduction changes.9 The contribution of fibrosis to the arrhythmogenic 

mechanism has been extensively studied in monolayers of cultured myocytes, animal 

models, and in human ventricular myocardium.4,9,13,14 In our experiments, we observed 

the induction of activation delay, caused by propagation of the activation front around 

inexcitable barriers of collagen. In these LAAs, CV was only modestly affected, possibly 

because of increased transverse fiber separation.4,15 This may result in a heterogeneity 

of conduction, such as the occurrence of unidirectional conduction block and re-entry, 

facilitating both the induction and the maintenance of AF.16 At baseline, pacing some 

LAAs showed a high anisotropy and activation delay. High anisotropy might facilitate the 

development of AF because of ectopic foci.17 In the presence of short-coupled premature 

stimuli, such as during AF, lines of conduction block developed, and the activation wave-

front propagated around this area of block (Figure 3).

CV is also determined by excitability and coupling, mediated by the voltage-gated 

sodium channels and connexins, respectively.18 Therefore, we cannot fully exclude that 

changes in CV between patients might be related to changed function or expression 

of the voltage-gated sodium channels and (lateralization of) connexins.2,18 However, a 

severe reduction in functional gap junction, as well as a reduced voltage gated sodium 

channels would result in a reduced CV, whereas we observed an increase in CVL and a 

unaffected CVT. These findings illustrate the local arrhythmogenic effect of fibrosis in 

the pathophysiology of AF, but our data do not permit conclusions about the question 

whether fibrosis is a result or the cause of AF.19

The role of fibroblasts in the substrate of AF

A high density of fibroblasts in the LAA was associated with thick ICS, suggesting a local 

increase of extracellular matrix deposition. The increased extracellular matrix results 

in a separation between cardiomyocytes and subsequently in an increase in CVL.14 In 

in-silico models, fibroblasts have been described to act as passive electric load and to 

depolarize cardiomyocyte resting membrane potential through gap junctional coupling 

with myocytes.7 However, only the myofibroblast, a differentiated form of the fibroblast, 

connects to cardiomyocytes in in-vitro cell layer models.5,20 This connection can result 

in discontinuous slow conduction and induces spontaneous electric activity.21 Our ob-

servations argue against such a mechanism in the patients that we studied because CVL 

was increased in the presence of a high density of fibroblasts, which is not expected if 

reduced direct coupling is present. Alternatively, fibroblasts might exert their influences 
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on CV by a paracrine mechanism. In cell-cultures, a significant paracrine effect was found 

on CV, resulting in reduced CV.22 However, our data showed an increase in CVL in the 

presence of many fibroblasts, thus it is unlikely that the paracrine influences on CV have 

a major role in these patients.

The role of myofibroblasts in the substrate of AF

In response to pathological stimuli, fibroblasts differentiate into myofibroblasts.23 In 

our selected population of patients with symptomatic AF and enlarged atria undergoing 

thoracoscopic surgery for AF, no myofibroblasts were detected in the LAAs. However, 

myofibroblasts might play a more prominent role in other, more acute, causes of AF (eg, 

valvular AF, AF after ischemia, and experimental models)24,25 or in the earlier phases of 

AF. There, the myofibroblasts might contribute to an increase in extracellular matrix and 

subsequently differentiate to inactive fibrocytes in a later phase of the disease.

Clinical implications

The major finding of our study is that in patients with AF, an arrhythmogenic substrate for 

atrial re-entry is present, caused by the deposition of collagen. It may be conceivable that 

thick collagen strands anchor rotors that sustain human AF. Identification of the patients 

with severely affected fibrotic atria might help to guide therapeutic decision-making. 

Recent studies using noninvasive characterization of the fibrotic phenotype using MRI 

have shown an inverse relation between the success of catheter ablation for AF and the 

amount of fibrosis present in the atrium.26 Although present imaging techniques allow 

the detection of large areas of fibrosis, future developments might increase the resolu-

tion and enable the detection of smaller fibrotic strands.

Fibrosis consists of a dynamic substrate of fibroblasts and extracellular matrix in which 

collagen turnover is between 3% and 5% per day.27 A reduction in extracellular matrix 

secretion by fibroblasts or the prevention of the formation or migration of myofibroblasts, 

could possibly reduce or alter the deposition of collagen and could be a potential target 

of upstream therapy. Studies already have already demonstrated a moderate effect of 

upstream therapy in the setting of primary prevention.28 However, it is unclear whether 

secondary prevention can induce reverse remodeling and dissolve this arrhythmogenic 

substrate.29

Limitations

Because of the nature of surgery, we could obtain only LAAs, but no left atrial samples 

without cardioplegia for the electrophysiological experiments. Also, we were not able to 

obtain issue from healthy control patients. It is unclear whether the LAA myocytes are 

different from the rest of the atrium. The distribution and amount of interstitial collagen 

in the LAA probably reflects the fibrotic changes in the left atrium, although no study has 
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investigated the distribution of fibrotic remodeling throughout the entire human atrium. 

However, a similar amount of (increased) fibrosis was observed at different parts of the 

left atrium in patients with AF.30 Our model of the LAA provides a unique opportunity to 

study the atrial substrate in patients with AF.

All patients underwent the procedure under general anesthesia and remained on an-

tiarrhythmic drugs. These drugs could have influenced the electrophysiological findings 

in the LAA. However, no relation of the antiarrhythmic drugs with CV, especially sodium 

channel blocking drugs was observed.

After administration of DAM to the superfusion medium, a certain degree of motion 

artifact remained. Although DAM can influence the electrophysiological properties of the 

LAA, the LAA samples that received DAM were limited (n=7), were evenly distributed 

among the groups and did not deviate from results of samples without DAM. Because of 

motion artifacts induced by LAA contraction, determination of action potential character-

istics other than the upstroke (ie, repolarization) could not be reliably performed.

CONCLUSIONS

In patients undergoing thoracoscopic surgery for AF, the structural local interstitial com-

ponents of fibrosis modulate conduction in the LAA. Patients with persistent AF had more 

thick interstitial fibrotic strands, which was associated with an increased longitudinal 

CV, consistent with a separation of myocardial fibers. Local transverse conduction was 

not affected by these fibrotic strands, but activation delay was present because of areas 

of activation block. Slowing of conduction and increased areas of conduction block 

were observed after short-coupled stimuli, but were absent under baseline stimulation. 

Fibroblasts were abundantly present in the human LAA and were associated with thick in-

terstitial fibrotic strands and increased longitudinal conduction. However, myofibroblasts 

were absent in the human LAAs. Our observations demonstrate that the severity and 

structure of local interstitial fibrosis is associated with atrial conduction abnormalities, 

presenting an arrhythmogenic substrate for atrial re-entry.
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ABSTRACT

Introduction

In patients with atrial fibrillation (AF), the autonomic nervous system is supposed to 

play a role in triggering AF; however, little is known of the effect on atrial conduction 

characteristics. The purpose of this study was to study the effect of ganglionic plexus 

(GP) stimulation during sinus rhythm on atrial and pulmonary vein conduction in patients 

during thoracoscopic surgery for AF

Methods

In 25 patients, the anterior right ganglionic plexus (ARGP) was stimulated (16Hz, at 1, 

2, and 5 mA). Epicardial electrograms were recorded using a 48-electrode map from 

the right pulmonary vein (RPV) or right atrial (RA). Intra-atrial activation time (IAT), lo-

cal activation time (LAT), and inhomogeneity of conduction (IIC) were determined. ECG 

parameters (P-P, P-R interval) were measured.

Results

P-P interval was 956 ± 157 ms (range 768–1368 ms), and P-R interval was 203 ± 37 

ms (range 136–280 ms). After ARGP stimulation, a short-lasting increase of P-P interval 

was observed, more prominent at higher output (1 mA = 82 ms, 2 mA = 180 ms, 5 mA 

= 268 ms, all P < .01 vs baseline). P-R interval remained unchanged. IAT was 34.4 ms 

(range 5.6–50.3 ms) at the RA and 105.8 ms (range 79.7–163.3 ms) at the RPV. After 1 mA 

stimulation IAT increased, in patients taking beta-blockers (P = .001), or it decreased, and 

this change persisted after subsequent stimulation at higher current (1 mA, P = .001; 2 

mA, P = .401; 5 mA, P = .593). Similar changes were observed for LAT and IIC.

Conclusions

ARGP stimulation results in a short-lasting, output-dependent decrease in sinus node 

frequency due to a parasympathetic response. Stimulation of the ARGP induced a pro-

longed increase or decrease in conduction characteristics in patients with AF, consistent 

with a persistent differential parasympathetic and/or sympathetic response.
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INTRODUCTION

The relation between the autonomic nervous system (ANS) and atrial fibrillation (AF) re-

mains complex and incompletely understood.1 Parasympathetic and sympathetic nerves 

cover both atria and ventricle in a complex pattern of subplexus.2 The ganglionic plexus 

(GPs), represent conglomerations of autonomic ganglia, located on right and left atrium, 

predominantly around the pulmonary veins.3,4 In many patients, AF is initiated by ectopic 

firing from the pulmonary veins (PV).5 These ectopic beats can be initiated by triggered 

activity after simultaneous activity of both the parasympathetic and sympathetic ANS in 

animals.6,7 However, the effect of the ANS on atrial conduction characteristics in patients 

with AF, which may be an equally important arrhythmogenic mechanism, is largely un-

known. Conduction changes might constitute the substrate in patients with AF induced 

remodeling of the atria. Similar to the various heterogeneous effects of the ANS on re-

polarization, a specific differential response may be expected of the parasympathetic or 

of the sympathetic nervous system on local conduction characteristics.8 We studied the 

effect of high frequency anterior right GP (ARGP) stimulation during sinus rhythm on the 

sinus node and the AV-node and the epicardial atrial conduction times and inhomogene-

ity of conduction of the atrial or PV myocardium using high resolution multi-electrode 

mapping in patients undergoing thoracoscopic surgery for AF.

METhODS

Study population

Twenty-five patients with symptomatic paroxysmal (56%) or persistent AF (44%), refrac-

tory to anti-arrhythmic drugs, who underwent thoracoscopic surgery for AF and were 

in sinus rhythm at the time of the surgery, were included in the study. Nine patients 

(36%) had a previous left atrial catheter ablation for AF. Twenty-four patients (96%) used 

anti-arrhythmic drugs (15 used beta-blockers including sotalol) and these drugs were 

continued throughout the admission. Table 1 displays the patient characteristics. This 

study was approved by the local medical ethics committee and written informed consent 

was obtained from all patients.

high frequency ganglionic plexus stimulation and activation mapping 
protocol

The details of the electrophysiological-guided thoracoscopic surgery have been reported 

earlier.9,10 Patients received premedication with midazolam and general anesthesia with 

either propofol or sevoflurane. Rocuronium was administrated to facilitate endotracheal 

intubation. Surgery was started on the right side on the beating heart. Before GP ablation, 
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the area of the ARGP was localized visually and stimulation was performed with a bipolar 

surgical ablation pen (Isolator® multifunctional pen, Atricure Inc, Cincinnati, OH).10 A 

stepwise stimulation protocol (1 ms pulse width, 16 hz, 1, 2 and 5 mA) was performed to 

study the effects of low-output stimulation using a stimulation unit (Micropace EPS320 

Cardiac Stimulator, Micropace EP Inc., USA) until a vagal response was elicited (increase 

of R-R interval of >50%) (Figure 1). Stimulation at 10 mA and 25 mA resulted in capture of 

the atrium and induction of arrhythmias and therefore precluded analysis of sinus rhythm 

activation (data not shown). No subsequent stimulation was performed on the ARGP after 

a eliciting a vagal response to prevent prolonged asystole. The standard six limb leads 

of the surface ECG and reference electrograms from a decapolar diagnostic catheter (C. 

R. Bard Inc, USA) positioned at the left atrial posterior wall, parallel to the coronary sinus, 

to assess left atrial activation were recorded. Right atrial (RA) lateral free wall (n=13) 

Table 1. – Patient Characteristics

n=25

Age, mean ± SD (range), years 59±9 (45-73)

Male, n (%) 17 (68)

Years of AF, mean ± SD (range), years 6±3 (1-15)

Type AF

Paroxysmal, n (%) 14 (56)

Persistent, n (%) 11 (44)

Previous PVI, n (%) 9 (36)

CHADSVASc, median, range 1 (0-6)

Echocardiografic parameters

Atrial diameter, mean ± SD (range), mm 43±9 (32-69)

Atrial volume index, mean ± SD (range), m2ml 37±9 (22-61)

Any anti-arrhythmic medication, n (%) 25 (96)

Dysopyramide, n (%) 1 (4)

Flecainide, n (%) 10 (40)

Beta-blockers, n (%) 9 (35)

Sotalol, n (%) 8 (32)

Amiodaron, n (%) 4 (16)

Verapamil, n (%) 4 (16)

Measurement location

Right atrium, n (%) 12 (48)

Pulmonary vein, n (%) 13 (52)

ECG parameters during procedure

Heart rate, mean ± SD (range), bpm 64±9 (44-78)

P-R interval, mean ± SD (range), ms 203±36 (136-280)

AF: atrial fibrillation, ECG: electrocardiogram, PVI: pulmonary vein isolation, SD: standard deviation
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or lateral side of the right superior PV myocardial (n=13) unipolar electrograms were 

recorded with a custom made 48 point electrode grid (6x8 array, interelectrode distance 

1 mm) directly before and after HFS using a 256-channel mapping system (BioSemi, 24 

bit dynamic range and 1/8192 mV bit step) with a sampling frequency of 2 kHz and 415 

Hz lowpass (Figure 2). Simultaneous recording of RA and PV was not possible via the 

three access ports available during thoracoscopic surgery. A reference surface electrode 

was positioned from the right side of the chest of the patient. Electrogram analysis was 

performed offline using a custom-made program based on MATLAB (The MathWorks, Inc., 

Natick, MA, USA).11 Sinus rhythm activation was analyzed directly before and after HFS 

with similar activation patterns as determined by p-wave morphology, the decapolar 

reference catheter and local activation maps.

Surface ECG parameters

The P-P and P-R interval were measured on lead II of the ECG at 200 mm/sec before and 

after HFS. Differentiation between sinus rhythm activation, left and right atrial and PV 

extrasystoles was performed with the activation sequence over the decapolar catheter at 

the left atrial posterior wall. Sinus rhythm was defined based on normal right to left acti-

vation recorded by the catheter and a normal P-wave on the surface ECG. Extra-systoles 

were defined based on the P-wave morphology and abnormal activation sequence at the 

posterior wall.

A

400ms

25 mm/s

aVF

aVL

aVR

III

II

I

End of high frequency
stimulation

Start of high frequency
stimulation

B

400ms

25 mm/s

aVF

aVL

aVR

III

II

I

End of high frequency
stimulation

Start of high frequency
stimulation

Figure 1. – Clinical responses of high frequency stimulation. ECG tracings upon HFS of GP. Panel 
(A) low output HFS (2 mA) induces a sinus arrest. Panel (B), in another patient, HFS (5 mA) results in 
capture of atrial myocardium, induction of AF and AV-node block.
AF: atrial fibrillation, AV: atrioventricular, ECG: electrocardiogram, GP: ganglionic plexus, HFS: high fre-
quency stimulation.
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Intra-atrial activation time

Intra-atrial activation time (IAT) was defined as the time between the onset of the atrial 

activation and the earliest local activation on myocardial electrograms obtained from 

the 48-electrode grid activation maps. The onset of atrial activation was defined by the 

beginning of the P-wave on the surface ECG. Maximal negative dV/dt in the unipolar 

electrograms defined the moment of local activation under the electrode. The stimula-

tion artifact of the HFS was used as a time reference to align both recordings.

Local activation time

Local activation maps were created from the activation times recorded of the 48 

electrodes, and analyzed by two independent observers. The local activation time was 

determined (LAT), defined as the difference between the first and last local activation on 

the activation map, representing underlying conduction of the dominant local activation 

wave front.

Inhomogeneity of conduction

The inhomogeneity index of conduction (IIC) is a quantification of the inhomogene-

ity of conduction within an activation map. The maximal difference in activation time 

RA

Stim

SCV 48

Figure 2. – Reference of electrode position during high frequency stimulation. A photograph and 
schematic view of the RA of the peri-procedural measurements (not to scale). The inlay represents a 
photograph of the measurements of the RA with the stimulation probe (Stim) and the 48 electrode 
grid (48). In the schematic the stimulation position, the ARGP, is marked in red and the measurement 
positions of the 48 electrode grid are marked by the number 48. See text for further details.
AO: aorta, ARGP: anterior right ganglionic plexus, ICV: inferior caval vein, RAA: right atrial appendage, 
RA: right atrium, RPV: right pulmonary vein, SCV: superior caval vein, Stim: stimulation probe.
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compared to activation times recorded at neighboring electrodes on the 48-electrode 

grid was calculated (phase times) and a phase map was constructed during sinus rhythm 

directly before or after HFS. Phase maps display the underlying local spatial homoge-

neity of conduction, in other words, whether there are areas of conduction block and 

irregular propagation. Histograms were created from the phase times and the median 

and absolute phase times were determined. From these data the IIC was calculated as 

a quantification of local spatial inhomogeneity in conduction as the difference between 

the median and the 95th percentile value of the phase times.12

Statistical analysis

Data are presented as mean ± standard deviation for normally distributed continuous 

variables or median and range for non-normal distribution. Categorical variables are pre-

sented in numbers with percentages. Differences were determined with an independent 

Student T-test for normally distributed data or a Mann-Whitney U-test for not-normally 

distributed data. A p value of <0.05 was considered significant. Paired testing was used 

to assess changes before and after stimulation. Increasing output reduced the amount of 

observations and therefore no repeated ANOVA was used. To correct for multiple testing 

a Bonferroni correction was used at p<0.017. Correlation was assessed in normally dis-

tributed data with the Pearson Rho or Spearmans Rho for non-parametric data. Statistical 

analyses were performed with SPSS, version 20 (Chicago, IL, USA).

RESULTS

Surface ECG parameters

After HFS the P-P interval prolonged, more prominent at higher output (absolute change 

vs baseline 1 mA n=25, p=0.001, 2 mA p=0.002, 5 mA p=0.002, persistence of change, 

pre 1 mA vs pre 2 mA p=0.248, pre 1 mA vs pre 5 mA p=0.232) (Figure 3A). Successful 

atrial recordings decreased with increasing output of HFS (1 mA n=25, 2 mA n=20, 5 mA 

n=12) because induction of atrial arrhythmias. An age-associated increased response 

to GP stimulation was observed on P-P interval prolongation (p=0.025, ρ=0.448). PR 

interval was unchanged after HFS of the ARGP (Figure 3B), irrespective of HFS output (1 

mA p=0.131, 2 mA p=0.931, 5 mA p=1.000).

Response to high frequency stimulation

Nineteen patients showed ectopic beats. No accurate differentiation was possible be-

tween RA and RPV ectopy based on timing intervals and activation maps. No prolonged 

ectopic firing was observed after cessation of HFS and ectopy never induced AF. Six 

patients showed no ectopy during or after HFS at low output stimulation (<5 mA). In 



Chapter 4

76

14 patients AF (n=11) or atrial tachycardia (n=3) was induced during HFS. Four of these 

patients showed no vagal response to HFS. Three patients had no vagal response or any 

arrhythmia after HFS. The absence of a vagal response was not associated with type of AF 

or prior catheter ablations for AF. In the 8 remaining patients a vagal response occurred 

at low output (<5 mA) and HFS was not continued at higher output.
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Figure 3. – Influence of high frequency stimulation on P-P interval and P-R interval. Panel (A) mean 
changes in P-P interval ± SEM before and after HFS (vertical dotted lines, 1-5 mA). Panel (B) mean 
changes in P-R interval.
HFS: high frequency stimulation, SEM: standard error of the mean.
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Intra-atrial activation time

Electrograms with only remote activity (n=8) because of insufficient contact due to heart 

movement (n=4) precluding the detection of an activation front, were excluded. IAT was 

34.4 ms (range 5.6-50.3 ms, n=7) at baseline for the RA and 105.8 ms (range 79.7-163.3 

ms, n=6) for the RPV myocardium (difference p=0.001, Table 2). No significant differences 

in patients with paroxysmal or persistent AF were observed in IAT. At HFS with 1 mA, IAT 

increased or decreased and changes persisted after stimulation at higher output, with 

no return to baseline (absolute change vs baseline, 1 mA p=0.001, 2 mA p=0.401, 5 mA 

p=0.593, persistence of change, pre 1 mA vs pre 2 mA p=0.012, pre 1 mA vs pre 5 mA 

p=0.109). IAT increased in and decreased in 4 patients, independent of the mapping site 

(Figure 4). In patients using beta-blockers including sotalol IAT solely increased (p=0.001). 

The mean change of IAT in these patients was significant (p=0.028) and non-significant in 

patients without beta-blockers (p=0.499) (Figure 4). Other antiarrhythmic drugs did not 

influence IAT change (not shown). All patients with a previous PVI had beta-blockers and 

an increased IAT (p=0.049).

Local activation time

Figure 5 and 6 show activation maps recorded from RA and RPV myocardium before 

and after HFS. The pattern before and after stimulation is similar. At baseline, maximum 

LAT was slightly longer on the right atrium (median 12.2 ms, range 8.3-16.6 ms), but not 

significantly different from the RPV (median 11.2 ms, range 5.9-20.5 ms, p=0.836, Table 

2). LAT was not significant different in patients with paroxysmal or persistent AF. After 1 

mA stimulation LAT mainly increased, two patients had a decrease of LAT, both measured 

on the RA, and this change persisted after subsequent 2 and 5 mA HFS, with no return to 

baseline (absolute change pre-post, 1 mA p=0.003, 2 mA p=0.040, 5 mA p=0.180, persis-

tence of change, pre 1mA vs pre 2 mA p=0.018, pre 1 mA vs pre 5 mA p=0.180, Figure 4). 

The changes in LAT did not correlate with the changes in IAT (p=0.851, ρ=0.058).

Index of inhomogeneity of conduction

Phase maps and corresponding histograms changed after 1 mA HFS (Figure 5 and 6). 

Median IIC was 2.2 (range 1.0-6.9) in the RA and 2.0 (range 1.2-4.9) in the RPV myocar-

dium before stimulation (difference p=0.366, Table 2). IIC changed significantly after 1 

mA stimulation and this change persisted at higher output, with no return to baseline 

(absolute change pre-post, 1 mA p=0.005, 2 mA p=0.518 5 mA p=0.655, persistence 

of change, pre 1 mA vs pre 2 mA p=0.018, pre 1 mA vs pre 5 mA p=0.109, Figure 4). 

Four patients showed decreased IIC, either on the RA or PV (Figure 4). In the other nine 

patients IIC increased. Changes in IIC did not correlate with changes in IAT (p=0.588, 

ρ=0.166) or LAT (p=0.184, ρ=0.393).
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Figure 4. – Influence of high frequency stimula-
tion on conduction parameters. Initial response 
to HFS (at 1 mA) on the IAT (A, B, C), LAT (D) and 
IIC (E). Gray dotted lines: changes of individual 
patients in milliseconds. The red line: median 
absolute normalized IAT (A). Patients on beta-
blockers (B) and patients without beta-blockers 
(C) (p=0.001). The orange line reflects the medi-
an changes in IAT. (D) Changes in LAT. (E) Changes 
in IIC.
HFS: high frequency stimulation, IAT: intra-atrial 
activation time, IIC: inhomogeneity index of con-
duction, LAT: local activation time.
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DISCUSSION

We observed a disparate response after HFS of the ARGP on the sinus node and atrial 

or PV myocardium in patients with AF. The decrease in sinus node frequency is com-

mensurate with the output intensity of HFS, is short-lasting and quickly normalizes after 

cessation of stimulation. AV nodal conduction is unchanged following ARGP stimulation. 

After low-output HFS activation times either increase or decrease depending on the 

presence of beta-blocking drugs; both IAT and LAT are aff ected and activation times are 

increased in the majority of patients. However, the change in LAT and IIC do not cor-

Channel 1 

Channel 48 

Before 
RA Activation 

Channel 1 

Channel 48 

After Before After 
RA Inhomogeneity 

Median: 2.0 
Absolute: 3.4 
Index: 1.7  

Median: 1.5 
Absolute: 2.0 
Index: 1.3  

25 ms 

2 m
V 

Figure 5. – Activation and phase maps maps of sinus rhythm beats before and after high frequency 
stimulation of the right atrium. Activation maps and phase maps of the RA immediately before and 
after HFS. Left: activation maps. Numbers represent activation times in ms (isochrones 2 ms) from 
the fi rst activation on the surface ECG (IAT). Below the activation map: unipolar electrograms at two 
diff erent positions showing dv/dt max (red dot). Right: phase maps of the activation data. Numbers 
represent the phase times. The phase map displays conduction slowing or block of the local activa-
tion map. Below the phase maps: histograms and values for the median, absolute and IIC.
HFS: high frequency stimulation, IAT: intra-atrial activation time, RA: right atrium.
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relate with nor are proportional to the change in IAT. These HFS effects on the ARGP on 

conduction properties are both observed in the RA and the RPV myocardium. Contrary to 

changes induced by HFS in sinus rhythm frequency, changes in IAT and LAT persist during 

subsequent stimulation attempts.

Effects of ganglionic plexus stimulation on the sinus node and Av-node

Innervation of the sinus node is complex and its function is influenced by the effects of 

the cardiac GPs acting in concert with local interconnections and modulated by input 

from the extrinsic ANS.2,13,14 Earlier studies have shown that ablation of the ARGP at-

tenuates the vagal response of the sinus node.13,14 Older patients showed an augmented 

response in the increase of the P-P interval, probably due to a decreased rate response 

to sympathetic neurotransmitters in the ageing heart.15 Additionally, the sinus node is 

more sensitive for and has a faster response to vagal activity, than the AV-node.16 In our 
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Figure 6. – Activation and phase maps of sinus rhythm beats before and after high frequency stimu-
lation of the right pulmonary vein. Legend as figure 5, but for the RPV myocardium.
RPV: right pulmonary vein.
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study low-output HFS of the ARGP had no substantial response on the AV-node. At higher 

output however, there was capture of the atrium, and arrhythmia induction. Rapid atrial 

pacing can provoke a transient AV-block, activate the extrinsic ANS through reflex path-

ways via afferent nerves or through remote capture influence the atrial neural network 

and subsequently induce an AV-block.13,14

Ganglionic plexus stimulation and conduction properties of atrial and 
pulmonary vein myocardium

Our observations demonstrate that GP stimulation goes beyond triggering AF, but also 

directly affects atrial conduction properties in patients with AF. Its exact influence on 

conduction in AF patients is unknown and data from animal models are conflicting. 

Stimulation of the parasympathetic system appears to decrease conduction velocity 

and the sympathetic system appears to increase conduction velocity, whereas in other 

studies there is little effect of ANS neurotransmitters on conduction.16–18 Whilst the exact 

mechanism cannot be ascertained in these human measurements, a role of ANS-medi-

ated changes on conduction properties is supported by the patients on beta-adrenergic 

blocking agents who showed an increase in IAT, absent in patients without beta-blocking 

drugs. Therefore, whilst HFS of the GP triggers both branches of the ANS, a predominant 

parasympathetic response is observed. Additionally, other neurotransmitters, released 

by GP stimulation might change conduction characteristics.19 However, due to the 

nature of stimulation, afferent nerves could be stimulated and we could not exclude 

that a predominantly primary sympathetic response results in a reflex parasympathetic 

activation and vice versa. The change in LAT likely represents the effect of local small 

parasympathetic or sympathetic fibers, whilst the change IAT reflects the global atrial 

ANS response.20–23 From our study, it appears that RA and RPV myocardium have similar 

local responses to ARGP stimulation. Most of activation time changes persisted during 

subsequent stimulation attempts, whereas sinus rate rapidly normalized. Prolonged GP 

activation is not essential for the prolonged effects of the small nerve fibers on the atrial 

and RPV myocardium.20,21 This implicates a functional separation between GP and small 

nerve fibers probably related to the reuptake speed of neurotransmitters. Alternatively, 

short-duration stimuli can alter network function in the longer-term and may induce a 

form of neural memory.22 Otherwise, change in sinus node exit might influence IAT.18 

However, (local) atrial activation and P-wave morphology remained unchanged. Only 

sinus complexes were included in our analysis. Furthermore, on the RA, closer to the 

sinus node, IAT changed ±4 ms and the RPV, farther from the sinus node, IAT changed ±14 

ms. Hence, IAT increased proportionally to the distance to the first activation during sinus 

rhythm. Additionally, if IAT was influenced by a change in sinus node exit, changes in 

conduction properties were still observed locally in the RA and RPV, with an unchanged 

activation pattern. Thirdly, heart rate affects atrial conduction.23 However, decrease in 
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rate was ±3 beats per minute at 1 mA. More pronounced decreases in heart rate occurred 

at higher output stimulation but did not correspond to local conduction characteristics 

changes (p=0.529, ρ=0.192). In contrast, LAT either increased or decreased. Additionally, 

the change in sinus node rate was short-lasting, whilst the effects on conduction proper-

ties persisted.

Atrial and pulmonary vein ectopy and arrhythmias

No accurate differentiation between RA ectopy and RPV ectopy based on timing intervals 

and activation maps was possible. Therefore, we cannot demonstrate that extrasystoles 

or prolonged triggered firing originated from the PV, as observed in other studies.14 This 

could relate to continued anti-arrhythmic drug use of our patients or general anesthesia. 

Secondly, although higher output stimulation possibly increases the likelihood of PV 

ectopy, atrial myocardial capture during HFS may have suppressed PV ectopy.

Clinical implications

Patients in this study had symptomatic AF and remodeled atria, including electrical, 

structural but also autonomic remodeling.24 This autonomic remodeling includes a sym-

pathetic hyperinnervation and might lead to a hyperactive state of the ANS.25 Disparate 

local effects of the ANS on the atrial neural network can introduce a heterogeneous 

change in conduction and influence the arrhythmogenic substrate for re-entry, particu-

larly in the presence of fibrosis.8 Focal ablation of GPs might prevent trigger formation, 

but complete atrial denervation is difficult, due to the extensive neural network.2 Incom-

plete denervation however, might increase the heterogeneous effects on conduction of 

the atrium and subsequently the arrhythmogenic substrate.26 A prolongation of the R-R 

interval by >50% is a commonly used criteria of response HFS used for periprocedural 

testing of the GPs.27 The short-lasting HFS changes on the sinus node do not reflect the 

persistent ANS influence on the atrial myocardium as the >50% R-R prolongation of 

occurs mainly at higher output. Furthermore, due to the interrelation of the intrinsic 

cardiac ANS, ablation of the right GPs might reduce or eliminate any HFS response of the 

left GPs.13,14 The clinical limitation of this functional parameter of GP identification was 

confirmed by the finding that functional ablation of GPs results in a lower success rate in 

comparison with anatomical ablation of GPs.28

Limitations

Thoracoscopic surgery for AF was performed under general anesthesia. However, many 

studies on the function of the ANS have been performed under general anesthesia.6,13,14 

Nevertheless, the response to HFS is likely more pronounced in awake patients. 

Medication was not discontinued before surgery, therefore all measurements might 

be influenced. However, in our study design, every patient was his own control. Nine 
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patients had a previous catheter ablation for AF, which might have damaged the endo-

cardial innervation of the atrium. Still, all these patients had a sinus node response to GP 

stimulation, reflecting (restored) atrial innervation, or at least an intact pathway between 

ARGP and sinus node. Furthermore, if PVI had affected the nerve fibers near the PV, the 

RA would presumably still remain unaffected. No significant differences were observed 

in IAT and LAT in patients with or without an earlier catheter ablation. At high output 

ARGP stimulation, arrhythmias were induced. Therefore, at higher output stimulation few 

measurements and no data from the other GPs were available for analysis. Additionally, 

an effect on the inferior right GP could not be excluded as the ARGP was tested first. Right 

GP and PV ablation was performed before left GP testing, its effects on left GP function 

could not be excluded. Indeed, a vagal response of left GP stimulation was infrequent 

(data not shown), presumably due to disconnection of left and right GPs. However, the 

effects of the ANS on the atrial neural network and atrial conduction characteristics are 

likely similar in the other GPs, but may be contained to different regions of the atrium.20

CONCLUSIONS

In patients with AF, the sinus-node responses with a short-lasting progressive decrease 

in frequency at increasing output of ARGP stimulation, most likely due to a short lasting 

parasympathetic response. Atrial and pulmonary vein myocardial conduction times and 

inhomogeneity of conduction are changed by HFS, presumably mediated by either a 

parasympathetic or sympathetic response. Patients with beta-blocking drugs predomi-

nantly showed an increase of IAT. These changes persist during subsequent stimulation 

attempts. Our study supports the notion that GP ablation may contribute to decrease 

the arrhythmogenic substrate for AF not only by prevention of triggered activity, but by 

modulation of atrial conduction.
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ABSTRACT

Introduction

Vagal stimulation facilitates the onset and maintenance of atrial fibrillation (AF). Besides 

repolarization changes, vagal stimulation may affect atrial conduction. We investigated 

the effects of acetylcholine (ACH) on conduction properties in the left atrial appendage 

(LAA) from AF patients.

Methods

Activation maps (1cm2) were constructed using optical mapping. Preparations were 

epicardially stimulated at 600ms basic cycle length. Effective refractory period (ERP) was 

determined with short-coupled stimuli. Eight LAAs were superfused with 100uM ACH 

and six without ACH (control). Mean activation time (AT) of an area of 10x11 pixels was 

determined. Changes in normalized AT, local dispersion (LD), longitudinal and transverse 

conduction velocity (CVL, CVT) were calculated to determine differences between groups. 

The number and length of lines of conduction block were quantified.

Results

At short coupled extra stimuli, ACH increased the number of lines of block from 0.6±0.7 

to 2.3±1.4 (p=0.016) while no changes occurred in the control group (1.2±1.2 vs 1.5±1.0, 

p=NS). Length of lines of activation block increased after ACH from short/intermediate 

±<2mm to long ±>2mm (p=0.004), but not in control, short/intermediate ±<2mm in both 

series (p=NS). At basic cycle length, mean normalized AT, LD, CVL and CVT were similar 

between ACH and control groups (p=NS). However, ACH significantly increased LD at ERP 

(p=0.028).

Conclusions

ACH application increased the number and area of lines of conduction block in human 

atrial tissue. ACH increased dispersion of conduction times, especially at short coupled 

premature activations. ACH thus facilitates conduction block and thus the occurrence of 

reentry.
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INTRODUCTION

The parasympathetic nervous system modulates the electrophysiology of atrial and 

pulmonary vein myocardium and may facilitate the onset and maintenance of atrial 

fibrillation (AF).1,2 This effect is mainly attributed to the effect of acetylcholine, which 

shortens atrial action potential duration, and thus promotes the occurrence of reentry3 

However, in clinical studies the parasympathetic nervous system appears not only to 

shorten repolarization, but also to slow conduction.4,5 The acetylcholine dependent repo-

larizing K+ current may indeed interfere with the upstroke of the atrial action potential.6 

During AF, areas of slow discontinuous conduction can be identified by fractionated 

electrograms, the size of which seems to be influenced by local parasympathetic stimula-

tion.7,8 In fibrotic myocardium a small reduction in excitability likely results more easily 

in conduction block than in normal myocardium.7 We hypothesize that the effects of 

the parasympathetic system may therefore involve conduction properties, especially in 

remodeled human atria.4 A conduction dependent mechanism may impact pharmacologi-

cal treatment in patients with vagal induced AF. In this study we therefore investigated 

the effects of acetylcholine on conduction properties in the excised left atrial appendage 

(LAA) from patients with AF.

METhODS

Left atrial tissue

Left LAAs were excised during thoracoscopic surgery from patients with AF.9 The ampu-

tated LAA tissue was immersed in cooled modified Tyrode’s solution and transported to 

an optical mapping setup, as described earlier.10 The patient characteristics are shown in 

Table 1. The study was in accordance with the declaration of Helsinki and approved by 

the institutional review board. All patients gave written informed consent.

Data acquisition

Left atrial tissue was equilibrated for at least thirty minutes in a tissue bath with a tem-

perature of 36.5°C-37.5°C.10 A MiCAM Ultima camera (SciMedia USA Ltd, Costa Mesa, CA, 

USA) was used to record epicardial images of an area of 1cm2 with a resolution of 100x100 

pixels and a sample time of 0.5 ms. Di-4-ANEPPS (Tebu Bio, Le-Perray-en-Yvelines, France) 

was used as a membrane potential-sensitive fluorescent dye. Motion artefacts prohibited 

recording of fluorescent action potentials in 2 LAAs and in those a contraction uncou-

pler 2-10 mM 2-3-butanedione monoxime (DAM, Sigma-Aldrich, B0753) was added. A 

custom-made analysis program based on MATLAB R2006b (The MathWorks, Inc, Natick, 

Massachusetts, USA) was used to construct epicardial activation maps.11
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Stimulation protocol

Left atrial tissue was stimulated with a basic cycle length of 600 ms at twice diastolic 

threshold and a pulse width of 2 ms using an bipolar epicardial electrode. Premature 

stimuli were applied with 10 ms decremental coupling intervals, starting at 400 ms down 

to the shortest S1-S2 interval resulting in capture. Capture of premature stimuli was de-

termined by the presence of a local bipolar electrogram recorded from another epicardial 

recording electrode. The shortest S1-S2 interval that resulted in capture defined the ef-

fective refractory period (ERP). After baseline recordings at which conduction parameters 

and the ERP were determined (first experiment series) to provide reference values of 

the LAA, 10 minutes stimulation at basic cycle length was performed. Thereafter, in the 

second experiment series the same parameters were determined either without (group 

I, n=6) or with acetylcholine (A2261, Sigma), in a concentration of 100 uM (group II. N=8) 

added to the superfusate (Figure 1). A concentration of 100uM was used to reflect earlier 

studies that applied acetylcholine to the atrium.12,13

Table 1. – Patient Characteristics

All Patients (n=14)

Age, mean ± SD (range), years 60±10 (43-78)

Male, n (%) 9 (64)

Years of AF, mean ± SD (range), years 4±3 (1-11)

Type AF

Paroxysmal, n (%) 5 (36)

Persistent, n (%) 9 (64)

Previous PVI, n (%) 3 (21)

CHADSVASc, median, range 1 (0-7)

0-1 8 (57)

>2 6 (43)

Left atrial size

Atrial volume index, mean ± SD (range), m2ml 41±10 (26-58)

Anti-arrhythmic medication

Flecainide, n (%) 7 (50)

Beta-blocker, n (%) 10 (71)

Sotalol, n (%) 2 (14)

Amiodaron, n (%) 2 (14)

Verapamil, n (%) 0 (0)

ACH: acetylcholine, AF: atrial fibrillation, CTRL: control, ECG: electrocardiogram, PVI: pulmonary vein 
isolation, SD: standard deviation.
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Conduction parameters

Activation times were determined from the time of dF/dtmax of the optical action potential 

at each pixel and activation maps were constructed with 5x5 pixel spatial temporal av-

eraging. Longitudinal conduction velocity (CVL) and transverse CV (CVT) were calculated 

from the slope of the linear portion of the relation between distance to the stimulation 

site and activation times along which activation spread most rapidly starting at the 

point of earliest activation, and the line perpendicular to that respectively, as reported 

previously (Figure 2).10,14 Additionally, to assess the heterogeneity in activation times in a 

larger area of the activation map an area of 10x11 pixels was selected that had the same 

activation pattern and stable electrograms throughout all recordings in both experiment 

series to calculate mean activation time of this area (mean AT) (Figure 2). Local dispersion 

(LD) of activation times within this area was calculated. To correct for variability between 

the different experiments, mean AT, LD and CV of the second experiment series were nor-

malized with the first experiments series to assess the effect of the intervention between 

experiment series. Restitution curves were created from the normalized differences of 

LAA in optical 
mapping setup 

1st Determination 
of ERP 

2nd Determination 
of ERP 

Group I 
n=6 

30 min equilibrium 10 min 

LAA in optical 
mapping setup 

1st Determination 
of ERP 

2nd Determination 
of ERP 

Group II 
n=8 

100uM Acetylcholine Di-4-ANNEPS 

1st experiment series 2nd experiment series 

Figure 1. – Experiment stimulation protocol.
ERP: effective refractory period, LAA: left atrial appendage
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Figure 2. – LAA activation map measurements 
(1 cm2). The isochronal lines are 2 ms apart and 
color scale is in ms; red represents the earliest 
and purple the latest activation. The CVL and 
CVT are calculated from the slope of the linear 
portion of the relation between distance and AT. 
The mean AT is calculated of an area of 10x11 
pixels of the activation map.
AT: activation time, CVL: longitudinal conduction 
velocity, CVT: transversal conduction velocity, 
LAA: left atrial appendage
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mean AT and LD to observe changes in conduction between experiments without (group 

I) and with acetylcholine (group II).

Assessment of activation maps

Activation maps were constructed from local activation times at baseline and each 10ms 

decremental interval until the ERP. These maps were analyzed by two blinded observers 

(SK, NB). The number of lines of conduction block were counted and the length of these 

lines were graded (overall short ± <1 mm, intermediate ± 1-2 mm or long lines of block 

± > 2 mm). The mean number or the mean length of lines was the defined for each LAA 

per stimulation protocol based on the average number or length of lines in every single 

activation maps in a stimulation protocol. Additionally, changes in activation direction 

were assessed and defined as a complete change in activation pattern and direction dur-

ing the short-coupled extrastimulation, with absence of these activation changes during 

baseline stimulation.

Statistics

Data are presented as mean ± standard deviation or median and interquartile range 

for parametric and non-parametric variables respectively. Categorical variables are 

presented in numbers with percentages. An independent Student’s T-test was used to 

determine differences for parametric and a Mann-Whitney U-test for non-parametric 

distributed data. To assess correlation in normally distributed data, the Pearson test was 

used and in case of non-parametric data Spearman’s test was used. A p-value of p<0.05 

was considered significant. Statistical analyses were performed using IBM SPSS Statistics 

version 23.

RESULTS

Mean activation time

There were no differences in mean AT at basic cycle length between group I and II dur-

ing the first series of measurements (identical conditions) 17.4±6.7 and 14.7±5.5 ms, 

respectively (p=0.49). In the first experiments series mean AT increased significantly at 

the ERP to 35.2±9.0 ms (p=0.028) and 40.5±23.7 ms (p=0.012) compared to stimulation 

at basic cycle length in both groups, group I and II respectively, no significant differences 

between the groups (p=0.95). Acetylcholine superfusion did not change AT, as in the 

second experiment series, there was no significant change in the mean normalized AT 

between groups (p=0.49) at basic cycle length and ERP (p=0.76, Figure 3).
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Local dispersion of activation

Dispersion of activation was not significantly different between group I and II (7.0±2.9 

and 4.1±3.1 ms respectively) in the first experiment series (p=0.06). At coupling intervals 

close to the ERP in the first experiment series (identical conditions), there was an in-

crease in LD compared to basic cycle length in both groups I (10.9±4.8 ms, p=0.028) and 

II (7.1±4.0 ms, p=0.042). LD at basic cycle length did not differ between groups (p=0.57). 

However, a significant change in LD was observed after superfusion of acetylcholine 

compared to group I, due to increased LD at short-coupled stimuli (p=0.028, Figure 3).

Conduction block and wave front direction

Acetylcholine superfusion in Group II caused the number of lines of conduction block to 

increase from 0.6±0.7 in the first experiment series to 2.3±1.4 in the second experiment 

series(p=0.016). Additionally, the length of the lines of conduction block were classified 

as predominantly short and intermediate lines of block ± <2 mm (none n=3, short n=3, 

intermediate n=2) before, to more long lines of block ± >2 mm (short n=1, intermedi-

ate n=2, long n=5) after superfusion with acetylcholine (p=0.004)(Figure 3). In group 

I the mean number of lines of block remained the same between the first and second 

experiment series (1.2±1.2 vs 1.5±1.0 (p=0.157), and the mean length of lines of conduc-

tion block remained predominantly small and intermediate ± <2 mm (none n=2, short 

n=2, intermediate n=2 vs none n=2, short n=2, intermediate n=2, p=1.00). Furthermore, 
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Figure 3. – A: Normalized differences in mean AT±SEM. The black lines are the differences ± SEM in 
mean AT between the experiments in group I. The red lines are the differences ± SEM between the 
experiments in group II. The striped lines represent the SEM. On the x-axis 0 is ERP and the values 
on the x-axis represent the ERP-S2. There is no significant differences between group I and group II. 
B: Difference in LD between experiments in group I (black) and group II (red). In group II a significant 
increase in local dispersion is observed after application of acetylcholine, predominantly near at 
short coupled stimuli near ERP (*, p=0.028).
AT: activation time, ERP: effective refractory period, LD: local dispersion
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changes in the activation wavefront direction were observed in 4 acetylcholine experi-

ments (50%) compared to none control experiments (Figure 4).

Conduction velocity

In the first series of experiments, at basic cycle length no significant differences were 

observed in CV between group I and group II. At basic cycle length, mean CVL was 

0.55±0.32 and 0.42±15 m/s (p=0.44), mean CVT was 0.20±0.10 and 0.22±0.14 m/s 

(p=0.94) in group I and II respectively. Areas of block and motion artifacts precluded CV 

calculations at ERP in 5 LAAs (1 in group I, 4 in group II), therefore reliable comparisons 

in conduction at ERP could not be made. In the second experiment series, normalized 

conduction velocity remained unchanged between groups at basic cycle length in CVL 

(p=0.76) and CVT (p=0.88).

Effective refractory period

The mean ERP in group I was 230±40 ms in the first experiment series and 250±40 

ms in the second series (p=0.06). In group II the mean ERP was 240±50 ms in the first 

experiment series and 240±60 ms in the second series after administration of acetylcho-

line (p=0.91). ERP did not differ between group I and group II (p=0.23). ERP was shorter 

in patients with persistent AF (215±40 ms), compared to patients with paroxysmal AF 

(265±15 ms, p=0.029) (Figure 5).

0

50

100

150

Figure 4. – A: Example of activation maps (1 cm2) stimulated with an extrastimulus of 350 ms before 
(left) and after (right) the administration of acetylcholine. The isochronal lines are 2 ms apart and 
color scale is in ms; red represents the earliest and purple the latest activation. The numbers mark 
lines of conduction block. These lines of block are of short (no. 1, 2, 3), intermediate (no. 4) and long 
(no. 5) length. Note the breakthrough (B) in activation in the right compared to the left panel.
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DISCUSSION

In this study, application of acetylcholine to superfused left atrial tissue of patients with 

AF, resulted in increased dispersion of local activation times after short-coupled prema-

ture stimuli compared to control experiments. Additionally, an increased number of lines 

      










      









    

  
  



Figure 5. – Graphs which shows the differences between the first experiment run and the second 
experiment run without (group I, left) or with acetylcholine (group II, right) in number of lines of 
conduction block and changes in activation direction.
AC: acetylcholine, CTRL: control, LAA: left atrial appendage

  

   















 


 




  

 

















 




Figure 6. – Effective refractory period changes without (Group I) and with administration of acetyl-
choline (Group II). A: No significant differences were found between the two groups (p=0.23). B: The 
ERP was significantly lower in patients with persistent AF (p=0.022).
ERP: Effective refractory period
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of conduction block and increase in the area of conduction block was observed at short 

coupling intervals. Furthermore, changes in activation direction occurred exclusively 

in LAAs exposed to acetylcholine. The occurrence of conduction block was not directly 

related to the changes in transversal and longitudinal CV. Mean AT increased as the cou-

pling interval of the premature stimulus shortened, but were not different between 

acetylcholine and control experiments. Acetylcholine superfusion did not affect ERP.

Acetylcholine as arrhythmogenic facilitator of reentry

Acetylcholine is the main parasympathetic neurotransmitter in the heart. Acetylcholine 

activates the inward rectifier K+ current IKAch. Activation of IKAch results in action potential 

duration shortening and hyperpolarization of the resting membrane of the cardiomyo-

cyte.15 Although the exact electrophysiological mechanism of AF is disputed and probably 

multifactorial, reentry plays an important role in the perpetuation of AF.16–18 Maintenance 

of reentry depends on the wavelength, the mathematical product of refractory period 

and conduction velocity.3 Therefore, shortening of the action potential duration and con-

sequently of the ERP by activation of IKAch may increase the vulnerability for AF. We did 

not observe a significant decrease in ERP after acetylcholine application. Interestingly, 

changes in conduction after vagal stimulation have been observed in human models.4,5 

We recently demonstrated that ganglion plexus stimulation affected conduction times 

and homogeneity of conduction during sinus rhythm in patients with paroxysmal or per-

sistent AF undergoing thoracoscopic surgery. Stimulation of the ganglion plexus results 

in both a sympathetic and parasympathetic effect. In tissue obtained from patients using 

beta-blockers (hence in whom only vagal stimulation remained), increases in AT were 

observed.4 Likewise, in a study in patients with paroxysmal AF, carotid sinus massage 

prolonged left atrial appendage and inter-atrial conduction times.5 Interestingly, and 

consistent with the findings reported here, acetylcholine appears to increase electro-

gram fractionation during sinus rhythm. In 30 patients with paroxysmal AF application 

of adenosine, mimicking acetylcholine signaling, increased fractionation in atrial elec-

trograms during sinus rhythm.19 These high amplitude fractionated electrograms could 

be reproduced in a computer model by simulating the effects of acetylcholine on atrial 

tissue.19 Additionally, both vagal stimulation and application of acetylcholine during AF 

increase complex fractionated electrograms in animals.12 These studies, as well as the 

observations in our study, strongly suggest that the effects of acetylcholine are not lim-

ited to changes in action potential duration, but also affect conduction properties of the 

atrial myocardium beyond the sinus and AV node. We speculate that the acetylcholine 

dependent potassium current interferes with the upstroke of the atrial action potential.6
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Mechanism of dispersion in conduction time and block

The autonomic nervous system is highly regionally heterogeneous and acetylcholine 

receptors are regionally distributed.20,21 We observed that the effects of superfusion with 

acetylcholine on conduction velocity are also heterogeneous within the atrium. This may 

be point to a heterogeneous distribution of the acetylcholine receptors or a regionally 

distributed sensitivity to the effects of acetylcholine (e.g. resulting from fibrosis, see 

below). Alternatively, the density of IKAch may show regional differences, which might 

result in a heterogeneous effect of parasympathetic stimulation.22,23 Besides shorten-

ing of the action potential duration, acetylcholine induces hyperpolarization due to 

an inward K+ rectifier current.6,24 Hyperpolarization may reduce excitability due to the 

larger amount of current necessary to reach the activation threshold.25,26 Otherwise, an 

increased inward K+ current via IKAch results in a more rapid repolarization after phase 0 

of the action potential, thereby decreasing the plateau phase and repolarization dura-

tion. These changes decrease the net potential gradient between cardiomyocytes and 

subsequently reduce the safety of conduction. Another hypothesis is that decreasing in-

tercellular coupling might be an indirect effect of acetylcholine that results in increased 

dispersion of conduction velocity and conduction block. Acetylcholine has indeed been 

described to reduce phosphorylation which could change the function or expression of 

connexin 40 and 43 in the atrium.27–30 For instance, in rat atrial trabeculae superfusion of 

acetylcholine increased intracellular resistance.31 However, little is known of the direct 

effects of acetylcholine on the more prevalent connexin 40 in the atrium.32 In a substrate 

with discontinuous bundles of cardiomyocytes with interspersed with a high degree of 

interstitial fibrosis, as is observed in the human atria from patients with atrial fibrillation, 

the electrophysiological changes to the atrial myocardium caused by acetylcholine facili-

tate conduction delay and block. Therefore, the arrhythmogenic effects of acetylcholine, 

reducing the safety of conduction, might be more prominent in structurally remodeled 

atria than in normal healthy atria.10,33

Clinical implications

Based on our results interventions aimed at the decrease of the effects of the parasym-

pathetic nervous system may potentially form an anti-arrhythmic strategy for the treat-

ment of AF.34 Ablation of the ganglionic plexuses decreases the parasympathetic effects 

on the sinus node and AV node and has been described to lower the re-occurrence of AF 

in patient with paroxysmal AF.35,36 Some Class IC anti-arrhythmic drugs such as flecainide 

and dysopyramide are effective in patients with vagal AF.37 Part of this effectiveness can 

be explained by the ability of these drugs to modulate the effects of parasympathetic 

stimulation.38 Drugs that selectively target IKAch current are not effective against paroxys-

mal AF.39 Although this may indicate that the conduction slowing effect of acetylcholine 

is not mediated by this channel, it may also point to the importance of the arrhythmo-
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genic substrate. In patients with paroxysmal AF the atrial fibrotic changes are less than in 

patients with persistent AF. This is supported by our own observation that the conduction 

changes occurred in the absence of a change in ERP.10 The influence on cellular coupling 

might be just as important for the arrhythmic properties of acetylcholine.

Limitations

LAA contraction creates motion artefacts that precludes reliable determination of repo-

larization characteristics from the optical action potential, hence we were not able to 

determine the effects of acetylcholine on action potential duration. However, the ERP 

was not decreased after acetylcholine application. In this study we obtained LAAs from 

patients with AF who underwent surgery for AF. No left atrial samples or tissue from 

healthy control patients could be obtained. The patients remained on anti-arrhythmic 

drugs throughout the procedure, which could have influenced the electrophysiological 

properties of the LAA. On the other hand it shows that even in the presence of an optimal 

antiarrhythmic regimen, the conduction slowing effects of autonomic stimulation can be 

observed. This emphasizes the need for an additional conduction centered therapy in 

patients with vagally induced AF.

CONCLUSIONS

Our observations show that acetylcholine induces conduction dispersion and conduc-

tion block particularly after a short-coupled extra stimuli in atrial tissue from patients 

with paroxysmal and persistent AF. These factors are a prerequisite for the induction of 

reentry.
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ABSTRACT

Introduction

In this paper we present a systematic literature overview and analysis of the first results 

and progress made with minimally-invasive surgery using RF energy in the treatment 

of AF. The minimally invasive treatment for atrial fibrillation (AF) tries to combine the 

success rate of surgical treatment with a less invasive approach to surgery. It has the 

additional potential advantage of ganglion plexus (GP) ablation and left atrial appendage 

exclusion. Furthermore, additional left atrial ablation lines (ALAL) can be created in non-

paroxysmal AF patients.

Methods

For the search query multiple databases were used. Exclusion and inclusion criteria were 

applied to select the publications to be screened. All remaining articles were critically 

appraised and only relevant and valid articles were included in our results.

Results

Twenty-three studies were included. In 15 studies GPs around the pulmonary veins were 

ablated. In four studies ALAL were performed. Single procedure success rate was 69% 

(95% CI, range 58%–78%) without antiarrhythmic drugs (AAD) and 79% (95% CI, range 

71%–85%) with AAD at one year follow-up. Mortality was 0.4%, and various complica-

tions were reported (3.2% surgical, 3.2% post-surgical, 2.6% cardiac, 2.1% pulmonary, 

1.7% other).

Conclusions

Twenty-three studies of minimally-invasive surgery for AF have been reviewed with suc-

cess rates between that of the standard maze procedure and catheter ablation. These first 

combined results show promise; however, minimally-invasive surgery is still evolving, for 

instance by the recent inclusion of electrophysiological endpoints. Furthermore, the type 

of ALAL and the additional value of GP ablation have to be elucidated.
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INTRODUCTION

Treatment of AF, worldwide the most common supraventricular arrhythmia, is a challenge 

for the cardiologist, despite increasing pharmacological and technological options. 

Some patients experience no or few complaints during AF while others are adequately 

managed with pharmacologic rate or rhythm control. Unfortunately, there is a group of 

patients with AF who have debilitating symptoms during AF that cannot sufficiently be 

treated with AAD. The Cox–Maze procedure described by Cox et al. was the first invasive 

surgical procedure for the treatment of AF.1,2 It has a success rate of 75%–95% after up 

to 15 years of follow up. In 1998 Haïssageurre et al. published a landmark paper in which 

an endovascular approach was described to target pulmonary vein triggers.3 Catheter 

based interventions have a lower single procedure success rate of 57% (95% CI, range 

50%–64%) off AAD after a mean follow up of 14 months, but are less invasive than the 

Cox–Maze-III procedure, which requires open heart surgery. Indeed, a single procedure 

is not always enough to prevent AF recurrences and most patients require multiple pro-

cedures to achieve a success rate of 71% (95% CI, 65%–77%) off AAD.4 In 2005 Wolf 

et al. described the first results of 21 patients treated with a minimally invasive surgical 

approach to PVI.5 The minimally-invasive procedure tries to combine the success rate 

of surgical treatment with a less invasive intervention for the patient akin to catheter 

ablation. Since the first publications, experience with the minimally-invasive procedure 

has increased, but the technique has not yet been established as a regular treatment 

option of AF. A potential advantage of the epicardial approach is the possibility of GP 

ablation, which may modulate the substrate for AF-induction.6 Furthermore, ALAL can be 

created to prevent AF recurrence and AT in patients requiring more extensive ablation. 

The risk of embolic events might be reduced through the possibility of excluding the LAA 

during surgery. Multiple energy sources have been investigated, including microwave7–9 

or high frequency ultrasound10, but application of these energy sources results in a lower 

success rate than RF energy. In this paper we present an analysis of the first results and 

progress made with minimally-invasive surgery, using RF energy only, in the treatment of 

AF. Additionally we discuss the recent developments and the place of minimally-invasive 

surgery in the therapeutic options of AF-treatment.

METhODS

Search query

For the search query the following databases were used; Pubmed and Embase on 

07/07/2011. The search query is shown in Table 1. We have added the results of Pison 

et al.11 to the analysis.



Chapter 6

110

Search strategy

The exclusion criteria were chosen to make a selection based on title and/or abstract, 

hereby selecting the papers needed to screen. Inclusion criteria were applied on the full 

text of the selected articles. Exclusion and inclusion criteria are listed in Table 1. Studies 

using RF-energy were selected as this method of ablations shows superior results com-

pared with other energy sources like high intensity focused ultrasound10 and microwave 

ablation.7–9 Doubles were filtered manually and all remaining articles were combined. All 

included full texts were screened on references.

Statistical analysis

Forest-plots to present an overview of the studies have been made using Meta-Analyst 

Beta 3.13 (Tufts Medical Center, Boston, MA).12 No individual patient data were available 

to perform a meta-analysis; however an overall freedom of AF curve was made to show 

the results of all studies. A freedom from AF analysis curve was chosen to estimate the 

combined effect of the different studies based on the reported proportions of success 

and number of patients. The analysis was performed with the Statistical Package for the 

Social Sciences, version 15.0 for Windows XP (SPSS, Chicago, IL, USA). The authors of this 

manuscript have certified that they comply with the Principles of Ethical Publishing in 

the International Journal of Cardiology.

Table 1. – Search Query

Database Search Query Search Results

Pubmed (atrial fibrillation[tiab] OR AF[tiab]) AND (epicardial ablation[tiab] OR 
endoscopic[tiab] OR thoracoscopic[tiab] OR videothoracoscopy[tiab] 
OR surgical ablation[tiab] OR minimally invasive[tiab] OR minimal 
invasive[tiab] OR mini-maze[tiab] OR VATS[tiab] OR epicardial 
pulmonary vein isolation[tiab] OR surgical pulmonary vein 
isolation[tiab])

Total: 538
Exclusion: 32
Inclusion: 21

Embase (“atrial fibrillation”:ti,ab OR “AF”:ti,ab) AND (“epicardial 
ablation”:ti,ab OR “endoscopic”:ti,ab OR “thoracoscopic”:ti,ab OR 
“videothoracoscopy”:ti,ab OR “surgical ablation”:ti,ab OR “minimal 
invasive”:ti,ab OR “minimally invasive”:ti,ab OR “mini-maze”:ti,ab 
OR “VATS”:ti,ab OR “epicardial pulmonary vein isolation”:ti,ab OR 
“surgical pulmonary vein isolation”:ti,ab)

Total: 632
Exclusion: 43
Inclusion: 23

The search was performed on 07-07-2011
Exclusion criteria: Animal studies, reviews, case reports, concomitant surgery, not atrial fibrillation, 
not minimally-invasive surgery, not English, no full-text availability
Inclusion criteria: Studies with > 10 patients, follow-up of > 3 months, use of radio frequent energy, 
off-pump cardiac surgery
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RESULTS

A total of 24 studies were found using our search query in Embase of whom 22 were 

also found in Pubmed.5,13–32 Two studies on ≤10 patients were excluded.33,34 An overview 

of the remaining 22 studies and the study of Pison et al.11 is presented in Table 2. All 

studies were observational in nature and 18/23 studies were performed in a single 

center.5,14–19,21–24,27,28,30–32,35 In total there were five studies by the group of Edgerton et al. 

who report on overlapping patients.22–26 Therefore their papers of 2007 and 2008 have 

been excluded from analysis in calculations of complications.22,23 The paper of Wang et 

al.32 describes an open-label randomized trial where patients received irbesartan after 

minimally-invasive surgery. For calculations of the cumulative results only the patients 

not receiving irbesartan were selected. There were two studies by the group of Speziale 

and Nasso, who performed a monolateral thoracotomy.13,17 As this procedure has differ-

ent surgical approach, it has been excluded from the cumulative analysis, but the results 

of these studies can be found in Tables 2 and 3.

Surgery

In all but two studies bilateral thoracotomy or thorascopic approach to surgery was 

performed, only the group of Speziale and Nasso used a monolateral thoracotomy.13,17 

Two studies performed a hybrid procedure; Krul et al.31 performed extensive electro-

physiological measurements epicardially while Pison et al.11 performed simultaneous 

transvenous catheter measurements. There were differences in the execution of the 

minimally-invasive surgical procedure (Table 2). RF energy was used in all studies as this 

was a selection criterion in including the studies in this paper. GP ablation was performed 

in 14 of 22 studies in addition to PVI (Table 2). Irrespective of the choice of GP ablation 

the ligament of Marshall was divided in all but two studies.13,17 ALAL were made in four 

studies as shown in Table 2.18,24,31 The LAA was excluded through suturing or stapling in 

20 of 22 studies.5,14–16,18–32,35 From studies of which procedure data were available, the 

mean procedure duration is 208 minutes (n=12 studies5,14,15,18–21,27,29,31,32) and hospital 

admission is 5 days (n=17 studies5,14,15,18–21,24–29,31,32,35).

Outcome

Definition of success varied between studies, but unfortunately not all studies report 

according to the HRS/EHRA/ECAS expert consensus statement on catheter and surgical 

ablation of AF (Tables 2 and 3).36

All papers present a total number of patients of 842 who underwent surgery. The 

reported population comprised of 752 patients. This number is lower because some 

patients were lost for follow-up or were still in the 3 months blanking period following 

the procedure at the time of publication.
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In these studies a mean of 26% (range 5%–45%, n=15 studies) of patients had a 

history of a previous catheter ablation (excluding Castella et al.28, where all patients had 

a previous catheter ablation). Total follow up varied from 2 to 45 months, with a reported 

mean ranging from 5.7–18 months. Unfortunately 6 month and/or 12 month follow up 

were not reported in all studies. It was not always possible to assess the success percent-

Table 3. – Minimally-invasive surgery for atrial fibrillation: patient number and results overview of 
studies

First author Year O
pe

ra
te

d 
Pa

ti
en

ts
a

FU
 (M

on
th

s)

Overall Paroxysmal AF Persistent AF LSP AF

To
ta

l

%

To
ta

l

%

To
ta

l

%

To
ta

l

%

AA
D

N
o 

AA
D

AA
D

N
o 

AA
D

AA
D

N
o 

AA
D

AA
D

N
o 

AA
D

Wolf5 2005 29 5,7 23 91 65 - - - - - - - - -

Sagbas19 2006 26 6 26 - 81 - 100 100 - 72 72 - - -

Edgerton22 2007 83 6 57 74 63 39 82 74 18 56 39 - - -

Wudel15 2007 23 18 22 - 91 - - - - - - - - -

McClelland35 2007 20 12 20 - 75 - 91 91 - 80 80 4 25 25

Matsutani20 2008 20 16,6 20 90 85 - - - - - - - - -

Edgerton23 2008 74 6 66 74 58 43 84 70 23 57 35 - - -

Sirak18 2008 32 6 24 - 88 - - - - - - - - -

Beyer29 2009 100 13,6 100 87 63 39 93 - 29 96 - - 71 -

Edgerton25 2009 114 6 114 71 57 60 87 72 32 56 47 22 50 32

Bagge30 2009 43 12 33 76 52 24 79 - 2 100 - - 57 -

Han21 2009 45 12 43 - 65 - 70 70 - 58 58 - - -

Edgerton ELS24 2009 30 6 30 80 47 - - - 10 90 70 20 75 35

Edgerton26 2010 52 12 52 81 63 52 81 63 - - - - - -

Speziale17 2010 54 6 46 87 - 19 95 - 27 81 - - - -

Cui27 2010 81 12 49 80 - - 80 - - 75 - - 67 -

Castella28 2010 38 12 26 62 - 11 82 - 10 60 - - 20 -

Stamou16 2010 20 12 12 75 - 7 100 - 5 40 - - - -

Yilmaz14 2010 30 11,6 30 77 50 19 84 - 8 75 - - 33 -

Krul31 2011 31 12 22 91 86 12 100 92 9 78 78 1 100 100

Pison11 2011 26 12 24 92 83 14 93 79 11 90 90 - - -

Wang32 2011 83 24 81 - 80 - - - - - - 81 - 80

Nasso13 2011 104 12 104 89 53 - 96 - - 80 - - - -

AAD: antiarrhythmic drugs, AF: atrial fibrillation, ELS: extended lesion set, FU: follow-up, LSP AF: long 
standing persistent atrial fibrillation
a Total number of patients who underwent the procedure is higher than overall reported patients 
because some patients did not complete the procedure or were still in the 3 months blanking period 
during publication.
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age at these times of follow up. Results in the different types of AF and the use of AAD 

were not specified in every study and as such not all studies could be included in the 

respective pooled analysis.

Given these restrictions, the overall single procedure success rate of minimally-invasive 

surgery without AAD is 64% (95% CI, range 55%–72%, n=7 studies) at a follow-up of 6 

months and 69 (95% CI, range 58–78%, n=5 studies) at 12 months follow-up.

With AAD the single procedure success rate was 75% (95% CI, range 70%–80%, n=5 

studies) the 6-months of follow up (Fig. 1). At 12-months success rate was comparable at 

79% (95% CI, range 71%–85%, n=7 studies) with AAD (Fig. 1).

In studies with GP ablation the overall success rate is 63% with AAD (95% CI, range 

58%–69%, n=15 studies) while in studies where the investigators refrained from GP 

ablation, the success rate was 83% with AAD (95% CI, range 63%–94%, n=6 studies).

In studies with ALAL the overall success rate is 77% with AAD (95% CI, range 

53%–92%, n=4 studies) while in studies where the investigators performed only PVI, 

the success rate was 65% with AAD (95% CI, range 60%–70%, n=16 studies).

Specified to the different type of AF, success in paroxysmal AF was 71% (95% CI, range 

65%–77%, n=5 studies), persistent AF 51% (95% CI, range 36%–65%, n=5 studies) 

(Fig. 2) and for LSP AF 33% (95% CI, range 21%–49%, n=2 studies) at 6 months (Fig. 

2). Success at 12 months with paroxysmal AF was 75% (95% CI, range 66%–82%, n=8 

studies) and 67% (95% CI, range 52%–79%, n=7 studies) in persistent AF (Fig. 2) and 

43% (95% CI, range 21%–68%, n=4 studies) in LSP AF.

Complications

Three casualties have been reported during or within 30 days after the procedure. One 

occurred during the procedure as a consequence of tearing of the LAA. For one death, the 

day after the procedure, the cause of death was undetermined and lastly, one late death 

resulted from cerebral infarction 30 days after the procedure. While mortality is low, 

surgical and post-procedural complications are relatively more frequently encountered. 

In 1.7% (14/842) of the procedures a sternotomy was required to control bleeding. 

Predominantly surgical complications of 3.2%, post-surgical complications of 3.2% 

and cardiac complications of 2.6% were described in the selected papers. A full list of 

morbidity related to the minimally-invasive procedure is listed in Table 4.

DISCUSSION

Minimally-invasive surgery

This systematic review comprises the first cumulative results of minimally-invasive 

surgery. These studies report an overall single procedure success rate of 69% without 
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Figure 1. – This figure shows four forest plots representing the proportion of the patients in sinus 
rhythm at 6 months and 12 months. The top left plot shows the results at 6 months without AAD 
(n=7 studies) and the top right at 6 months with AAD (n=6 studies). The bottom left plot shows the 
results at 12 months without AAD (n=6 studies) and the bottom right with AAD (n=7 studies). Note 
that the 6 months results are mostly results from studies of Edgerton et al.
AAD: antiarrhythmic drugs.
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Figure 1. – (continued) This figure shows four forest plots representing the proportion of the pa-
tients in sinus rhythm at 6 months and 12 months. The top left plot shows the results at 6 months 
without AAD (n=7 studies) and the top right at 6 months with AAD (n=6 studies). The bottom left 
plot shows the results at 12 months without AAD (n=6 studies) and the bottom right with AAD (n=7 
studies). Note that the 6 months results are mostly results from studies of Edgerton et al.
AAD: antiarrhythmic drugs.
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Figure 2. – This figure shows four forest plots representing the proportion of the patients in sinus 
rhythm at 6 months and 12 months specified to the different types of AF. The forest plot at the top 
show the results at 6 months of paroxysmal AF (n= 6 studies) and persistent AF (n=6 studies).The 
bottom plots show the results at 12 months of paroxysmal AF (n= 9 studies) and persistent AF (n=8 
studies) Of the studies marked with an asterisk (*) only results with the use of antiarrhythmic drugs 
are available.
AF: atrial fibrillation.
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Figure 2. – (continued) This figure shows four forest plots representing the proportion of the pa-
tients in sinus rhythm at 6 months and 12 months specified to the different types of AF. The forest 
plot at the top show the results at 6 months of paroxysmal AF (n= 6 studies) and persistent AF 
(n=6 studies).The bottom plots show the results at 12 months of paroxysmal AF (n= 9 studies) and 
persistent AF (n=8 studies) Of the studies marked with an asterisk (*) only results with the use of 
antiarrhythmic drugs are available.
AF: atrial fibrillation.
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AAD and 79% with AAD at one year. Interestingly the results at 6 months are somewhat 

lower (64% without AAD and 75% with AAD) (Fig. 3). There can be two explanations for 

this finding; firstly studies reporting results at 6 months follow-up represent the very 

first published reports of minimally-invasive surgery as can be appreciated from Table 3. 

Secondly not all people are weaned of their AAD at 6 months after the procedure. Most 

studies in this review use similar methods and have a mixed AF population (paroxysmal, 

Table 4. – Minimally-invasive surgery for atrial fibrillation: Morbidity

Morbidity N=842

Surgical Complications 27 3,20%

Conversions 14 1,70%

Conversions requiring heart-lung machine 4 0,50%

Bleeding 12 1,40%

LA Bleeding 5 0,60%

PV Bleeding 4 0,50%

LAA Bleeding 3 0,40%

Other Complications 1 0,10%

Post-Surgical Complications 27 3,20%

Hematothorax 12 1,40%

Nerve injury 10 1,20%

Wound problems 4 0,50%

Ribfracture 1 0,10%

Cardiac complications 22 2,60%

Pacemaker implantation 12 1,40%

Pericarditis 5 0,60%

Ventricular Arrhythmia’s 3 0,40%

Cardiac Effusion 2 0,20%

Pulmonary complications 18 2,10%

Ventilation Support 9 1,10%

Pneumothorax 5 0,60%

Pulmonary Embolism 2 0,20%

Pleural Effusion 2 0,20%

Other complications 14 1,70%

Infection 6 0,70%

Stroke/TIA 4 0,50%

Renal insufficiency 4 0,50%

Minor Complications 3 0,40%

Phlebitis 1 0,10%

Coagluation Problems 1 0,10%

Delirium 1 0,10%

LA: left atrium, LAA: left atrial appendage, PV: pulmonary vein, TIA: transient ischemic attack
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persistent and LSP). Only one paper describes the results in a group of paroxysmal AF26 

and three papers in only persistent and LSP AF.18,24,32 Minimally-invasive surgery is most 

effective in paroxysmal AF, but even in persistent AF and LSP AF more than half of the 

patients benefit from minimally-invasive surgery (Fig. 2). A recurrence of AF over time 

appears to be present, similar to the time course of recurrences after catheter ablation.37 

Invasive ablation of AF is helpful to the majority of selected patients, but the disease 

progresses and causes recurrences in part of the patients. Comparison between catheter 

based PVI and minimally-invasive surgery is not possible; first, these are the first cumula-

tive results of minimally-invasive surgery and secondly, no randomized control trial has 

been published comparing these two treatment modalities. Yet, while minimally invasive 

PVI appear at least equally successful, catheter based PVI and minimally-invasive surgery 

have the same limitation. Both treatment strategies only aim to eliminate a trigger of 

AF, namely ectopic triggers from the pulmonary veins. Recently substrate modification 
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Figure 3. – Overall freedom from atrial fibrillation curve for minimally-invasive surgery. This figure 
shows the overall freedom of AF curve for minimally-invasive surgery using the reported propor-
tions in the published papers at 6 months and 12 months. The blue line represents the overall 
results with AAD. The blue dotted line is the confidence interval of the overall results. Blue circles 
(●) represent the different studies and their outcome. Red lines and diamonds (♦) represent results 
without AAD.
AAD: antiarrhythmic drugs, AF: atrial fibrillation.
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with the use of additional left atrial lines has been proposed to increase success rates in 

non-paroxysmal AF.

A substantial part of the population reported in the papers had one or more previous 

catheter ablation (mean 26%). This might influence the results with minimally-invasive 

surgery; these patients might have incomplete lesions leading to AT, which are difficult to 

treat because these lesions are not easily identifiable. However the pre-existent substrate 

modification and PVI ablation might also increase the success rate of minimally-invasive 

surgery. Interestingly, Castella et al.28 have, compared to other investigators, a moder-

ate procedural success rate (62% with AAD), but they report results of patients with an 

earlier failed catheter-PVI only. These patients might have had different substrates in 

which PVI does not eliminate the pathophysiologic mechanism completely.

Speziale et al. and Nasso et al.13,17 used a monolateral approach and only performed 

PVI, without electrophysiological measurements. With this technique they achieve an 

average success rate with a low risk of procedure related-morbidity. Currently there is 

no confirmatory experience with this technique. Two studies perform periprocedural 

electrophysiological confirmation of conduction block of PVI and ALAL. Krul et al.31 use 

epicardial confirmation of conduction block while Pison et al.11 use a endovascular ap-

proach. These studies demonstrate that electrophysiological measurements are feasible 

during minimally-invasive surgery and that this hybrid approach might increase the 

success rate of minimally-invasive surgery.38

Role of GP ablation

There is ample evidence from animal studies that neurohumoral influence on the PVs 

plays an important role in the initiation of AF.6 Although the precise role of GPs has not 

yet been established, the minimally-invasive approach offers access to the epicardial 

fat pads where the GPs reside and allows their ablation. Additional GP ablation can be 

performed to modify the local neurohumoral triggers of the atria and it has been hypoth-

esized that this might decrease recurrence of AF. During epicardial surgery localization 

both visually and with high frequency stimulation and subsequent ablation of the GPs is 

possible. The absence of a vagal response to high frequency stimulation after ablation 

is generally considered proof of destruction of the GP. GP ablation has been added as 

a routine part of the minimally-invasive surgery protocol for AF by some investigators. 

However its value in the epicardial treatment of AF has not been established. There is 

evidence that endocardial ablation of GPs might increase success rate of catheter PVI. 

A vagal response during a catheter PVI procedure is associated with a lower recurrence 

of AF.39 In the studies reviewed here, there is a difference between GP ablation (63%) 

and no GP ablation (83%) in the addition to PVI. This might indicate that GP ablation 

is not an essential part in the minimally invasive surgery of AF to prevent recurrence 

of AF. Clearly, follow-up was short and at the present these data do not allow to draw 
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any meaningful clinical conclusions, and this difference merely underscores the need for 

further randomized studies.

Role of left atrial lesions

Four studies have been published that report the creation of an additional lesion 

set on the left atrium.18,24,31 The types of lesions are not uniform in these studies but 

compartmentalization of the posterior left atrium, to prevent re-entry around the PVs, 

is the hallmark of these lesions. These lesions purposefully increase the success rate 

in patients with persistent and LSP AF. From results with catheter ablation therapy it 

is suggested that only PVI in these patient may not be sufficient to prevent recurrence 

of AF.40 The application of RF energy and subsequent visualization of the lines is pos-

sible in minimally-invasive surgery. In our view, additional electrophysiological testing 

is required to assess complete block over these lines.41 It has been demonstrated in two 

studies that a large proportion of patients undergoing minimally-invasive surgery might 

suffer from atrial tachycardias.42,43 Therefore all effort should be taken to produce a lesion 

set that actually demonstrates conduction block. Although longer follow-up is needed, 

a comprehensive set of left atrial lesions might increase freedom of AF in patients with 

persistent or LSP AF. A reproducible set of lesions with peri-operative proof of block can 

therefore be a valuable addition to the minimally-invasive procedure. Thus the types of 

left atrial lesions that are most effective, are easy reproducible, and can be thoroughly 

tested electrophysiologically, should be investigated and their value in the different 

types of AF should be assessed.

Mortality and morbidity

Due to the epicardial approach to PVI minimally-invasive surgery incurs other risk in 

comparison with catheter PVI. There is for example a risk of conversion to on-pump 

cardiac surgery due to thoracoscopic surgery on the beating heart. However there is no 

radiation exposure during the procedure and therefore there are no radiation related 

complications. Mortality is limited, especially compared to other cardiac operations, and 

appears to be similar with catheter PVI (incidence minimally-invasive 0.4% vs. catheter 

ablation 0.7%).40 Surgical and post-procedural complications are frequently encountered 

(Table 4). As can be appreciated from this table the risks of minimally-invasive surgery 

are mainly peri-procedural problems followed by cardiac and pulmonary complications. 

These complication rates can be explained through the procedural difficulty and the 

learning curve of the surgery. Even though most complications are transient, the risk of 

pacemaker implantation of 1.4% is substantial. Furthermore there is still a risk of stroke 

or TIA (0.5%) during or shortly after minimally-invasive surgery. This risk of occurrence is 

not abolished through epicardial ablation, but it is smaller than in catheter based PVI.40 

The anti-coagulation policy before and after surgery (when the LAA is excluded) is dif-
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ficult; the balance between prevention of embolic events versus prevention of bleeding 

complications is precarious. There is little evidence of how to manage anti-coagulation 

after the treatment of AF and guidelines currently suggest maintaining anti-coagulation 

based on the CHA2DS2VASc score.40

Future developments

The position of minimally-invasive surgery in the treatment of AF treatment has yet to 

be established. The results presented in this paper show the first results of minimally-

invasive surgery. As such the potential of minimally-invasive surgery is still to be realized. 

Outcomes may benefit from standardization of the technique, results of longer follow-up 

and an improved patients selection. Furthermore recent incorporation of electrophysi-

ological measurements by some groups might increase the success rates the procedure. 

At the moment there are two ongoing studies comparing minimally-invasive surgery with 

catheter based PVI (SCALAF-trail and the FAST-trail). In these studies the two treatment 

modalities are compared with each other, but a complementary role of these interven-

tions might be envisioned. Patient preference can be the decisive factor in choosing 

catheter ablation or minimally-invasive surgery when comparing both the risks and the 

benefits of the two different approaches.

Limitations

This systematic review did not have access to all individual patient data and therefore 

our results and conclusions are based on published data. Furthermore not all results are 

reported according to the HRS/EHRA/ECAS expert consensus statement on catheter and 

surgical ablation of atrial fibrillation36 which makes a comparison of the different studies 

difficult. Due to the increasing experience and knowledge with minimally-invasive sur-

gery, the technique has evolved significantly after the first publication. Results of the first 

studies might not be fully comparable to those published later. Furthermore, this paper 

is an overview of minimally-invasive surgery based on published reports and therefore 

might be subject to publication bias and might not reflect current practice in individual 

centers.

CONCLUSIONS

Minimally-invasive surgery is a new invasive procedure for the non-pharmaceutical treat-

ment of AF. The first studies describe a single procedure success rate of 69% without 

AAD and 79% with AAD at one year follow-up. These results show a promising role for 

minimally-invasive surgery, although these results are likely to increase as the procedure 

progresses. Similar to catheter ablation it has a higher success rate in paroxysmal AF. 
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Electrophysiological measurements and confirmation of the ablation lines might be an 

important factor to increase the success of this procedure. Additional research in the 

creation and type of left atrium lines in patients with persistent and LSP AF should de-

termine a reproducible and effective left atrial lesion set to prevent recurrences in these 

types AF. Furthermore, the additional value of GP ablation is to be elucidated to assess 

its role in minimally-invasive surgery.
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ABSTRACT

Introduction

Thoracoscopic pulmonary vein isolation (PVI) and ganglion plexus ablation is a novel 

approach in the treatment of atrial fibrillation (AF). We hypothesize that meticulous elec-

trophysiological confirmation of PVI results in fewer recurrences of AF during follow-up.

Methods

Surgery was performed through 3 ports bilaterally. Ganglion plexus were localized and 

subsequently ablated. PVI was performed and entry and exit block was confirmed. Ad-

ditional left atrial ablation lines were created and conduction block verified in patients 

with nonparoxysmal AF. The left atrial appendage was removed. Freedom of AF was as-

sessed by ECGs and Holter monitoring every 3 months or during symptoms of arrhythmia. 

Antiarrhythmic drugs were discontinued after 3 months and oral anticoagulants were 

discontinued according to the guidelines.

Results

Thirty-one patients were treated (16 paroxysmal AF, 13 persistent AF, 2 long-standing 

persistent AF). Thirteen patients with nonparoxysmal received additional left atrial abla-

tion lines. After 1 year, 19 of 22 patients (86%) had no recurrences of AF, atrial flutter, 

or atrial tachycardia and were not using antiarrhythmic drugs (11/12 paroxysmal, 7/9 

persistent, and 1/1 long-standing persistent). Three patients had a sternotomy because 

of uncontrolled bleeding during thoracoscopic surgery. Four adverse events were 1 

hemothorax, 1 pneumothorax, and 2 pneumonia. No thromboembolic complications or 

mortality occurred.

Conclusions

Thoracoscopic surgery with PVI and ganglion plexus ablation for AF is a safe and suc-

cessful procedure with a single procedure success rate of 86% at 1 year. Electrophysi-

ological guided thorough PVI and additional left atrial ablation line creation presumably 

contributes in achieving a high success rate in the surgical treatment of AF.
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INTRODUCTION

Atrial fibrillation (AF) is the most common chronic arrhythmia in the world and has a 

major health burden to Western society. The lifetime risk of AF for subjects 55 years old 

is 23.8% in men and 22.2% in women.1 AF is associated with an increased risk of stroke, 

heart failure, and dementia.2,3 Pulmonary vein isolation (PVI) by catheter ablation is a 

widely accepted intervention of medically refractory AF in patients with no or minimal 

heart disease.4 The success percentages of catheter PVI vary greatly by center and the 

specific technique used, with a single procedure success rate of 57% to 77%.5 Risks 

of this procedure include thromboembolic complications, tamponade, and esophagus 

ulcers. In addition to catheter ablation, surgical techniques, particularly by Cox-Maze III 

procedure,6,7 have been effective in the treatment of AF. These are invasive and technically 

difficult procedures requiring a median sternotomy.6,7 A minimal invasive procedure aims 

at combining the success rate of surgical treatment with a minimal invasive approach.8 

Since 2005, multiple studies have been published using minimal invasive surgery with 

slight variations in operating technique, energy source used, and a success rate vary-

ing between 62% to 91%.9 We use a hybrid approach with extensive periprocedural 

electrophysiological testing during thoracoscopic pulmonary vein antrum isolation, left 

atrial ablation lines, and ganglion plexus (GP) ablation. We hypothesize that meticulous 

electrophysiological confirmation of ablation lines results in fewer recurrences during 

follow-up.

METhODS

Patient population

Patients with an indication for nonpharmacologic treatment of AF were eligible, as well as 

patients with a preference for minimal invasive surgery and/or an earlier failed catheter 

PVI attempt.10 This indication consisted of (1) ≥1 antiarrhythmic drugs (AAD) in standard 

dosage that failed or were not tolerated and (2) documentation of AF available within the 

12 months before the procedure. Age of the patients was between 43 and 77 years. Pa-

tients who received an earlier catheter PVI ablation and PVI-naive patients were eligible 

for this procedure. Definitions of paroxysmal, persistent AF and long-standing persistent 

AF, success and failure of ablation, major adverse events, and follow-up monitoring were 

based on the HRS/EHRA consensus statement for catheter and surgical ablation of AF.10 

All patients underwent 12-lead ECG, chest radiography, 24-hour Holter, transthoracic 

echocardiogram, and laboratory tests before surgery. MRI, exercise test, and pulmonary 

function test were performed on indication in the first 20 patients but were routinely 

performed in the last 10.
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Preoperative care

Patients were admitted the day before surgery. Oral anticoagulation was discontinued 3 

to 4 days before surgery. AAD were continued during hospital admission. Directly before 

surgery, a transesophageal echocardiogram was made to exclude thrombus in the left 

atrial appendage (LAA).

Surgical technique

Surgery was performed under general anesthesia. A double-lumen endotracheal tube 

for selective lung ventilation was placed. Surgery was started on the patient’s right side 

with 10-mm ports; 2 ports in the fourth and sixth intercostal space midaxillary line, and 

1 port in the third or fourth intercostal space anterior axillary line. GPs were localized as 

described previously11 with high frequency stimulation (18 V, 1-ms pulse width, 1000 

Hz) on the anterior right GP and inferior right GP. High-frequency pacing was delivered 

through an Atricure Cooltip (Atricure Inc, Cincinnati, OH) ablation pen positioned on the 

fat pad containing the GP and connected to an external pacemaker device, Oscor Pace 

203H DDD External Dual-Chamber Pacemaker (Oscor Inc, Palm Harbor, FL). Localization 

of GPs was confirmed when high frequency pacing induced AV block or increased the 

R-R interval >50%. GPs were subsequently ablated with bipolar radiofrequent energy 

through the AtriCure Cooltip pen. A lighted dissector (AtriCure Lumitip Dissector) was used 

to pass a rubber banding under the pulmonary venous (PV) antrum after blunt dissection 

of the Waterstone groove. An AtriCure Isolator Transpolar Clamp was then connected to 

the rubber banding and positioned gently around the PV antrum. PV antrum isolation 

was achieved by application of bipolar radiofrequency energy to the clamps around the 

PV antrum. After confirmation of PVI (see below), the procedure was repeated on the left 

side of the thorax. The ligament of Marshall was dissected and ablated in all patients. 

In patients with persistent AF and long-standing persistent AF (LSPAF), additional left 

atrial lines (ALAL) were created. The ALAL consisted of a superior line (SL) and in selected 

patients an additional inferior line (IL). The SL connects the ablation lines encircling the 

right and left PVs, preventing reentry around both PV isolation (PVI) scars. In addition, an 

ablation line between the SL and the left fibrous trigone was made (the trigone line, TL). 

This ablation line prevents macro reentry around the connected PV antrum ablation lines 

similar to a mitral isthmus line as commonly used in catheter ablation for AF.12 After the 

ablation procedure and confirmation of conduction block, the LAA was removed with an 

endoscopic stapling device (Endo Gia stapler, Tyco Healthcare Group, North Haven, CT). 

On completion of the procedure, single chest drains were inserted; one in each side of 

the chest.
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Electrophysiological testing

Before PVI, local electrograms were recorded from the PVs with a custom-made multi-

electrode (6 gold-plated electrodes positioned in a circle around a central electrode; 

interelectrode distance, 1 mm). As a reference for atrial activity, we positioned a standard 

decapolar electrophysiology catheter (C. R. Bard Inc, Murray Hill, NJ) behind the atrium. 

We recorded electrograms, as described elsewhere, at 7 predefined locations13: superior 

side of the superior vein, anterior side of the superior vein, inferior side of the superior 

vein, the confluence where both veins join, superior side of the inferior vein, anterior 

side of the inferior vein, and inferior side of the inferior veins. After ablation with the 

bipolar clamp, PVI was confirmed by placing the recording electrode on the same loca-

tions, on the PV side of the ablation scar. Electrograms were interpreted using a mobile 

electrophysiological work station (Bard Labsystem PRO 2.4A, C. R. Bard Inc). The PV 

antrum was considered isolated if either no potentials (bipolar recording) were recorded 

distal from the scar or if potentials were recorded of a slow automatic rhythm, dissoci-

ated from the atrial depolarizations (Figure 1). Far-field signals were identified by similar 

timing and morphology of the electrogram when positioning the recording electrode at 

varying Figure 1. PV recordings before and after PVI during sinus rhythm. Shown are leads 

I and II of the surface ECG and epicardial electrograms of the reference catheter and the 

custom-made electrode (right inferior pulmonary vein, RIPV). The reference catheter is 

positioned from the right side behind the atrium. The distal electrodes record from the 

left side of the atrium. Before ablation, there is activation of the antrum of the RIPV. After 

Before PVI After PVI

RIPV

I

II

Reference catheter 1-2
Reference catheter 3-4
Reference catheter 5-6
Reference catheter 7-8

Reference catheter 9-10

Figure 1. – PV recordings before and after PVI during sinus rhythm. Shown are leads I and II of the 
surface ECG and epicardial electrograms of the reference catheter and the custom-made electrode 
(RIPV). The reference catheter is positioned from the right side behind the atrium. The distal elec-
trodes record from the left side of the atrium. Before ablation, there is activation of the antrum of the 
RIPV. After ablation, the recordings on the RIPV show no potentials conducted to the RIPV.
ECG: electrocardiogram, PV: pulmonary vein, PVI: pulmonary vein isolation, RIPV: right inferior pulmo-
nary vein
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ablation, the recordings on the RIPV show no potentials conducted to the RIPV distance 

from the scar. If potentials persisted, indicating that the PVs had not been isolated, the 

clamp was repositioned and further radiofrequency current was applied until PVI was 

confirmed. If an IL was made, the electric isolation of the box created by the SL and 

IL was tested by demonstration of entry block (absence of electrograms either during 

sinus rhythm or during AF) and exit block (pacing from within the box without captur-

ing the atrium). In patients in AF during this testing of exit block, an attempt to electric 

cardioversion was undertaken. In patients who remained in AF after electric cardiover-

sion, no further attempts were undertaken to prove exit block. In patients in whom atrial 

morphology restricted the creation of ALAL, the IL was not made because this line is not 

necessary to prevent reentry around the PVs. Conduction block across the TL was tested 

by recording the activation sequence across the ablation line. The atrium was paced 

proximal from the one side of the line. The custom-made multi-electrode was positioned 

at several positions distal to the TL, closer to and more distant from the line. An activation 

sequence where activation under the multi-electrode propagated toward the ablation 

line (ie, activation came around both PVI circles toward the TL) confirmed conduction 

block across the line. In contrast, an impulse propagating away from the TL, hence coming 

from the side where the atrium was paced from, proved persistent conduction (Figure 2).

Perioperative and postoperative care

After the procedure, patients were transferred to the recovery room and subsequently 

to the ward of the cardiothoracic surgery department on the same day. Chest drains 

were removed the day after surgery, and chest radiographs were routinely performed 

before and after removal. Anticoagulation with coumarin derivatives was reinstituted in 

all patients after the procedure, before chest drain removal. Unfractionated heparin was 

started as soon as bleeding risk allowed and continued until the patient’s international 

normalized ratio was >2.0. Oral anticoagulants were continued for at least 3 months after 

the procedure and AAD were continued. Episodes of AF lasting >24 hours were treated 

with an electric cardioversion (ECV). Patients were discharged depending on the rapidity 

of clinical recovery.

Follow-up

Patients were seen at the surgical outpatient clinic 10 days after the procedure for 

wound inspection and removal of sutures. The first 3 months after the procedure were 

used as a blanking period for the determination of absence of AF. If AF recurred, within 

the 3 months, patients received ECV and the same antiarrhythmic treatment as before 

the surgery. Rate control was instituted to prevent mean ventricular rates <90/min if 

applicable. Patients were followed up every 3 months with a 24-hour Holter and an ECG 
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Posterior LA

A

Figure 2. – Electrophysiological confirmation of ALAL. Schematic view of the posterior LA during 
confirmation of conduction block of the TL (B and C) and the SL (D through F). A, Schematic repre-
sentation of the posterior LA with the ALAL. B and C, Confirmation of conduction block of the TL. 
Shown are leads I and II of the surface ECG with corresponding epicardial electrogram from the 
multielectrode. B, Multi-electrode is positioned far to the left from the TL (I); atrial conduction time 
from the stimulus (S) to the multielectrode is 200 ms. C, Multi-electrode is positioned on the scar of 
the TL (II). There is a double potential on C, the right of the scar, that is activated after 45 ms and the 
other side of the scar after 214 ms. The activation sequence confirms conduction block across the 
TL. D through F, Confirmation of conduction block of the SL. Shown are leads I and II of the surface 
ECG with corresponding epicardial electrogram from the multi-electrode. D, Multi-electrode is posi-
tioned far from the SL; atrial conduction time from the stimulus (S) to the multi-electrode is 60 ms (I). 
E, Multi-electrode is positioned closer to the SL; conduction time is increased to 100 ms (II). F, Final 
recording directly under the SL shows a conduction time of 154 ms (III). These sequential measure-
ments determine the direction of atrial activation, which, in this figure, confirms isolation of the SL.
ALAL: additional left atrial lines, IL: inferior line, LA: left atrium, LPV: left pulmonary veins, RPV: right 
pulmonary veins, LPVI: left pulmonary vein isolation line, RPVI: right pulmonary veins isolation line, S: 
stimulus, SL: superior line, TL: trigone line.
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until 2 years after the procedure. An MRI was made after 6 months for the detection of 

PV stenosis.

Antiarrhythmic medication was discontinued starting from the first outpatient visit, 3 

months after the procedure. After 6 months, oral anticoagulants were discontinued in 

patients with a CHADS2 score >1 if, after discontinuation of antiarrhythmic medication, 

there was absence of documentation of AF on either Holter or ECG or complaints sug-

gestive of AF. In patients with higher CHADS2 scores, the anticoagulant regimen was 

adjusted according to the guidelines.4

End points

The primary end point was freedom from episodes of AF, atrial flutter, or atrial tachy-

cardia without the use of AAD after 12 months. The secondary end point was freedom 

from episodes of AF, atrial flutter, or atrial tachycardia without the use of antiarrhythmic 

therapy after minimally invasive AF ablation and a after the blanking period of 3 months. 

Freedom from AF was defined as the absence of episodes of AF, atrial flutter, or atrial 

tachycardia lasting >30 seconds on any ECG or 24-hour Holter monitoring.10

Statistical analysis

Data are presented as mean±SD (range) or median (interquartile range, IQR) for continu-

ous variables and numbers with percentages for categorical variables. Postoperative AF-

free curves were calculated using the Kaplan–Meier method. Statistical analyses were 

carried out using GraphPad Prism, version 5.0.

RESULTS

Patient characteristics

Thirty-one patients underwent the procedure between November 2008 and June 2010. 

The mean age of patients was 57±7 years (range, 43 to 77 years), with 25 of 31 (81%) 

patients being male. Sixteen patients had paroxysmal AF, 13 patients had persistent AF, 

and 2 patients had LSPAF. Patient characteristics are shown in Table 1.

Procedure and admission details

Median procedure time was 191 minutes (IQR, 53; range, 136 to 355) in patients in whom 

no ALAL were made, compared with 217 minutes (IQR, 110; range, 166 to 540) in proce-

dures with ALAL (median time of all procedures, 205 minutes; IQR, 78). No vagal response 

could be evoked using high-frequency stimulation after GP ablation in all patients. One 

patient refused GP ablation and thus GP ablation was not performed in this patient. PVs 

were successfully isolated in all patients. In 12 patients, the number of radiofrequency 
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Table 1. – Patient characteristics

Minimal Invasive Surgery (n=31)
Age (years) 57 (43-77)
Male, n (%) 25 (81%)
Body mass index, mean ± SD, kg/m2 29 ± 4
Systolic blood pressure, mean ± SD, mmHg 133 ± 16
Diastolic blood pressure, mean ± SD, mmHg 79 ± 7
Type of AF

Paroxysmal, n (%) 16 (52%)
Persistent, n (%) 13 (42%)
Long standing Persistent, n (%) 2 (6%)

Total duration of AF, median, range, years 8 (1-25)
Previous AAD use, n (%) 31 (100%)
Number of previous AAD 4 (1-6)
Previous catheter PVI, n (%) 14 (45%)

Paroxysmal, n (%) 7 (23%)
Persistent, n (%) 7 (23%)
Long standing Persistent, n (%) 0 (0%)

Previous atrial flutter ablation, n (%) 4 (13%)
CHADS2-score, mean ± SD 0.5 ± 0,6

Congestive heart failure, n (%) 1 (3%)
Hypertension, n (%) 10 (32%)
Age >75, n (%) 2 (6%)
Diabetes, n (%) 1 (3%)
Stroke, n (%) 1 (3%)
TIA, n (%) 2 (6%)
Thromboembolic event, n (%) 0 (0%)

Other cardiovascular disease, n (%) 3 (10%)
Myocarditis, n (%) 2 (6%)
Brugada syndrome, n (%) 1 (3%)

Medication at inclusion
ASA, n (%) 1 (3%)
Oral anticoagulation, n (%) 30 (97%)
Statins, n (%) 9 (29%)
ACE-I/ARB, n (%) 14 (45%)
Beta-blocker, n (%) 13 (42%)
Amiodarone, n (%) 7 (23%)
Diltiazem, Verapamil, n (%) 1 (3%)
Digoxin, n (%) 3 (10%)
Dysopyramide, n (%) 1 (3%)
Flecainide, n (%) 8 (26%)
Sotalol, n (%) 8 (26%)

Echocardiographic finding*
Left atrial size, parasternal, long axis, mean ± SD, mm 47 ± 7
LAA thrombus, n (%) 0 (0%)

*Echo available in n=30 patients.
SD: standard deviation, AF: atrial fibrillation, AAD: anti-arrhythmic drugs, PVI: pulmonary vein isolation, 
TIA: transient ischemic attack, ASA: acetylsalicylic acid, ACE-I: angiotensin converting enzyme inhibitor, 
ARB: angiotensin receptor blocker, LAA: left atrial appendage
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applications was counted. Isolation of the right and left PV required additional radiofre-

quency applications in 4 of 12 and 7 of 12, respectively (up to 4 times). The total number 

of radiofrequency applications ranged from 3 to 14. Thirteen patients with persistent AF 

and LSPAF received ALAL. In 2 patients with persistent AF, no additional ablation lines 

were made because of anatomic restrictions in one, and the inadvertent presumption 

of paroxysmal AF in another patient. In 29 of 31 (94%) patients, the LAA could success-

fully be stapled and removed; in 2 patients, the LAA could not be removed because of 

bleeding during the procedure. Median hospital stay was 6 days (IQR, 3; range, 4 to 12). 

Average chest drain duration was 2 days (IQR, 0; range, 1 to 6). Procedure and admission 

details are shown in Table 2.

Follow-up

Median follow-up was 375 days (IQR, 285; range, 104 to 730). Twenty-two patients 

(71%) had a follow-up of 1 year or more. During the first 3 months after the procedure, 

blanked for the analysis of recurrence of AF, 9 (30%) patients received an ECV and 3 

(10%) patients received 2 or more ECV. ECV was performed in 4 (13%) patients after the 

first follow-up visit. One patient (No. 5) was categorized as late responder after receiv-

ing an ECV 115 days after the procedure. He remained in sinus rhythm since. Figure 3 

illustrates the freedom from AF in a Kaplan–Meier plot. Figure 4 shows the duration of 

follow-up and recurrences of AF in individual patients.

Table 2. – Procedure and admission details

Minimal Invasive Surgery (n=31)

Procedure Time, median, range, min 205 (136-540)

GP ablation, n (%) 30 (97%)

Additional left atrial ablation lines, n (%) 13 (45%)

Superior line, n (%) 13 (39%)

Trigone line, n (%) 13 (39%)

Inferior line, n (%) 8 (26%)

LAA removed, n (%) 29 (94%)

Conversion to sternotomy, n (%) 3 (10%)

Mortality, n (%) 0 (0%)

Duration of pleural drainage, median, range, days 2 (2-6)

AF on discharge, n (%) 3 (10%)

ECV during hospital stay, n (%) 0 (0%)

Duration of hospital stay, median, range, days 6 (4-12)

Discharge with AAD, n (%) 29 (94%)

GP: ganglionic plexus, LAA: left atrial appendage, AF: atrial fibrillation, ECV: electrical cardioversion, 
AAD: anti-arrhythmic drugs
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Figure 3. – Kaplan–Meier curve representing the percentage estimates of patients with freedom 
from AF, atrial flutter, and atrial tachycardia up to 2 years after surgery. The number of patient free 
from recurrence, total patients, and total patients specified by type of AF are shown at the bottom 
of the figure.
AF: atrial fibrillation.

Figure 4. – Individual patient time line: Individual patient follow-up including ECVs and blanking 
period. In this figure, individual follow-up and all recurrences of AF (light gray) are plotted. Bars indi-
cate the total numbers of days since the procedure. Patients with recurrences of AF, atrial flutter, or 
atrial tachycardia are indicated with an “F.” ECVs are marked with a star (✱) on the individual patient 
bars. Patients with persistent AF have a box (□) around their number, and patients with long-standing 
persistent AF have a circle (○) around their number.
AF: atrial fibrillation, ECV: electrical cardioversion.
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End points

A total of 19 of 22 patients (86%) reached the primary end point (11/12 paroxysmal 

AF, 7/9 persistent AF, and 1/1 LSP AF). These patients were free from AF, atrial flutter, or 

atrial tachycardia without the use of AAD at 1 year of the procedure. Table 3 elaborates 

on the 3 patients who did not meet the primary end point. The secondary end point was 

reached by 26 of 31 (84%) patients (14/16 paroxysmal AF, 10/13 persistent AF, and 2/2 

LSP AF). Of these patients, 16 of 31 (52%) patients discontinued oral anticoagulants. 

Patients without oral anticoagulants were followed for a median of 636 days (IQR, 180; 

range, 305 to 730), compared with 325 days (IQR, 90; range, 180 to 469) of follow-up for 

patients with oral anticoagulants (excluding failed patients). Note that most patients still 

taking anticoagulants were the patients with the shorter follow-up. In the 5 patients who 

did not reach the secondary end point, 4 had recurrences and 1 patient required AAD at 

individual follow-up (Table 3).

Adverse events

During the procedures, 3 patients had a sternotomy because of bleeding that could not 

be controlled with thoracoscopic surgery (2 left atrial bleedings and 1 bleeding from 

the aorta). We suspect that the sternotomies might have been related to the learning 

curve of the procedure because this occurred in patients 3, 7, and 19. One patient had 

a hemothorax resulting from bleeding from the entrance of one of the thoracoscopic 

Table 3. – Patients not reaching endpoints

Patient number Type AF Recurrence
(Days after 
procedure)

Comments

Patients who did 
not reach primary 
endpoint (n=3)

1 Paroxysmal - No recurrences, but on AAD at one year follow-
up (discontinued 492 days after procedure)

4 Persistent 0 Never attained SR. Inadvertently no ALAL 
in persistent AF. Redo catheter ablation 
unsuccessful

21 Persistent 170 Multiple episodes of AF and AT. Brugada 
syndrome

Patients who did 
not reach secondary 
endpoint (n=2)

2 Paroxysmal 528 One episode of AF of 56 minutes on Holter.

29 Persistent 115 Multiple episodes of AF and AT.

AF: atrial fibrillation, AAD: anti-arrhythmic drugs, AT: atrial tachycardia, ALAL: additional left atrial lines, 
SR: sinus rhythm
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ports. There were 3 minor events; during admission, 1 patient had a pneumothorax after 

removal of the chest drains. Two patients had a pneumonia successfully treated with an-

tibiotic therapy. The MRIs made after 6-month follow-up showed no signs of PV stenosis 

in any patient. No thromboembolic complications or deaths occurred.

DISCUSSION

In this report, we describe our first experiences with a hybrid approach of thoracoscopic 

PVI and GP ablation and LAA exclusion for AF. The percentage of patients free from AF 

and not using AAD after 1 year was 86%. Even with the small number of patients that we 

report here, these results make this technique a promising approach to the treatment of 

AF. In our view, the collaboration between surgeon and cardiologist is beneficial to the 

outcome of the procedure. Potentially, the high single procedure success rate described 

in this report may be a cost-effective treatment for AF. However, further studies are 

needed to elucidate this issue.

Electrophysiological measurements of PvI and ALAL

There are various reports on minimally invasive or thoracoscopic ablation of the PVs.8,14,15 

Our approach differs from those reports because we made the electrophysiological 

confirmation of the ablation the mainstay of the treatment. Frequently, the surgeon had 

to repeat the ablations because initial ablation did not result in conduction block. We 

cannot exclude that the increased number of radiofrequency applications rather than the 

electrophysiological evaluation is responsible for the success of the procedure. However, 

this matter can only be solved by demonstrating isolation or conduction block. Because 

of the anatomic aspect of the PVs and the shape of the bipolar radiofrequency clamp, 

certain areas are more likely to show conduction of atrial activity. These areas comprise 

the confluence where the PVs join and the superior side of the superior and inferior side 

of the inferior PVs. In addition to this, the success of radiofrequency application might 

further be increased by dissection of the epicardial fat surrounding the PV antrum.

It is thought that only PVI is not enough to maintain sinus rhythm in patients with 

persistent or long-standing persistent AF.4 There are few data that show which surgi-

cal lesions are easy reproducible, safe, and actually benefit the patient and prevent 

reentry tachycardias or modify the AF substrate.12,16,17 We use a series of left atrial lines 

adapted from Edgerton et al..16 We chose an epicardial approach for confirmation of the 

ablation lines. Potentially, complications related to additional left atrial catheter–based 

ablation such as stroke (related to transseptal puncture) and bleeding as a result of full 

heparinization can be prevented. We think that conduction block, preferably bidirec-

tional conduction block, must be proven. The nature of the procedure, that is, the fact 
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that half of the procedure is carried out from the right side with the right lung collapsed 

and the other half from the left side with the left lung collapsed, makes a rigid protocol 

necessary. That is, the right side of the SL and the TL must be completed and confirmed 

before the additional lines from the left side can be made. Therefore, we accept proof of 

unidirectional block. Of course we realize that this potentially leaves an arrhythmogenic 

substrate, but from our follow-up data thus far, this does not seem to play a major role. 

Speculations on efficacy of PVI and ALAL in LSPAF would be premature because there 

were only 2 patients with LSPAF. These patients did not deviate from the rest of the 

cohort during follow-up.

GP ablation

With epicardial ablation during thoracoscopic surgery, the fat pads in which the GPs 

reside can be selectively targeted. There are both experimental18,19 and clinical20,21 data 

showing that autonomic modulation or partial innervation contributes to the success of 

treating AF. Indeed, a vagal response occurring during catheter ablation of AF was associ-

ated with a higher success rate of the procedure.21 Additionally, the targeted approach of 

complex fractionated atrial electrograms, a marker of GP activity, has yielded success as a 

standalone intervention.22 However, complex fractionated atrial electrograms are a result 

of multiple causes and do not always correspond that well with the location of the GPs.23

By ablation of the GPs in addition to PVI, we thus target multiple arrhythmogenic causes 

of AF. It is unclear how much the GPs affect the PVs once there is a solid PVI. In animal 

models in which only GPs were ablated, return of GP activity was observed 4 weeks after 

the procedure.24 However, ablation of the GPs presumably destructs not only the nerve 

endings but also the cell bodies. This might potentially prevent the complete recovery 

and function of the GPs. One might speculate that the favorable results on medium term 

(≥1 year) that we present here are at least in part due to this lack of reinnervation, but 

without data supporting this hypothesis, this remains a speculation. One might also 

speculate that even if the effect of GP ablation is temporary, the absence of GP activity 

during the first few weeks after the procedure affects electrophysiological remodeling 

and thereby adds to freedom from AF.

Limitations

It cannot be excluded that event monitoring more extensive than serial 24-hour Holter 

electrograms or the implantation of loop monitor would capture episodes of AF not docu-

mented with our procedure.25 In a small, nonrandomized, observational study setting, it 

is hard to justify an invasive rhythm monitoring device. We are confident however, that 

most asymptomatic episodes come to our attention with our current follow-up protocol.

We report in this article the first patients who underwent this procedure in our institu-

tion. The procedure protocol was refined over time. Extensive measurement, GP ablation, 
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and PVI ablation remained unchanged, but the types of lines made in the ALAL varied 

over the course of time. Because the treatment of AF comprises an elective procedure 

for a nonlethal condition, we let surgical considerations on safety of the patient always 

prevail over electrophysiological completeness.

Because 45% of the patients reported here underwent a previous catheter ablation for 

AF, it cannot be excluded that this favorably influenced our results. However, all patients 

had documented recurrences of AF before being enrolled in this study. Moreover, the 

PVs were not isolated in any of these patients (data not shown). Therefore, we cannot 

conclude that previous ablation affected the outcome of the current study.

CONCLUSIONS

A minimal invasive surgical approach with thoracoscopic video-assisted surgery with PVI 

and GP ablation for AF is a safe and successful procedure with a single-procedure success 

rate of 86% at 1 year without the use of AAD. Electrophysiological guided thorough PVI 

and ALAL creation presumably contribute in achieving a high success rate in the surgical 

epicardial approach in treatment of AF. Removal of the LAA is an additional advantage 

compared with the endocardial approach of AF treatment. The contribution of the ALAL 

and GP ablation in this procedure and their effect on success rate must be evaluated in 

further studies.
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ABSTRACT

Introduction

Patients with atrial fibrillation (AF) with enlarged atria or previous pulmonary vein iso-

lation (PVI) are challenging patients for catheter ablation. Thoracoscopic surgery is an 

effective treatment for these patients but comes at the cost of an increase in adverse 

events. Recently, electrophysiological (EP) guided approaches to thoracoscopic surgery 

have been described which consist of EP guidance by measurement of conduction block 

across ablation lines. In this study we describe the efficacy and safety of EP-guided 

thoracoscopic surgery for AF in patients with enlarged atria and/or prior failed catheter 

ablation.

Methods and Results

A total of 72 patients were included. Two different approaches to EP-guided thoraco-

scopic surgery were implemented: epicardial or endocardial EP-guidance at the time of 

surgery. Residual intraoperative conduction requiring additional ablation was detected 

with epicardial or endocardial mapping techniques in 50% and 11%, respectively. 

Additional epicardial or endocardial ablation was performed until bidirectional block 

was confirmed. Follow-up consisted of an ECG and a 24 h Holter at 3, 6 and 12 months 

after the procedure. A total of 57 patients (79%) had freedom of AF and were off anti-

arrhythmic drugs at one year follow-up (30 paroxysmal (83%), 27 persistent AF (75%)). 

Adverse events occurred in 13 patients (6 major). None of our patients died and all 

events were reversible.

Conclusions

EP-guidance of thoracoscopic surgery can be safely performed both epicardially and en-

docardially and is associated with a high rate of long-term maintenance of sinus rhythm 

in patients with enlarged atria and/or a previously failed ablation.
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INTRODUCTION

Atrial fibrillation (AF) is a growing problem in Western society and associated with a 

substantial healthcare expenditure.1 Treatment of AF is difficult in patients who remain 

symptomatic despite antiarrhythmic therapy, among others hampered by side effects of 

antiarrhythmic drugs (AAD) and an incomplete pathophysiological understanding of the 

disease.

Catheter-based pulmonary vein antrum isolation (PVAI)2 is most effective in patients 

with paroxysmal AF3,4 and normally sized left atria. In patients with more advanced 

disease multiple catheter ablation procedures or extensive ablation within the left 

atrium and of other triggers of AF may be needed to achieve an acceptable success rate.5 

Thoracoscopic pulmonary vein isolation (PVI) is an effective treatment for AF6–8, but is 

more invasive than catheter ablation, and has a success rate of 69% in an unselected 

population.7 Recently, a randomized multicenter study comparing catheter ablation and 

thoracoscopic surgery, showed superiority of the surgical approach (65.6% vs. 36.5% 

arrhythmia freedom at one year) in challenging patients with remodeled atria or prior 

failed ablation at the cost of an increase in adverse events.9 Electrophysiological (EP) 

guided approaches applied during thoracoscopic PVI use catheter-derived EP endpoints 

to improve the outcome of surgery.10,11

Electrophysiologists with experience in AF ablation can assess bidirectional conduc-

tion block across ablation lines with EP techniques (epicardially10 or endocardially11). 

The collaboration between surgeon and EP in assessment of acute conduction block in 

one session possibly increases the single-procedure success rate of thoracoscopic sur-

gery12, without increasing of the adverse events. In this study we investigate the single 

procedure efficacy and safety of EP-guidance, using two different groups with either an 

epicardial or endocardial guidance of thoracoscopic surgery for AF in selected patients 

with remodeled atria or prior failed catheter ablation. This analysis was designed as an 

exploration of the value of EP-guidance during two different EP-guided thoracoscopic 

surgery approaches in challenging patients. In both approaches, an electrophysiologist 

contributes actively in the surgical procedure.

METhODS

Patient population

Two centers participated in this study, the Academic Medical Center (AMC) in Amsterdam 

and the Maastricht University Medical Center (MUMC), Maastricht. Data were prospectively 

collected from consecutive patients with one year follow-up who underwent EP-guided 

thoracoscopic surgery for AF, all these patients had an indication for surgical ablation of 
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AF according to the latest guidelines.5,13 Inclusion of patients in this analysis was based 

on pre-procedural predictors of recurrence that identified patients that were considered 

less amenable to PVI and an earlier randomized study to warrant a historical compari-

son.9,14 Inclusion criteria were; 1) a left atrial diameter of 40–44 mm and hypertension 

2) left atrial diameter of ≥45 mm or 3) previous failed PVI. Patients with incomplete 

follow-up, defined as absence of 6 or 12 months outpatient follow-up, or without an 

adequate pre-procedural echocardiogram to assess left atrial diameter were excluded.9 

Definitions, clinical follow-up, classification of outcome and reporting of the results are 

according to the Heart Rhythm Society/European Heart Rhythm Association/European 

Cardiac Arrhythmia Society (HRS/EHRA/ECAS) consensus statement on catheter and 

surgical ablation.5

Thoracoscopic surgery

Thoracoscopic surgery was employed in both centers, the different surgical procedures 

and mapping protocols have been described earlier in detail.10,11 Surgery was performed 

under general anesthesia on the beating heart. Ganglionic plexus (GP) were located 

anatomically and functional testing was performed with high frequency stimulation. GPs 

were subsequently ablated in the majority of patients until no vagal response could be 

elicited. Bilateral thoracoscopic PVI was performed with a radiofrequency bipolar clamp 

(AtriCure Isolator Transpolar Clamp, AtriCure Inc.). In patients with persistent AF or with 

induction of AF after the thoracoscopic PVI, additional left atrial lesions were created 

with a radiofrequency pen (AtriCure Isolator Bipolar Linear Pen and AtriCure Coolrail). In 

the epicardial EP-guided procedures these lines consisted of the Dallas lesion set15, a 

superior and trigone line and an inferior line in the first 24 patients. In the endocardial 

EP-guided procedures a left box lesion set was created using a stepwise approach as 

described in Pison et al.11, consisting of a superior line and inferior line, additionally right 

atrial lines were created (superior cava line, inferior cava line and intercaval lines) in 

patients with an enlarged right atrium and a left isthmus line in patients with a perimitral 

flutter. The left atrial appendage (LAA)was clipped using an endoscopic stapling device 

(Endo Gia stapler, Tyco Healthcare Group), according to surgeon preference.

Electrophysiological study

In the epicardial EP-guided approach PV entry and exit block was tested completely 

epicardially with custom-made electrodes and a diagnostic decapolar EP catheter (Radia 

XT, Bard) as described in De Groot et al..16 If no entry or exit block could be confirmed 

additional ablation with the bipolar clamp was applied until isolation was achieved. Ad-

ditional ablation lines were tested epicardially and additional touch-up ablations were 

delivered epicardially with radiofrequency ablation pen (AtriCure Isolator Bipolar Linear 

Pen) until bidirectional block was achieved. All measurements were performed and 
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analyzed by an electrophysiologist using a dedicated EP-workstation (Bard Labsystem 

PRO 2.4A, Bard).16 For the endocardially EP-guided approach patients were heparinized 

after the thoracoscopic lesion set was applied and a His bundle and a coronary sinus 

catheter were introduced through a femoral venous approach. After transseptal punc-

ture, PVs were mapped and isolation was assessed endocardially with a circular mapping 

catheter (Lasso, Biosense Webster). If PVs were not isolated, endocardial touch-up abla-

tions were delivered with a 3.5-mm-tip catheter (ThermoCool, Biosense Webster). The 

epicardial lesions were subsequently tested endocardially for conduction block, with 

endocardial completion of the mitral isthmus line and touch-up of the epicardial lesion 

set in the absence of bidirectional conduction block. In patients with a history of typical 

cavotricuspid dependent atrial flutter an additional right atrial isthmus line was created 

endocardially. No ablation of complex fractionated atrial electrograms was performed.

Follow-up

After the procedure, patients were reinstated on their pre-procedural medication, includ-

ing AAD. The first three months after the procedure were blanked for the determination 

of absence of AF. Patients were followed at the outpatient clinic with ECGs and a 24h 

Holter at 3, 6 and 12 months after the procedure according to the HRS/EHRA/ECAS 

expert consensus statement.5 AADs were discontinued starting from the first outpatient 

visit, 3 months after the procedure.

Efficacy

The primary endpoint was freedom of AF, atrial flutter or atrial tachycardia lasting longer 

than 30s on any ECG or Holter monitor after the blanking period without the use of AAD 

after 12 months.5 A secondary outcome was defined as freedom from AF, atrial flutter or 

atrial tachycardia with/without the use of AAD after 12 months.5

Safety

All adverse events during the peri-procedural period (within 30 days after the procedure) 

were monitored. Major adverse events were adverse events resulting in permanent injury 

or death, requiring intervention for treatment or extending hospital admission for more 

than 48h.5 All non-major adverse events were classified as other adverse events.

Statistical analysis

Data are presented as mean± standard deviation for normally distributed continuous 

variables or median and range for non-normal distribution. Categorical variables are pre-

sented in numbers with percentages. Differences were determined with an independent 

Student T-test for normally distributed data or a Mann–Whitney U test for not-normally 

distributed data. A Chi-square Test or Fisher’s Exact Test was used for categorical vari-
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ables. A univariate analysis was performed using binary logistic regression for failure 

of treatment at one year follow-up. Postoperative AF-free curves were calculated using 

the Kaplan–Meier method and compared with the log-rank test. Statistical analyses were 

carried out using SPSS, version 19.0. A p-value of <0.05 was considered significant.

RESULTS

Patient characteristics

Hundred-and-two patients underwent EP-guided surgery for AF (Amsterdam n=50, Maas-

tricht n=52) between 2008 and 2011. Seventy-seven met the inclusion criteria for this 

analysis and had a previous failed catheter ablation, an enlarged left atrium of ≥45 mm or 

hypertension and an enlarged left atrium 40–44 mm. Five patients were excluded due to 

insufficient follow up data (n=3) or pre-procedural echocardiogram (n=2) that precluded 

quantification of the left atrial diameter. In the remaining 72 patients, 31 (43%) had a 

previous catheter ablation, 48 (67%) had a left atrial diameter of ≥45 mm and 9 (13%) 

had a left atrial size of 40–44 mm with hypertension. Mean age was 59±8.7 years (range 

38–78) and 57 patients were male (79%). Thirty-six patients had paroxysmal AF (50%), 

32 persistent AF (44%) and 4 longstanding persistent AF (6%). Eighteen patients (25%) 

had one previous PVAI, 13 (18%) had two or more previous PVAI. These procedures con-

sisted either of a PVAI (n=20) or PVAI with additional left atrial lesions (n=11). The results 

of patients with persistent and longstanding persistent AF are combined and reported as 

persistent AF. Patient characteristics are shown in Table 1.

Electrophysiological guided procedure

A total of 36 procedures with an epicardial EP-guided approach (Amsterdam) and 36 

with an endocardial EP-guided approach (Maastricht) were performed. In all but one pro-

cedure (with complete PV isolation after previous catheter ablation) PVI was performed. 

Of the 22 patients with quantitative information available on the number of ablation in 

the epicardial EP-guided approach 11 (50%) patients achieved PV isolation after 3–14 

initial ablations (median 6.5). Additional epicardial ablation was performed, guided by 

the epicardial EP measurements, until bidirectional block was attained. Four patients 

(11%) in the endocardial EP-guided approach needed endocardial touch-up after a total 

of 6 epicardial ablations. In 48 patients (67%) additional atrial lesions were created; 

left atrial lesions in all, and additional right atrial lesions in 13 (18%). In the epicardial 

EP-guided approach epicardial EP measurements revealed residual conduction across 

at least one additional ablation line in all patients, and further epicardial ablation was 

performed until bidirectional block was attained. In the endocardial EP-guided approach 

the left atrial lines needed additional endocardial touch-up in 2 (7%) patients. GP abla-
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tion was performed in the majority of patients (n=44, 61%). LAA removal was performed 

in 45 patients (63%). Mean procedure time was 218±79 min and average admission 

duration was 6.5±3 days. Procedure characteristics are shown in Table 2.

Efficacy

After one year and after discontinuation of AAD 57 patients (79%) had sinus rhythm 

and no recurrences of AF, atrial flutter or atrial tachycardia, of whom 30 patients with 

paroxysmal AF (83%) and 27 with persistent AF (75%). Of note, most patients with recur-

rences, (AF n=6, AF and AT n=3, AT n=2, AFT n=1) presented themselves with complaints 

of palpitations at a physician (10/12). The majority were managed with anti-arrhythmic 

drugs as these patients had far less symptoms than before the procedure. A redo catheter 

Table 1. – Patient characteristics

Patient Characteristics All Epicardial
EP-guided

Endocardial
EP-guided

p-value

Patients, n (%) 72 (100) 36 (50) 36 (50)

Age (years) 59±8.7 (38-78) 59±8.2 (43-77) 60±9.2 (38-78) 0.86

Male, n (%) 57 (79) 30 (83) 27 (75) 0.38

Body mass index (kg/m2) 28±3.7 (21-37) 29±4.3 (22-37) 27±3.0 (21-36) 0.12

CHA2DS2VASc-score, 1 (0-7) 1 (0-6) 1 (0-7) 0.63

Congestive heart failure, n (%) 3 (4) 1 (3) 2 (6) 1.00

Hypertension, n (%) 30 (42) 14 (39) 16 (44) 0.63

Age ≥ 75, n (%) 3(4) 2 (6) 1 (3) 1.00

Diabetes, n (%) 1 (1) 1 (3) 0 (0) 1.00

Stroke/TIA/Embolus, n (%) 6 (8) 5 (14) 1 (3) 0.20

Vascular disease, n (%) 7 (9) 2 (6) 5 (14) 0.43

Age ≥ 65, n (%) 15 (21) 10 (28) 12 (33) 0.61

History of atrial flutter, n (%) 13 (18) 1 (3) 12 (33) 0.01

Previous atrial flutter ablation, n (%) 8 (11) 1 (3) 7 (19) 0.55

Type AF

Paroxysmal, n (%) 36 (50) 17 (47) 19 (53) 0.64

Persistent, n (%) 36 (50) 19 (53) 17 (47) 0.64

Total duration of AF, median, range (years) 5.5 (1-22) 6 (2-22) 4.5 (1-13) 0.09

Previous catheter PVI

1 16 (22) 9 (25) 9 (25) 1.00

2≥ 13 (18) 7 (19) 6 (17) 1.00

Echocardiography

Left atrial size*, (mm) 47±6.2 (32-61) 50±6.4 (40-61) 44±4.8 (32-53) <0.01

AF: atrial fibrillation, EP: electrophysiological, PVI: pulmonary vein isolation, TIA: transient ischemic at-
tack
*Left atrial diameter measured on the parasternal long axis
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ablation was performed in 3 patients. Two patients showed intact ablation lines endo-

cardially and only an additional mitral isthmus line was created. One of these patients 

achieved no sinus rhythm after the ablation and has subsequently been treated with rate 

control. The third patient had a redo-isolation of a common ostium and additional touch-

up of the roof line, this patient has had no recurrences after this redo-procedure. Three 

patients still used AAD due to patient preference. Absence of AF at one year including 

these three patients was present in 60 patients (83%) in the entire cohort; in 32 (89%) 

and 28 (78%) patients with paroxysmal and persistent AF respectively. An overview of 

the outcome endpoints is shown in Table 3.

Three factors were associated with failure in univariate analysis. These were female 

sex (odds ratio 3.6, CI 1.014–12.467, p=0.048), presence of vascular disease (odds ratio 

6.5, CI 1.281–33.451, p=0.024) and duration of AF (odds ratios 1.168, CI 1.018–1.339, 

p=0.022).

Safety

No patient died during the procedure or during follow-up. There were 6 major adverse 

events. Two patients received a sternotomy to control bleeding, which could not be 

managed thoracoscopically. The hemothorax that occurred in two other patients, re-

Table 2. – Procedure characteristics

Procedure Characteristics All Epicardial
EP-guided

Endocardial
EP-guided

p-value

Procedures, n (%) 72 (100) 36 (50) 36 (50)

PVI Isolation, n (%) 71 (99) 36 (100) 35 (97) 1.00

GP ablation, n (%) 44 (61) 35 (97) 9 (25) <0.01

Additional left atrial ablation lines, n (%) 48 (67) 18 (50) 30 (83) 0.03

Roofline, n (%) 48 (67) 18 (50) 30 (83) 0.03

Floor line, n (%) 38 (53) 10 (28) 28 (78) <0.01

Trigone line, n (%) 11 (15) 11 (31) 0 (0) <0.01

LAA line, n (%) 6 (8) 6 (17) 0 (0) 0.25

Mitral isthmus line, n (%) 3 (4) 0 (0) 3 (8) 0.24

Intercaval line, n (%) 11 (15) 0 (0) 11 (31) <0.01

Superior vena cava line, n (%) 11 (15) 0 (0) 11 (31) <0.01

Inferior vena cava line, n (%) 3 (4) 0 (0) 3 (8) 0.24

Right isthmus line, n (%) 6 (8) 0 (0) 6 (17) 0.25

LAA removed, n (%) 45 (63) 34 (94) 11 (31) <0.01

Procedure duration, (min) 219±79 
(75-540)

219±82
(120-540)

218±76 
(75-505)

0.98

Duration of hospital stay, (days) 6 (3-13) 5 (3-12) 6 (5-13) 0.07

GP: ganglionic plexus, EP: electrophysiological, LAA: left atrial appendage, PVI: pulmonary vein isolation
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sulted from an intercostal artery bleeding. Careful retraction of the working port and 

final inspection before closure has prevented this event from occurring in all subsequent 

patients. One patient received a pacemaker due to a bradycardia induced torsade de 

pointes. One patient developed a pericardial effusion three weeks after the procedure, 

after drainage the patient restored without any further complications. No phrenic nerve 

palsies developed as the thoracoscopic approach allows very clear visualization of the 

phrenic nerve and the pericardium was opened N1 cm away from the nerve. There were 

no irreversible injuries and all bleeding complications that occurred were surgical re-

lated and did not occur during the EP measurements. An overview of the adverse events 

is listed in Table 4.

Table 3. – Outcome

Efficacy All Epicardial
EP-guided

Endocardial
EP-guided

HRS/ESC/EHRA success, n(%) 57 (79) 27 (75) 30 (83)

Paroxysmal AF, n(%) 30 (83) 15 (88) 15 (79)

Persistent AF, n(%) 27 (75) 12 (63) 15 (88)

HRS/ESC/EHRA with AAD success, n(%) 60 (83) 28 (78) 32 (89)

Paroxysmal AF, n (%) 32 (89) 16 (94) 16 (84)

Persistent AF, n(%) 28 (78) 12 (63) 16 (94)

AAD: anti-arrhythmic drugs, EP: electrophysiological, AF: atrial fibrillation

Table 4. – Peri-procedural complications

Mortality and mortality All Epicardial
EP-guided

Endocardial
EP-guided

Mortality, n (%) 0 (0) 0 (0) 0 (0)

All adverse events, n (%) 13 (18.1) 8 (22.2) 5 (13.9)

Major adverse events, n (%) 6 (8.3) 5 (13.9) 1 (2.8)

Conversion of surgery, n (%) 2 (2.8) 1 (2.8) 1 (2.8)

Pacemaker implantation, n (%) 1 (1.4) 1 (2.8) 0 (0)

Hemothorax requiring surgical 
intervention, n (%)

2 (2.8) 2 (5.6) 0 (0)

Pericardial effusion, n (%) 1 (1.4) 1 (2.8) 0 (0)

Other adverse events, n (%) 7 (9.7) 3 (8.3) 4 (11.1)

Pneumonia, n (%) 3 (4.2) 2 (5.6) 1 (2.8)

Pneumothorax, n (%) 2 (2.8) 1 (2.8) 1 (2.8)

Wound problems, n (%) 1 (1.4) 0 (0) 1 (2.8)

Heart failure, n (%) 1 (1.4) 0 (0) 1 (2.8)

EP: electrophysiological
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Patient population of epicardial and endocardial electrophysiological 
guided procedure

The patient population in both centers is similar, due to the inclusion criteria for this 

analysis (Table 1). Significant differences between the centers were a higher number 

of patients with a history of flutter in the endocardial EP-guided group (p=0.01) and 

larger atrial dimensions in the epicardial EP-guided group (p<0.001). Not significant, 

but noticeable differences include more patients with a history of stroke, TIA and/or a 

systemic embolus (p=0.20), a higher BMI (p=0.12), and longer duration of AF (p=0.09) 

in the epicardial EP-guided group. Procedure characteristics were significantly different 

due to the differences in the approach of the EP measurements and additional ablations 

(GP ablation, type of additional ablation lines, LAA removal), but did not correlate with 

success. Notably, procedure duration and admission duration were similar (p=0.98 and 

p=0.07 respectively). Between the different procedures, there were no significant dif-
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Figure 1. – Freedom of AF in subgroups. Kaplan–Meier curve representing the percentage estimates 
of patients with freedom of AF up to one year after surgery. Panel A: freedom of AF curves for two 
participating centers (log-rank test p=0.45). Panel B: freedom of AF curves according to different 
types of AF (log-rank test p=0.70). Panel C: freedom of AF curves in left atrial diameter more or less 
than 45 mm (log-rank test p=0.79). Panel D: freedom of AF curves stratified according to a history of 
previous catheter ablation (log-rank test p=0.69).
AF: atrial fibrillation, EP: electrophysiological, LA: left atrium, PVI: pulmonary vein isolation.
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ferences in outcome, neither overall nor for subgroups (Figure 1). Finally, no significant 

differences were found in adverse events.

DISCUSSION

The management of AF in patients with enlarged atria or previous failed catheter ablation 

presents a challenge. In this study two different EP-guided surgical approaches were per-

formed in a group consisting of challenging patients with AF. A total of 79% of patients 

undergoing one single EP-guided thoracoscopic procedure for AF remained free of AF 

during one year without the use of AAD.

Electrophysiological guidance during thoracoscopic surgery

Recently, a randomized multicenter study comparing catheter ablation with non-EP 

guided thoracoscopic surgery in a group of challenging patients reported a success rate 

of 36.5% versus 65.6% respectively after one year follow-up without AAD, but at the 

cost of more procedural adverse events: 23.0% vs. 3.2%.9 The patients described in 

our study, selected on similar inclusion criteria, are therefore not ideal candidates for 

catheter ablation. Half of the patients (43%) had an earlier failed ablation and 67% of 

the patients had a severely enlarged LA with or without hypertension, pre-procedural 

predictors of recurrence.14 In these selected patients EP-guided thoracoscopic surgery 

results in an increased efficacy of 79%, when compared to the published results of 

standalone thoracoscopic surgery in similar patient cohorts.6,7,9 There appears to be an 

addition of EP-guidance in the two different procedures, irrespective of the differences 

in the two approaches. These similar outcomes might be the result of the underlying 

philosophy of EP guidance; the enhanced resolution and ability to confirm conduction 

block and to detect gaps in ablation lines during thoracoscopic surgery. Our data show 

that in 11–50% of the procedures the PVs were not fully isolated after the initial surgical 

ablation attempt and that depending on the additional atrial lesion set used, all ablation 

lines required additional epicardial or endocardial touch-up. The difference in the integ-

rity of PV isolation between the approaches could be partially attributed to differences 

in the number of applications at the initial attempt. In the epicardial EP-guided approach 

the duration of clamping was based on an impedance measurement during ablation, 

reflecting “transmurality” of the lesion. The duration of applications was about 15s in the 

endocardial EP-guided approach. The technical complexity in creating the trigone line 

could explain the frequency of incomplete block found after the first ablation attempt. 

Further study of these procedures is required in different populations and in prospective 

randomized trails against standalone surgery and catheter ablation to clarify the role and 

additive effect of EP-guidance in the (surgical) treatment of AF.



Chapter 8

160

Patient and procedural characteristics

Both procedures had similar cornerstones with a patient tailored approach5; PVI and left 

atrial lesions which were extensively tested with epicardial or endocardial mapping, 

however there were other procedural differences. The patients with an endocardial EP-

guided approach received a more extensive lesion set, using a stepwise approach, with 

the inclusion of right atrial lesions. Potentially, right atrial lesions are necessary in pa-

tients with persistent AF or enlarged right atria to achieve a better result.17 On the other 

hand, patients with paroxysmal AF might benefit more from PVI alone.18 In a majority of 

the patients the GPs were ablated or the LAA was removed, however the success rate 

in these two groups was not different. This may be due to the patient selection of this 

analysis. In these patients the substrate of AF may be less dependent of GP function and 

extrapulmonary triggers may play a smaller role. It is still not univocally clear whether GP 

ablation during minimal invasive surgery for AF has additional benefit.6,7 Catheter abla-

tion studies have shown, that functional localization and ablation of GP’s, with a vagal 

response on high frequency stimulation, are less effective than anatomical ablation.19 

In this study a primarily anatomical approach was used, with functional confirmation. It 

may well be that epicardial ablation of the PVI with the use of a RF clamp interrupts the 

innervation of the PV’s. The success rates after one year are the same as the included 

groups in this study (Figure. 1). Interestingly, patients with an atrium <45 mm appear to 

have mostly late recurrences (after 276 days), possibly indicating a subgroup of patient 

with progression of underlying atrial remodeling, but the number of recurrences is low. 

Female sex, vascular disease and longer duration of AF were associated with recurrences 

in this population. While these factors could not be validated in multivariate analysis, 

they have been reported earlier.20,21 Patients who underwent an epicardial EP-guided 

procedure were heavier, had larger atria and a non-significant longer duration of AF, pos-

sibly associated with an increased recurrence risk.5,20,22,23

Left atrial appendage exclusion

In the majority of our patients the LAA was excluded. In the remaining patients the LAA 

was not excluded due to anatomical restrictions or surgeon preference. LAA removal can 

cause bleeding, which might require conversion to sternotomy.6,24 Its effect on left atrial 

function and remaining thromboembolic risk is incompletely understood25, and further 

study would be needed to clearly define the risks and benefit of surgical LAA occlusion. 

Moreover, removal of the LAA may contribute to the elimination of extra-pulmonary vein 

triggers of AF26, however LAA removal was not associated with an increased success rate 

in our small population. This issue becomes more relevant as the possibilities of epicar-

dial or endovascular LAA exclusion evolve and a growing patient population receives 

invasive treatment for AF with exclusion of the LAA. After catheter ablation stroke risk 
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is reduced5, but LAA exclusion might even further decrease stroke risk in patients with a 

high CHA2DS2-VASc score.27,28

Safety of electrophysiology guided thoracoscopic surgery

In 18% of the patients reversible adverse events occurred. These ranged from major 

events, requiring additional interventions and prolonging hospital stay, to minor events, 

that required no intervention. The rate of adverse events is similar as reported in litera-

ture6,7,9, but remains significant when compared to catheter ablation.4 It is important to 

note that these results are obtained in the first series of patients treated with EP-guided 

surgery for AF. The hemothorax that occurred in two consecutive patients, for instance, 

resulted from an intercostal artery bleeding. Careful retraction of the working port and 

final inspection before closure has prevented this event from occurring in all subsequent 

patients. Also, the rate of adverse events is expected to lie between that in catheter 

ablation and the Cox-Maze IV procedure.29 Some of these patients would be considered 

eligible for Cox-Maze IV surgery, however thoracoscopic surgery is less invasive than a 

Cox-Maze IV procedure. Most minor events are a direct mechanical consequence of the 

thoracoscopic approach. The risk of stroke is relatively low in thoracoscopic surgery and 

no strokes have occurred in this cohort.30 Whilst a combination of catheterization in addi-

tion to surgery has the risk of both procedures, absolute risk is not cumulative as shown in 

our data which show mainly surgical complications. The majority of ablation is performed 

epicardially. Subsequently, endocardial ablation times are severely reduced in the 

endocardial EP-approach reducing the likelihood of PV stenosis and atrio-oesophageal 

fistula. Finally, these patients represent a group with advanced disease which is often 

a representation of the general health and might therefore be more prone to adverse 

events. However, no patient characteristics correlated with the occurrence of adverse 

events. None of the adverse events occurred during the EP measurements, epicardial 

or endocardial, either of which appears a safe addition to thoracoscopic surgery for AF.

Limitations

This is a retrospective study, of prospectively collected data, investigating two different 

approaches of EP-guided surgery for AF in selected challenging patients. Of all included 

patients, 16 patients from the AMC and 22 from the MUMC have been previously re-

ported in two unselected observational analyses.10,11 The 5 patients with inadequate 

pre-procedural data or incomplete follow-up were excluded to prevent overestimation 

of successful cases. The excluded patients all demonstrated sinus rhythm at one year 

follow-up according to the available data. No implantable loop recording was used to 

detect recurrences, and therefore the success rate might be an overestimation of true 

success.31 However, follow-up was organized to comply with the HRS/EHRA/ECAS con-

sensus statement and reflects clinical practice in most centers. This study is a result of 
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pooled data of two centers with a different thoracoscopic procedure and EP approach, 

but with a similar philosophy in the implementation of EP measurements during surgery. 

These different approaches illustrate that EP measurements per se can complement 

stand-alone surgery for AF in this selected group of difficult patients. However, this is not 

a randomized study and the aim was not to compare the two approaches, or to compare 

EP-guided surgery with stand-alone surgery or catheter ablation.

CONCLUSIONS

EP-guided surgical ablation for AF is effective in patients with enlarged left atria or a 

previously failed ablation with a success rate of 79% at one year without AAD. EP guid-

ance of the procedure can be performed safely, either using an epicardial or using an 

endocardial approach, and may contribute to the success rate. A heart-team approach 

with close cooperation between surgeons and cardiologist resulting in an EP-guided sur-

gical ablation provides a new and promising treatment modality for these, often difficult 

to treat, patients. Further randomized studies are recommended to compare the added 

value of EP-guided surgery in the current era of invasive treatment of AF.
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AUTONOMIC AND SURGICAL SUBSTRATE MODULATION OF ATRIAL 
FIBRILLATION

Atrial fibrillation (AF) is a complex arrhythmia, and results from multiple pathophysiologi-

cal mechanisms.1 In recent years computer models, animal models and patient studies 

have shed light on different pathophysiological pathways. However, an integration of the 

results of these different models is often difficult due to the inherent limitations of each 

model. Innovative laboratory techniques such as optical mapping and novel treatment 

options create new opportunities for translational investigation of AF. The aim of this 

thesis was to study the role of autonomic nervous system in the pathophysiology of 

AF in the remodeled human atrium and to investigate minimal invasive surgery includ-

ing autonomic modulation as a treatment of AF. In the introductory chapter 1 we give a 

general introduction into AF. We discuss the high burden of AF on general health care. 

Furthermore we describe the multi-factorial origin of the arrhythmia. We review the main 

objectives in the treatment of AF, which is largely aimed at reducing risks and symptoms. 

Finally, we discuss the different treatment strategies and invasive treatment options.

Autonomic modulation of atrial and ventricular arrhythmias

In chapter 2 we review the contribution of autonomic nervous system in the initiation 

and modulation of atrial and ventricular arrhythmias. Anatomical studies have revealed 

that the intrinsic cardiac autonomic nervous system consists of a network of intercon-

nected nerves of both the parasympathetic and sympathetic nervous system on the 

atria and ventricles.2,3 The parasympathetic nerve fibers branch out from by the vagal 

nerve and the sympathetic nervous system derives from the stellate ganglion. The main 

function of the autonomic nervous system is regulation of heart rate and AV-nodal 

conduction. However, enhanced activity the parasympathetic and sympathetic nervous 

system can exert arrhythmogenic electrophysiological effects on atrial myocardium and 

the pulmonary veins.4 Otherwise, in the ventricle the sympathetic nervous system plays 

a more dominant role in arrhythmogenesis. Furthermore, we highlight novel methods to 

clinically identify the cardiac autonomic nervous system with imaging modalities and 

electrophysiological mapping. Identification of autonomic nervous system activity is 

possible with nuclear imaging, specifically I-123MIBG-imaging. This technique may provide 

further insight in mechanisms and treatment targets. I-123MIBG-imaging lacks the resolu-

tion for assessment of local atrial innervation and denervation and is therefore primarily 

used in the setting of ventricular arrhythmias. However, atrial effects of the intrinsic 

autonomic nervous system can be identified through stimulation and mapping of the 

ganglionic plexuses.5 Once reliable identification of the intrinsic autonomic nervous sys-

tem becomes possible and the optimal treatment target and peri-procedural endpoints 

of autonomic nervous system modification are defined, clinical studies on modifying the 
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autonomic nervous system may open an entirely new stage for treatment of arrhythmias. 

We discuss autonomic modulation of the different components of the intrinsic and ex-

trinsic autonomic nervous system in treatment of atrial and ventricular arrhythmias. Ab-

lation of ganglion plexus shows promising results for the treatment of AF.6 New invasive 

treatment options aimed at the extrinsic cardiac autonomic nervous system, such as low 

level vagal stimulation with an extracardiac neural stimulator or renal denervation aimed 

at ablation of the sympathetic plexus near the renal arteries, provide interesting future 

treatment possibilities both for AF and ventricular arrhythmias.7–9 However, autonomic 

modulation of the extrinsic cardiac nervous system is invasive and associated with the 

risk of complications. Further clinical studies on autonomic modulation may not only 

improve the outcome of such procedures, but may also advance our understanding of 

how the autonomic nervous system interacts with the atrial and ventricular myocardium 

to cause cardiac arrhythmias.

PART I: ThE ROLE OF ATRIAL FIBROSIS AND ThE AUTONOMIC 
NERvOUS SySTEM IN ThE PAThOPhySIOLOGy OF ATRIAL 
FIBRILLATION

In humans many different pathophysiologic mechanisms interact with each other that 

may result in AF. Furthermore, AF itself induces changes in electrophysiological proper-

ties of the atrium, and in the structure of the atrium and in autonomic innervation.10,11 It is 

unknown how this remodeling of the atrium influences already established mechanisms 

of AF. Both interstitial fibrosis and the autonomic nervous system play a substantial role 

in AF and have been extensively investigated as separate mechanisms. Interstitial fibrosis 

is associated with AF and creates an underlying substrate for AF.12 However, with drugs 

and progressing age the effects of the autonomic nervous system also changes.13 How 

these mechanisms interact and influence each other is not well known. Animal studies 

and computer model studies are essential in testing observations from human data to 

unravel the underlying isolated mechanisms. A major limitation of these models is that 

they cannot account for the complexity of the underlying disease in humans. Otherwise, 

human studies lack the possibility of a strictly controlled experimental setting. Therefore, 

the integration of these results and the confirmation of findings of experimental studies 

in clinical studies and vice-versa is vital in unraveling the complexity of human AF.

The fibrotic substrate of human atrial fibrillation

In patients with AF substantial atrial fibrosis is found, which is an important component 

of the arrhythmogenic substrate of AF.1,14 Interstitial fibrosis has direct and indirect ar-

rhythmogenic effects. Direct fibroblast–cardiomyocyte coupling results in an increased 
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passive electric load to the cardiomyocytes, which can be arrhythmogenic in experi-

mental studies.15 In particular, myofibroblasts, distinct fibroblasts that differentiate in 

response to pathological stimuli, couple directly with cardiomyocytes and contribute to 

extensive fibrotic remodeling.16 Fibrosis can become arrhythmogenic by increasing the 

extracellular matrix collagen content, separating atrial myocytes, and by increasing the 

length of activation pathways.17 The effect of the quantity and the structural organiza-

tion of fibrosis on atrial conduction abnormalities in man are unknown. In chapter 3 we 

investigated the amount and organization of interstitial fibrosis and examined the effect 

of interstitial fibrosis on conduction characteristics in 35 left atrial appendages from 

patients with AF. We observed that the amount of fibrosis was unrelated to conduction 

velocity or patient characteristics. However, longitudinal conduction velocity was higher 

in left atrial appendages with thick compared with thin interstitial collagen strands, 

consistent with separation of myocardial fibers. Thick interstitial collagen strand were 

more frequently present in persistent AF patients. Local transverse conduction was not 

affected by these fibrotic strands, but activation delay was present in these preparations. 

Additionally, areas of activation block occurred, leading to zig-zag conduction. More 

pronounced slowing of conduction was observed after short-coupled stimuli. Short-

coupled stimuli induced lines of conduction block, which were absent under baseline 

stimulation (functional lines of conduction block). Fibroblasts were present throughout 

the left atrial appendage and were associated with the presence of thick interstitial col-

lagen strands. Myofibroblasts were not detected in the atrial appendages from these 

patients. Our observations show that the organization of interstitial fibrosis rather than 

the amount of fibrosis was associated with conduction changes in the left atrial append-

age. These changes may result in a heterogeneity of conduction, caused by propagation 

of the activation front around inexcitable barriers. Thus, the occurrence of unidirectional 

conduction block and re-entry provides an arrhythmogenic substrate for both the induc-

tion and the maintenance of AF.

Modulation of conduction by the autonomic nervous system in human atria

Both atria are covered by small parasympathetic and sympathetic nerves fibers.2,3 Gan-

glionic plexus represent conglomerations of autonomic nerve fibers and ganglia, located 

on the right and left atrium, predominantly around the pulmonary veins.2 The effects 

of ganglion plexus stimulation, and thus autonomic stimulation, on atrial conduction 

characteristics in patients with AF are unknown. Conduction changes might increase 

the arrhythmogenic substrate in patients with AF induced remodeling. In chapter 4 we 

describe the effects of high frequency stimulation of the anterior right ganglion plexus 

during sinus rhythm on rate, AV nodal and atrial conduction properties in 25 patients un-

dergoing thoracoscopic surgery for AF. During surgery the anterior right ganglionic plexus 

is stimulated at 16 Hz, with incrementing pacing output from 1 to 2 and 5 mA. From 
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the right atrium or right pulmonary vein epicardial electrograms are recorded using a 

48-point electrode. From these electrograms activation times are determined, activation 

maps are created and conduction characteristics assessed. In these patients, the sinus-

node respons with a short-lasting progressive decrease in rate at increasing output of 

high frequency stimulation. The sinus node response is most likely mediated by a short 

lasting parasympathetic response. AV-nodal conduction is unchanged following high fre-

quency stimulation of the ganglion plexus. Intra-atrial conduction and local conduction 

times and the inhomogeneity of conduction of atrial and pulmonary vein myocardium 

are influenced by high frequency stimulation, mediated by either a parasympathetic or 

sympathetic response or both. Contrary to changes induced by high frequency stimula-

tion on sinus rhythm frequency, these changes persist during subsequent stimulation 

attempts. Local activation times either increase or decrease depending on the presence 

of beta-blocking agents; activation times increase in the majority of patients with beta-

blocking drugs. This implies that the parasympathetic nervous system stimulation might 

induce conduction slowing in patients with AF. Our study supports the notion that gan-

glion plexus ablation may contribute to decrease the arrhythmogenic substrate for AF 

not only by the prevention of triggered activity, but also by the prevention of autonomic 

modulation of atrial conduction.

In chapter 5 we further investigate the influence of the parasympathetic nervous 

system on conduction in patients with AF. Left atrial appendages are amputated during 

thoracoscopic surgery for AF. Activation times are measured with high resolution optical 

mapping. Conduction times are calculated from activation maps and conduction block is 

quantified before and after superfusion with acetylcholine, the major parasympathetic 

neurotransmitter. In this study, acetylcholine increases dispersion of local activation 

times during the presence of short-coupled extra stimuli compared to control experi-

ments. Additionally, acetylcholine increases the number of lines of conduction block. 

Conduction block is more often viewed with short-coupled extra stimuli near the effec-

tive refractory period. Furthermore, changes in activation direction occur exclusively in 

atrial appendages exposed to acetylcholine. The occurrence of conduction block is not 

related to changes in longitudinal and transversal conduction velocity. Activation times 

increase as the coupling interval of the premature stimulus shortens, but are not differ-

ent between acetylcholine and control experiments. Acetylcholine superfusion does not 

affect effective refractory period. The observations in these left atrial appendages from 

patients with AF suggest that acetylcholine induces conduction dispersion and unidi-

rectional conduction block particularly after a short-coupled extra stimuli. Acetylcholine 

therefore influences the safety of conduction and facilitates the occurrence of reentry.
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Proposed mechanisms of conduction modulation by the parasympathetic 
nervous system in the fibrotic human atrium

It is known that acetylcholine results in shortening of the action potential duration 

through activation of the inward rectifier K+ current IKAch.18 Earlier animal studies have not 

found an effect on conduction of parasympathetic stimulation.19 However, in our human 

studies we observed a modulation of conduction of parasympathetic stimulation by high 

frequency stimulation of ganglion plexus in situ and acetylcholine superfusion in vitro. It 

is important to realize that the atria of the patients in our studies have a high amount of 

fibrosis. This differentiates these atria from atria found in most animal models. The pres-

ence of thick interstitial fibrotic septa alone might cause heterogeneity of conduction 

by propagation of the activation front around inexcitable barriers, especially with short-

coupled premature stimuli. The additional electrophysiological changes induced by 

parasympathetic stimulation might facilitate conduction delay and block in this fibrotic 

substrate. The arrhythmogenic effects of acetylcholine on conduction, might be more 

noticeable in structurally remodeled atria than in normal healthy atria.20,21 We propose 

the following concepts on how the parasympathetic nervous system might influence 

conduction characteristics in our fibrotic human atria.

1) Direct electrophysiological effects: Acetylcholine activates the inward rectifier K+ 

current IKAch which results in shortening of the action potential duration, but also in 

hyperpolarization of the resting membrane potential. The hyperpolarization reduces 

excitability of a cardiomyocyte as a larger amount of current is required to reach the 

activation threshold.22,23 Additionally, a rapid repolarization after phase 0 of the action 

potential due to stimulation of the inward K+ current via IKAch results in a decreased 

plateau phase and decreased repolarization duration. The net potential gradient 

between cardiomyocytes is lowered and the safety of conduction is subsequently 

reduced.

2) Heterogeneity of parasympathetic effects: In our studies we observed an increased 

dispersion on conduction after parasympathetic stimulation. Heterogeneous effects 

on conduction facilitate unidirectional block. From anatomical studies have shownd 

that an heterogeneous distribution of parasympathetic nerve fibers in the atrium.24,25 

Similarly, parasympathetic stimulation results in a heterogeneous dispersion in re-

fractoriness in the atrium.26,27 Alternatively, the density of IKAch may show regional dif-

ferences or there are regional differences in sensitivity to the effects of acetylcholine, 

which might result in a heterogeneous effect of parasympathetic stimulation.28,29

3) Effect on intercellular coupling: Reduced phosphorylation has been observed after 

application of acetylcholine, which could change the function or expression of 

connexin 40 and 43 in the atrium.30–33 Decreasing intercellular coupling might be 

an indirect effect of acetylcholine that results in increased dispersion of conduction 
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velocity and conduction block. However, little is known about the direct effects of 

acetylcholine on the more prevalent connexin 40 in the atrium.34

Further studies are required to test these hypotheses. However, it is important to note 

that these theories are not mutually exclusive and that a combined effect might be 

observed.

PART II:  SURGICAL SUBSTRATE AND AUTONOMIC MODULATION FOR 
ThE TREATMENT OF ATRIAL FIBRILLATION

Treatment of AF is a challenge for the cardiologist, despite increasing pharmacological 

and technological options. Although early studies of catheter ablation were promising, 

preventing the initiation of AF by isolation of the pulmonary veins has a moderate single 

procedure success rate of 57% to 77% with non-standardized follow-up protocols.35,36 

This can be due to the fact that in most patients with recurrences the isolation lines are 

not complete.37 It is difficult to create a circular transmural ablation line with a small 

ablation catheter in a beating heart. Additionally, acute conduction block due to tissue 

edema might provide temporary conduction block during the procedure. Additional 

ablation lines can be created, that compartmentalize the atrium, to modulate the atrial 

substrate and prevent AF maintenance and macro-reentrant tachycardias.38 However, it 

is not clear whether these additional ablations lines increase the success rate of the 

ablation procedure and it is suggested that pulmonary vein isolation alone may be as 

effective as addition of additional ablation lines.39 Although pulmonary vein isolation 

and additional ablation lines may prevent the arrhythmia to initiate and perpetuate, they 

do not change the underlying pathophysiological mechanism. To influence underlying 

pathophysiological factors, autonomic modulation can be performed by ablation of the 

intrinsic cardiac nervous system as described in Chapter 2. The intrinsic cardiac nervous 

system is comprised of epicardial nerves that form the ganglion plexus, which are situ-

ated in the epicardial fatpads on the atrium.2,40 However, reaching and ablation of these 

ganglion fatpads with an endovasculair approach can be challenging and there are no 

definite endpoints to assess successful ganglion plexus ablation.

Minimal invasive surgery for atrial fibrillation

Thoracoscopic pulmonary vein isolation is an invasive procedure. This minimal invasive 

surgical procedure tries to combine the success rate of surgical treatment with a less 

invasive intervention, consisting of three thoracoscopic surgical incisions instead of a 

sternotomy and cardiopulmonary bypass during conventional MAZE surgery.41 Potential 

advantages of the epicardial approach is a more thorough ablation scar due to the appli-

cation of a bipolar ablation clamp and the possibility of ganglion plexus ablation. Finally, 



177

Summary and discussion

C
ha

pt
er

 9

the risk of embolic events might be reduced through the possibility of excluding the left 

atrial appendage during surgery.42

In a systematic review, chapter 6, we analyze the first results of minimal invasive 

surgery in the treatment of AF. Twenty-three studies are included and they describe 

a single procedure success rate of 69% without anti-arrhythmic drugs and 79% with 

anti-arrhythmic drugs at one year follow-up. Due to the epicardial approach of minimal 

invasive surgery, there are other risks in comparison with catheter ablation. However, 

mortality is limited, especially compared to other cardiac operations, and appears to be 

similar to that of catheter ablation. However, surgical and post-procedural complications 

are frequently encountered. The risks of minimal invasive surgery are mainly comprised 

of peri-procedural problems. These complication rates can be explained through the pro-

cedural difficulty and the learning curve of the surgery. Altogether, these results show a 

promising role for minimal invasive surgery. Outcomes may benefit from standardization 

of the technique, results of longer follow-up and an improved patients selection. Similar 

to catheter ablation, the procedure is more effective in patients with paroxysmal AF. On 

basis of this review it is not possible to determine a reproducible and effective left atrial 

lesion and to assess the additional value of ganglion plexus ablation in minimal invasive 

surgery. However, electrophysiological measurements and confirmation of the ablation 

lines might be an important factor to increase the success of this procedure.

Electrophysiological guided thoracoscopic pulmonary vein isolation In the Academic 

Medical Center in Amsterdam a new hybrid approach to minimal invasive surgery was 

developed in 2008. This procedure is characterized by extensive periprocedural electro-

physiological testing during thoracoscopic pulmonary vein antrum isolation and ganglion 

plexus ablation. In this approach cardiothoracic surgeon and electrophysiologist combine 

their expertise in the ablation of AF. In chapter 7 the first results of this procedure are 

described. Thirty-one patients are treated (16 paroxysmal AF, 15 persistent AF) in this 

study. Patients with non-paroxysmal AF are treated with additional left atrial ablation 

lines. Freedom of AF is assessed by electrocardiogram and Holter monitoring every 3 

months or during symptoms of arrhythmia. Antiarrhythmic drugs are discontinued after 

3 months. After 1 year, 19 of 22 patients (86%) has no recurrences of AF, atrial flutter, or 

atrial tachycardia lasting longer than 30 seconds and are not using antiarrhythmic drugs. 

Even with the small number of patients that we report in this study, these results make 

this technique a promising approach to the treatment of AF. In our view, the collaboration 

between surgeon and cardiologist is beneficial to the outcome of AF ablation. A minimal 

invasive surgical approach with thoracoscopic video-assisted surgery with pulmonary 

vein ablation and ganglion plexus ablation for AF is a safe and successful procedure. The 

electrophysiological guided thorough pulmonary vein isolation and ablation presumably 

contribute in achieving a high single procedure success rate.
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In Chapter 8 we investigate the single procedure efficacy and safety of electrophysi-

ological guidance, using two different groups with either an epicardial or endocardial 

electrophysiological guidance of thoracoscopic surgery for AF. In both approaches, an 

electrophysiologist contributes actively to the surgical procedure. Previously, a random-

ized multicenter study comparing catheter ablation and thoracoscopic surgery, showed 

superiority of the surgical approach (65.6% vs. 36.5% arrhythmia freedom at one year) 

in challenging patients with remodeled atria or prior failed ablation at the cost of an 

increase in adverse events.43 Our analysis is designed as an exploration of the value of 

electrophysiological guidance during two different electrophysiological guided thoraco-

scopic surgery approaches in these challenging patients with remodeled atria or prior 

failed catheter ablation. We demonstrate that electrophysiological guided surgical abla-

tion for AF is effective in patients with enlarged left atria or a previously failed ablation. 

A total of 57 patients (79%) has freedom of AF and are off anti-arrhythmic drugs at one 

year follow-up (paroxysmal 83%, persistent AF 75%). Electrophysiological guidance of 

the procedure can be performed safely, either using an epicardial or using an endocardial 

approach, and may contribute to the success rate. Importantly, residual intraoperative 

conduction after surgical ablation and confirmation requiring additional ablation is 

detected with epicardial or endocardial mapping techniques in 50% and 11%, respec-

tively. Additional epicardial or endocardial ablation is performed until bidirectional block 

was confirmed. A heart-team approach with close cooperation between surgeons and 

cardiologists resulting in an electrophysiological guided surgical ablation provides a new 

and promising treatment approach for these, often difficult to treat, patients.

Future perspectives of minimal invasive treatment of atrial fibrillation

Minimal invasive surgery of AF is a successful and safe treatment as shown in the 

studies in this thesis. It appears that electrophysiological guidance, either epicardially 

or endocardially, can increase the success rate of this procedure, without increasing 

peri-procedural complications. At this moment thoracoscopic pulmonary vein isolation is 

reserved to tertiary care centers. It is a complex procedure that requires close collabora-

tion between electrophysiologist and cardiothoracic surgeon. In experienced centers 

thoracoscopic pulmonary vein isolation is a very effective alternative to catheter ablation 

of AF. Important for the future developments of minimal invasive surgery for AF is further 

standardization of the procedure in the different types of AF patients. Furthermore, the 

follow-up and definitions of success should comply with the latest guidelines to compare 

the efficacy and safety with established endovascular techniques.37

The next step in the development of AF ablation, both for thoracoscopic and catheter 

ablation is proper patient selection and modifying the procedure based on individual 

patient and AF characteristics. AF is a multifactorial disease, but most ablation strategies 

are uniformly applied to all patients with a certain type of AF. Even though pulmonary 
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vein isolation is effective, especially with an epicardial approach, the success percent-

age of pulmonary vein isolation is far from 100%. Other ablation strategies consist of 

ganglion plexus ablation, complex fractionated atrial electrogram ablation, ablation of 

linear ablation lines and rotor ablation.44,6,45 These additional ablation strategies with 

or without pulmonary vein isolation can be used to achieve an increased success rate. 

However, it is not clear which patient benefits the most form a certain ablation strategy. 

Further studies are required to identify the patients that benefit most from these specific 

ablation strategies or have severe AF that is not susceptible to invasive therapy. These 

studies should include imaging, biomarker and electrophysiological data to create a 

clinical classification of AF based on dominant pathophysiological mechanism.

The role of autonomic modulation in thoracoscopic pulmonary vein 
isolation for atrial fibrillation

In the Academic Medical Center in Amsterdam, targeted ablation of ganglion plexus has 

been performed during minimal invasive surgery.46 This form of autonomic modula-

tion is common in minimal invasive surgery, although its role in epicardial surgery has 

never been thoroughly investigated. Otherwise, the ablation of ganglion plexus has been 

extensively studied in catheter ablation. Ablation of these ganglion plexus results in a 

reduced recurrence of AF in patient with paroxysmal AF.6 These studies show that ana-

tomical ablation is currently the most effective method of localizing and subsequently 

ablation of these autonomic nerve structures.5 With epicardial surgery the epicardial 

fat pads in which these ganglion plexus reside, can be clearly visualized. However, it is 

not certain if additional ganglion plexus modulation during minimal invasive surgery is 

effective. Instead of a small ablation catheter used during endovascular pulmonary vein 

isolation, in thoracoscopic surgery a bipolar clamp is used.41 This clamp creates a large 

circular scar around the pulmonary veins. It is around these pulmonary veins the major-

ity of the ganglion plexus and the majority of epicardial nerves are located.25 Therefore 

with ablation of the pulmonary veins a large proportion of the local autonomic nervous 

innervation may be ablated as well. Therefore, additional ganglion plexus ablation might 

not be necessary in epicardial ablation procedures. Withholding additional ablation of 

ganglion plexus might result in fewer ablation scars, that in the post-operative phase 

may facilitate atrial arrhythmias in particular atrial tachycardias. To answer some of these 

questions the AFACT trial has been performed at the Academic Medical Center (Atrial 

Fibrillation Ablation and Autonomic Modulation Via Thorascopic Surgery, clinicaltrails.

gov NCT01091389). In this study, patients with paroxysmal or persistent AF were ran-

domized to epicardial pulmonary vein isolation with or without ganglion plexus ablation. 

The results are expected in spring 2016. The outcome and the peri-procedural data of 

the AFACT trail will further help us understand the role of the autonomic nervous system, 

not only in minimal invasive surgery, but also in AF itself.
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AUTONOME EN ChIRURGISChE MODIFICATIE vAN 
ATRIUMFIBRILLEREN

Atriumfibrilleren (AF) is een complexe hartritmestoornis die ontstaat uit een samenspel 

van verschillende pathofysiologische mechanismen.1 In de afgelopen jaren hebben 

computermodellen, diermodellen en studies in patiënten meer inzicht gegeven in 

deze verschillende pathofysiologische factoren. Het integreren van de resultaten van 

deze verschillende onderzoeken in een uniform model is moeilijk door de inherente 

beperkingen van elke onderzoeksmethode. Innovatieve laboratorium technieken zoals 

optical mapping en nieuwe behandelingsmogelijkheden zorgen voor nieuwe kansen om 

translationeel onderzoek uit te voeren naar AF. Het doel van dit proefschrift is om de 

rol van het autonome zenuwstelsel in de pathofysiologie van AF te bestuderen in de 

humane fibrotische atria en om de rol van minimaal invasieve chirurgie met autonome 

modificatie als behandeling van AF te onderzoeken. In het inleidende hoofdstuk 1 geven 

we een algemene introductie over AF. We bespreken de gevolgen voor de patiënt en 

de hoge belasting van AF op het gezondheidszorgbudget. Daarnaast beschrijven we de 

complexe multifactoriële origine van de ziekte. We bespreken de belangrijke strategieën 

in de behandeling van AF, die is gericht op het voorkomen van complicaties en klachten. 

Tenslotte benoemen specifiek we de verschillende behandelingsstrategieën en inva-

sieve behandelingsmogelijkheden.

Autonome modificatie van atriale en ventriculaire ritmestoornissen

In hoofdstuk 2 beschrijven we de invloed van het autonome zenuwstelsel op het 

uitlokken en onderhouden van atriale en ventriculaire ritmestoornissen. Anatomische 

studies laten zien dat het intrinsieke cardiale autonome zenuwstelsel bestaat uit een 

netwerk van parasympatische en sympathische zenuwen die met elkaar in verbinding 

staan, zowel op het niveau van de atria als de ventrikels.2,3 De parasympatische zenuw-

vezels komen voort uit de nervus vagus en de sympathische zenuwen uit het ganglion 

stellatum. De voornaamste functie van het autonome zenuwstelsel is regulatie van de 

hartfrequentie en de AV-nodale geleiding. Echter, een verhoogde activiteit van het para-

sympatische en/of sympathische zenuwstelsel kan een pro-artimogeen effect hebben op 

de elektrofysiologie van het myocard van de atria en pulmonaal venen.4 Waar in de atria 

het parasympatisch zenuwstelsel domineert heeft in de ventrikels het sympathische 

zenuwstelsel een belangrijke rol in het ontstaan van ritmestoornissen. We bespreken 

nieuwe methoden om het autonome zenuwstelsel in kaart te brengen middels beeld-

vorming en elektrofysiologische onderzoek. Beeldvorming van de activiteit van het au-

tonome zenuwstelsel is mogelijk met nucleair onderzoek, in het bijzonder met I-123MIBG 

scans. Deze techniek geeft ons mogelijk meer inzicht in betrokken mechanismen en 

behandeldoelen. I-123MIBG scans hebben niet voldoende resolutie om de lokale atriale 
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innervatie en denervatie in beeld te brengen en worden op dit moment vooral gebruikt 

voor de diagnostiek bij ventriculaire ritmestoornissen. De effecten van het intrinsieke 

autonome zenuwstelsel op de atria kunnen wel worden geïdentificeerd door stimulatie 

en elektrofysiologisch onderzoek van de ganglion plexus.5 Betrouwbare determinatie 

van de activiteit van het intrinsieke autonome zenuwstelsel en meetbare eindpunten 

voor de behandeling gericht op modificatie van het autonome zenuwstelsel, kunnen een 

nieuwe ontwikkeling teweegbrengen in de behandeling van ritmestoornissen. Tenslotte 

beschrijven we nieuwe technieken die de intrinsieke en extrinsieke componenten van 

het autonome zenuwstelsel modificeren om atriale en ventriculaire ritmestoornissen te 

behandelen. Ablatie van de ganglion plexus is veelbelovend als (aanvullende) behande-

ling van AF.6 Nieuwe invasieve behandelingsmogelijkheden die gericht zijn op het extrin-

sieke cardiale autonome zenuwstelsel zoals laag intensiteit vagale stimulatie met een 

extracardiale zenuwstimulator of renale denervatie, gericht op de sympathische plexus 

rondom de nierarteriën, zijn mogelijk interessante toekomstige behandelingsopties voor 

zowel AF als ventriculaire ritmestoornissen.7–9 Invasieve modificatie van het extrinsieke 

cardiale autonome zenuwstelsel is geassocieerd met het risico op complicaties. Lopende 

klinische studies kunnen niet alleen de uitkomst van dergelijke procedures verbeteren, 

maar kunnen ook het begrip van de onderliggende interacties tussen het autonome 

zenuwstelsel en de atriale en ventriculaire ritmestoornissen inzichtelijker maken.

DEEL 1: DE ROL vAN ATRIALE FIBROSE EN hET AUTONOME 
zENUwSTELSEL IN DE PAThOFySIOLOGIE vAN ATRIUMFIBRILLEREN

Verschillende pathofysiologische mechanismen die elkaar beïnvloeden kunnen lei-

den tot AF. Bovendien leidt AF zelf tot elektrofysiologische, structurele en autonome 

veranderingen van de atria.10,11 Het is onduidelijk hoe deze remodelering van de atria 

het onderliggende mechanisme van AF verder beïnvloedt. Zowel interstitiële fibrose 

als het autonome zenuwstelsel spelen een belangrijke rol in AF en zijn onafhankelijk 

van elkaar uitvoerig onderzocht. Interstitiële fibrose is geassocieerd met AF en leidt 

tot een substraat voor AF, maar het gebruik van medicatie en toenemende leeftijd van 

de patiënten beïnvloeden daarbij de effecten van het autonome zenuwstelsel op de 

atria.12,13 Hoe deze verschillende oorzaken van AF elkaar beïnvloeden is niet duidelijk. 

Proefdierstudies en computermodellen zijn noodzakelijk om de observaties uit studies 

met patiënten te onderzoeken en de geïsoleerde onderliggende mechanismen te begrij-

pen. Een grote beperking in deze modellen is dat ze geen rekening kunnen houden met 

de complexiteit van AF bij mensen. Aan de andere kant missen humane experimenten 

de strenge gecontroleerde omstandigheden die experimenteel onderzoek biedt. De 

combinatie en integratie van de verschillende uitkomsten uit zowel experimenteel als 
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klinisch onderzoek is derhalve noodzakelijk om de complexe pathofysiologie van AF te 

ontrafelen.

het fibrotische substraat van humaan atriumfibrilleren

In patiënten met AF wordt er een aanzienlijke hoeveelheid fibrose in atria gevonden, 

hetgeen een belangrijke oorzaak is van de geleidingsproblemen die bij AF zijn beschre-

ven.1,14 Interstitiële fibrose heeft een direct en indirect aritmogeen effect. Directe koppe-

ling tussen fibroblasten en cardiomyocyten leidt tot een toegenomen passief elektrische 

lading van de cardiomyocten, hetgeen uiteindelijk pro-aritmogeen blijkt in experimen-

tele studies.15 Myofibroblasten, specifieke fibroblasten die in respons op pathologische 

stimuli uit fibroblasten differentiëren, kunnen koppelen aan cardiomyocyten en voor 

dit mechanisme verantwoordelijk zijn. Ook dragen zij bij aan uitgebreide fibrotische 

veranderingen.16 Fibrose kan ook pro-aritmogeen zijn doordat de extracellulaire col-

lageen hoeveelheid wordt vergroot, waardoor de atriale myocyten van elkaar worden 

gescheiden zodat de afstand die de activatiegolf moet afleggen wordt vergroot.17 Het 

effect van de hoeveelheid en organisatie van fibrose op atriale geleiding in de mens is 

onbekend. In hoofdstuk 3 onderzoeken we de hoeveelheid en organisatie van interstiti-

ele fibrose en kijken we naar het effect van interstitiële fibrose op geleidingseigenschap-

pen in 35 linker hartoren van patiënten met AF. We zien dat de hoeveelheid fibrose niet 

gerelateerd is aan de geleidingsnelheid of -eigenschappen van het humane myocard. De 

longitudinale geleidingsnelheid (parallel aan de vezelrichting) is echter hoger in linker 

hartoren met dikke in vergelijking met dunne collageen strengen, wat kan duiden op 

toegenomen scheiding tussen bundels van cardiomyocyten. De dikke collageen stren-

gen worden vaker aangetroffen bij patiënten met persisterend AF. Daarnaast worden 

gebieden van activatie blokkade gevonden, die tot kronkelende (“zig-zag”) geleiding 

leiden. Meer uitgesproken geleidingsvertraging wordt gezien na kort-gekoppelde stimuli. 

In de aanwezigheid van kort-gekoppelde stimuli worden lijnen van geleidingsblokkade 

waargenomen, die niet aanwezig zijn onder normale baseline stimulatie (en dus functi-

onele lijnen van geleidingsblokkade zijn). Fibroblasten worden door het gehele linker 

hartoor gezien en het aantal fibroblasten is geassocieerd met de aanwezigheid van 

dikke collageen strengen. Myofibroblasten worden niet gezien in de linker hartoren van 

deze patiënten. Uit onze observaties blijkt dat de organisatie en niet de hoeveelheid 

fibrose geassocieerd is met geleidingsveranderingen in het linker hartoor. De gevonden 

veranderingen kunnen heterogene geleiding veroorzaken, door voortgeleiding van het 

activatiefront rondom niet prikkelbare barrières. Door het ontstaan van unidirectioneel 

geleidingsblokkade en re-entry is er een aritmogeen substraat dat bijdraagt aan zowel 

het ontstaan als voortbestaan van AF.
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Geleidingsveranderingen door het autonome zenuwstelsel in humane atria

Beide atria zijn bedekt met kleine parasympatische en sympathische zenuwvezels, met 

name geconcentreerd rondom de pulmonaal venen.2,3 De ganglion plexus zijn een ver-

zamelpunt van zenuwvezels en ganglia.2 Het is onbekend of stimulatie van de ganglion 

plexus, en dus van de autonome zenuwen, een effect heeft op de atriale geleiding in 

patiënten met AF. Geleidingsveranderingen zouden pro-aritmogeen kunnen zijn in pati-

enten met AF gerelateerde remodelering van de atria. In hoofdstuk 4 beschrijven we de 

effecten van hoogfrequente stimulatie van de rechts anterieure ganglion plexus op zowel 

hartfrequentie, AV-nodale geleiding en atriale geleidingseigenschappen in 25 patiënten 

die een thoracoscopische ingreep voor AF ondergaan. Gedurende de thoracoscopische 

operatie wordt, tijdens sinusritme, de rechts anterieure ganglion plexus gestimuleerd 

met 16Hz, met toenemende output van de pacemaker 1 naar 2 en 5 mA. Unipolaire elek-

trogrammen worden geregistreerd op het rechteratrium en de rechter pulmonaal vene 

met behulp van een 48-punts electrode. Met de 48 lokale activatiemomenten worden 

activatiekaarten gemaakt waarin geleidingseigenschappen kunnen worden gemeten. In 

deze patiënten is er een kortdurende afname in hartfrequentie te zien tijdens hoogfre-

quente stimulatie, waarbij de afname in frequentie groter is bij hogere pacing output. De 

AV-nodale geleiding is onveranderd gedurende stimulatie van de ganglion plexus. De 

intra-atriale geleiding, lokale geleidingstijden en de inhomogeniteit van de geleiding van 

zowel atrium myocard als pulmonaal venen nemen zowel toe als af door hoogfrequente 

stimulatie van de ganglion plexus. Dit is mogelijk gemedieerd door of een parasympati-

sche of een sympathische respons of door beide. Lokale activatietijden nemen toe in de 

meerderheid van patiënten die betablokkers gebruiken. Deze bevindingen impliceren 

dat het parasympatisch zenuwstelsel mogelijk de waargenomen geleidingsvertraging 

induceert bij patiënten met AF. In tegenstelling tot de veranderingen van de hartfre-

quentie, persisteert de verandering van de geleidingseigenschappen gedurende langere 

tijd. Onze studie ondersteunt de gedachte dat ganglion plexus ablatie kan bijdragen 

aan het verminderen van het aritmogene substraat voor AF. Niet alleen door preventie 

van triggered activity uit de pulmonaal venen, maar ook door preventie van autonome 

modificatie van de geleiding.

In hoofdstuk 5 hebben we de invloed van het parasympatische zenuwstelsel op 

de geleidingseigenschappen van de atria nader onderzocht. Linker hartoren worden 

gedurende thoracoscopische chirurgie voor AF geamputeerd, en naar een superfusie 

opstelling in het laboratorium getransporteerd. Na equilibratie, worden de geïsoleerde 

hartoren geladen met een fluorescente dye waarvan de fluorescente eigenschappen sa-

menhangen met de membraanpotentiaal. Hierdoor kan met hoge resolutie in elke pixel 

de actiepotentiaal worden gemeten middels optical mapping. Met de activatietijden kun-

nen activatiekaarten gemaakt worden van 100x100 pixels waarmee geleidingsnelheden 

kunnen worden berekend. Geleidingsblokkade wordt gekwantificeerd door analyse van 
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activatiekaarten voor en na superfusie met acetylcholine, de belangrijkste parasympati-

sche neurotransmitter. In deze studie neemt de dispersie van geleiding toe na superfusie 

met acetylcholine in vergelijking met controle experimenten, in het bijzonder na kort-

gekoppelde extrastimuli. Daarnaast worden er na superfusie met acetylcholine meer 

lijnen van geleidingsblokkade gezien. Geleidingsblokkade wordt vaker gezien na kort 

gekoppelde stimuli met een koppelingsinterval dicht bij de effectief refractaire periode. 

Veranderingen van de richting van het dominante activatiefront wordt alleen gezien in 

hartoren die zijn blootgesteld aan acetylcholine. Het optreden van geleidingsblokkade 

is onafhankelijk van veranderingen in longitudinale en transversale geleidingssnelheid. 

Activatietijden nemen toe naarmate het koppelingsinterval van de premature stimulus 

korter wordt, zowel in acetylcholine als in controle experimenten. Acetylcholine super-

fusie beïnvloedt de effectieve refractaire periode niet. De observaties in deze hartoren 

van patiënten met AF suggereren dat acetylcholine dispersie van geleiding en unidirec-

tioneel geleidingsblokkade induceert, vooral na kort-gekoppelde stimuli. Acetylcholine 

beïnvloedt derhalve de stabiliteit van geleiding en faciliteert het optreden van re-entry.

Mogelijke mechanismen van geleidingverandering door het 
parasympatische zenuwstelsel in het fibrotische humane atrium

Het is bekend dat acetylcholine leidt tot verkorting van de actiepotentiaalduur door ac-

tivatie van de inward rectifier K+ stroom IKAch.18 In eerdere proefdierstudies is geen effect 

van parasympatische stimulatie op geledingseigenschappen beschreven.19 Wij zagen 

wel een verandering van de geleidingseigenschappen in weefsel van patiënten met AF 

na parasympatische stimulatie door hoogfrequente stimulatie van de ganglion plexus of 

door acetylcholine superfusie. Het is hierbij van belang om te realiseren dat de atria van 

de patiënten in onze studies een grote hoeveelheid complexe fibrose bevatten. Hierin 

verschillen deze atria van atria in veel proefdiermodellen. De aanwezigheid van dikke 

interstitiële fibrotische septa alleen kan heterogeniteit van geleiding veroorzaken door 

voortgeleiding van het activatiefront rondom niet prikkelbare barrières, in het bijzonder 

na kort-gekoppelde stimuli. De elektrofysiologische veranderingen die worden geïndu-

ceerd door parasympatische stimulatie kunnen verdere geleidingsvertraging en -blok-

kade faciliteren in dit fibrotisch substraat. De pro-aritmogene effecten van acetylcholine, 

kunnen dus meer uitgesproken zijn in structureel veranderde atria in vergelijking met 

normale gezonde atria.20,21 We postuleren hieronder enkele theorieën over hoe het pa-

rasympatisch zenuwstelsel de geleidingseigenschappen in de fibrotische humane atria 

kan beïnvloeden:

1) Directe elektrofysiologische effecten: Acetylcholine activeert de inward rectifier K+ 

stroom IKAch die leidt tot een verkorting in de actiepotentiaalduur maar ook tot hy-

perpolarisatie van de rustmembraanpotentiaal. Deze hyperpolarisatie vermindert de 

excitabiliteit van een cardiomyocyt doordat een grotere potentiaalverandering nodig 
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is om de activatiedrempel te bereiken.22,23 Bovendien zorgt een snelle repolarisatie 

na de fase 0 van de actie potentiaal door stimulatie van de inward rectifier K+ stroom 

voor een afgenomen plateau fase en afgenomen repolarisatie duur. De netto potenti-

aal gradiënt tussen de cardiomyocyten wordt kleiner en derhalve is de stabiliteit van 

geleiding afgenomen.

2) Heterogeniteit van parasympatische effecten: In onze studies hebben we een 

toegenomen dispersie van geleiding gezien na parasympatische stimulatie. Hete-

rogene veranderingen van geleiding faciliteren unidirectioneel geleidingsblokkade. 

Anatomische studies hebben aangetoond dat de verdeling van de parasympatische 

zenuwvezels in de atria heterogeen is.24,25 Ook wordt bij parasympatische stimula-

tie heterogene dispersie van de refractoriteit in de atria waargenomen.26,27 Aan de 

andere kant kan de dichtheid van IKAch regionaal verschillen of kunnen er regionale 

verschillen in de gevoeligheid voor acetylcholine zijn die mogelijk kunnen resulteren 

in een heterogeen effect van parasympatische stimulatie.28,29

3) Effect op intercellulaire koppeling: Afgenomen fosforylering van connexinen na 

toediening van acetylcholine is beschreven, hetgeen kan leiden tot een afgenomen 

functie of expressie van connexine 40 en 43.30–33 Afgenomen intercellulaire koppe-

ling, resulterend in een toegenomen dispersie van geleidingssnelheid en geleidings-

blokkade, kan mogelijk een indirect effect zijn van acetylcholine. Er is echter niet veel 

bekend over de effecten van acetylcholine op connexine 40, de meest voorkomende 

connexine in de atria.34

Verder onderzoek is noodzakelijk om deze hypothesen te toetsen. Het is belangrijk 

te vermelden dat deze theorieën elkaar niet uitsluiten en dat ook een gecombineerd 

mechanisme onze observaties kan verklaren.

DEEL II:  ChIRURGISChE ABLATIE EN AUTONOME MODIFICATIE vAN 
DE ATRIA IN DE BEhANDELING vAN ATRIUMFIBRILLEREN

De behandeling van AF is een uitdaging voor de cardioloog, ondanks toenemende 

farmacologische en technologische opties. Hoewel de vroege studies van pulmonaal 

venen isolatie met katheterablatie veelbelovend waren, is de kans op succes na een 

enkele procedure 57 tot 77% bij een niet gestandaardiseerde follow up.35,36 Dit kan 

deels verklaard worden doordat bij de meeste patiënten met recidieven de ablatie 

lijnen niet volledig zijn.37 Het is moeilijk om complete lijnen te creëren die een circulair 

transmuraal ablatie litteken rondom de pulmonaal venen vormen met een kleine ablatie 

katheter in een kloppend hart. Daarnaast kan oedeem van het weefsel mogelijk tot 

acuut maar niet persisterend geleidingsblokkade leiden. Additionele ablatielijnen die de 

atria compartimentaliseren en atriale marco-reentry tachycardiëen voorkomen, kunnen 
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worden gemaakt.38 Het is niet duidelijk of deze additionele ablatielijnen daadwerkelijk 

het succes percentage van de procedure vergroten. Er zijn studies die suggereren dat 

alleen pulmonaal venen isolatie even effectief is als de toevoeging van additionele 

ablatielijnen.39 Hoewel pulmonaal venen isolatie en additionele ablatielijnen potentieel 

voorkomen dat de ritmestoornis ontstaat en onderhouden wordt, veranderen ze niets 

aan de onderliggende pathofysiologische mechanismen. Om de onderliggende patho-

fysiologische factoren te beïnvloeden kan autonome modulatie verricht worden door 

ablatie van het intrinsieke cardiale zenuwstelsel zoals beschreven in hoofdstuk 2. Het 

intrinsieke cardiale zenuwstelsel bestaat uit epicardiale zenuwen die de ganglion plexus 

vormen. Deze liggen in het epicardiale vetweefsel van de atria.2,40 Het benaderen en de 

ablatie van dit vetweefsel met ganglion plexus middels een endovasculaire benadering 

kan uitdagend zijn, omdat de ganglion plexus zich aan de epicardiale zijde van de atria 

bevinden. Verder bestaan er geen duidelijke meetbare eindpunten om de ablatie van 

ganglion plexus te beoordelen.

Minimaal invasieve chirurgie voor atriumfibrilleren

Thoracoscopische pulmonaal venen isolatie is een minimaal invasieve procedure. Deze 

chirurgische procedure probeert om het succes percentage van de open chirurgische 

behandeling te combineren met een minder invasieve ingreep en bestaat uit drie chirur-

gische incisies van 1 cm in plaats van een sternotomie en een cardiopulmonaire bypass 

gedurende de conventionele MAZE chirurgie.41 Een mogelijk bijkomend voordeel van deze 

epicardiale benadering is vervaardiging van een grondig ablatie litteken door de toepas-

sing van een bipolaire ablatieklem rond de pulmonaal venen en de mogelijkheid om de 

ganglion plexus te ableren. Tenslotte kan het risico op trombo-embolische complicaties 

van AF verminderd worden door het linker hartoor gedurende de ingreep te verwijderen.42

In een systematische review, hoofdstuk 6, analyseren we de eerste resultaten van 

minimaal invasieve chirurgie als behandeling van AF. Drieëntwintig studies zijn in deze 

analyse geïncludeerd. Deze studies beschrijven een succes percentage van 69% na 

een enkele procedure zonder antiaritmische medicatie en 79% met anti-aritmica na 

een jaar klinische follow-up. Door de epicardiale benadering van minimaal invasieve 

chirurgie treden er andere complicaties op dan tijdens katheterablatie. De mortaliteit 

van de ingreep is beperkt, in het bijzonder in vergelijking met overige hartoperaties, 

en verschilt niet van de mortaliteit bij katheterablatie. Chirurgische en post-procedurele 

complicaties komen frequent voor bij minimaal invasieve chirurgie. Het risico bestaat 

vooral uit peri-procedurele problemen. Deze complicaties kunnen verklaard worden 

door de complexiteit van de procedure en de leercurve van de operateur. Tezamen laten 

deze resultaten een veelbelovende rol voor minimaal invasieve chirurgie in de behande-

ling van AF zien. Uitkomsten kunnen verbeteren door standaardisatie van de techniek, 

lange termijn follow-up te verzamelen en een verbeterde selectie van patiënten. Net als 
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katheterablatie, is de procedure het meest effectief in patiënten met paroxysmaal AF. Op 

basis van deze review is het niet mogelijk een de meest effectieve atriale laesie set te 

bepalen of om de additionele waarde van ganglion plexus ablatie te beoordelen. Elektro-

fysiologische controle van de ablatie lijnen kan mogelijk een belangrijke rol spelen om 

het succes van deze ingreep te vergroten.

Elektrofysiologisch geleide thoracoscopische pulmonaal venen isolatie

In het Academisch Medisch Centrum in Amsterdam is er in 2008 een nieuwe hybride 

benadering voor minimaal invasieve chirurgie geïntroduceerd. Deze procedure kenmerkt 

zich door uitgebreide peri-procedurele elektrofysiologische verificatie van de thoraco-

scopische pulmonaal venen isolatie en ablatie van de ganglion plexus. Bij deze benade-

ring combineren de cardio-thoracaal chirurg en de elektrofysioloog elk hun expertise in 

de behandeling van AF. In hoofdstuk 7 worden de eerste resultaten van deze procedure 

beschreven. Eenendertig patiënten worden behandeld voor AF (16 paroxysmaal en 15 

persisterend AF) in deze studie. Patiënten met niet-paroxysmaal AF krijgen tijdens de 

procedure additionele ablatielijnen. De afwezigheid van AF wordt bepaald door een 

elektrocardiogram en een Holter registratie elke 3 maanden of gedurende symptomen 

van de aritmie. Alle antiaritmische medicatie wordt gestopt na 3 maanden. Na 1 jaar 

hebben 19 van de 22 patiënten (86%) geen recidieven van AF, atriale flutters of atriale 

tachycardiëen langer dan 30 seconden en gebruiken ze geen antiaritmische medicatie. 

Ondanks het kleine aantal patiënten dat we in deze studie beschrijven, lijkt deze tech-

niek een veelbelovende benadering voor de behandeling van AF. In onze ogen is de 

samenwerking tussen de chirurg en cardioloog gunstig voor het succespercentage van 

de AF ablatie. Een minimaal invasieve chirurgische benadering met thoracoscopische 

pulmonaal venen isolatie en ganglion plexus ablatie voor AF is een veilige en succesvolle 

procedure. De elektrofysiologische metingen gedurende de pulmonaal venen isolatie en 

ablatie dragen vermoedelijk bij aan het hoge procedurele succes percentage.

In hoofdstuk 8 onderzoeken we de effectiviteit en veiligheid van elektrofysiologische 

metingen in twee verschillende groepen met epicardiale of endocardiale elektrofysiolo-

gische metingen gedurende thoracoscopische chirurgie voor AF. In beide benaderingen 

draagt een elektrofysioloog actief bij aan de thoracoscopische chirurgie. Eerder heeft een 

gerandomiseerde multicenter studie de effectiviteit en veiligheid van pulmonaal venen 

isolatie met katheterablatie versus thoracoscopische chirurgie vergeleken. Deze studie 

liet een superioriteit van de chirurgische benadering zien (geen ritmestoornis meer na 

1 jaar; 65.6% versus 36.5%) in moeilijke behandelbare patiënten met grote atria of een 

eerder mislukte katheter ablatie, ten koste van het aantal complicaties.43 Onze analyse 

is opgezet om van de waarde van elektrofysiologische metingen gedurende twee ver-

schillende thoracoscopische benaderingen in deze moeilijke patiënten met grote atria 

of een eerder niet-succesvolle katheter ablatie te onderzoeken. Uit onze studie blijkt dat 



193

Samenvatting en discussie

H
oo

fd
st

uk
 1

0

chirurgische ablatie met elektrofysiologische metingen voor AF effectief is in patiënten 

met grote atria of eerder niet-succesvolle ablatie. In totaal had 79% van de patiënten 

geen AF meer zonder het gebruik van anti-aritmica na 1 jaar follow up (paroxysmaal 

AF 83%, persisterend AF 75%). Elektrofysiologische metingen kunnen veilig gedurende 

de procedure uitgevoerd worden, met een epicardiale of endocardiale benadering en 

kunnen mogelijk bijdragen aan het succespercentage. Additionele epicardiale of endo-

cardiale ablatie wordt verricht totdat bidirectioneel geleidingsblokkade bevestigd is. 

Belangrijk is dat in 50% en 11% van de gevallen residuele geleiding wordt ontdekt met 

respectievelijk de epicardiale en endocardiale metingen waarvoor aanvullende ablatie 

noodzakelijk is. Een hart-team benadering met nauwe samenwerking tussen cardioloog 

en chirurg gedurende een chirurgische ablatie met elektrofysiologische metingen kan 

een nieuwe en veelbelovende aanpak zijn voor deze, vaak lastig te behandelen, patiën-

ten met grote atria of eerdere gefaalde ablatie voor AF.

Toekomstperspectieven van de minimaal invasieve behandeling van 
atriumfibrilleren

Uit de studies in dit proefschrift blijkt dat minimaal invasieve chirurgie voor AF een 

succesvolle en veilige behandeling is. Het lijkt erop dat elektrofysiologische metingen 

gedurende de operatie, hetzij epicardiaal hetzij endocardiaal, het succespercentage van 

de ingreep vergroten, zonder de kans op peri-procedurele complicaties te verhogen. Op 

dit moment wordt thoracoscopische pulmonaal vene isolatie met name uitgevoerd in 

tertiaire behandelcentra. Het is een complexe procedure die een nauwe samenwerking 

tussen elektrofysioloog en cardiothoracaal chirurg vereist. In ervaren centra is thoraco-

scopische pulmonaal vene isolatie een effectief alternatief voor katheter ablatie van AF. 

Belangrijk voor de toekomstige ontwikkelingen van minimaal invasieve chirurgie voor AF 

is verdere standaardisatie van de procedure voor de verschillende types AF. Verder is het 

belangrijk dat follow-up en de definities van een succesvolle behandeling overeen moe-

ten komen met de nieuwste richtlijnen zodat de effectiviteit en veiligheid te vergelijken 

zijn met reeds bestaande endovasculaire technieken.37

De volgende stap in de ontwikkeling van AF ablatie, zowel voor de thoracoscopische 

als de katheter ablatie, is selectie van de juiste patiënt voor de juiste procedure en het 

aanpassen van de behandeling op basis van individuele patiënt en AF karakteristie-

ken. AF is een multifactoriële ziekte, maar meeste ablatie strategieën worden uniform 

toegepast op alle patiënten met en bepaald type AF. Hoewel pulmonaal venen isolatie 

effectief is, in het bijzonder via een epicardiale benadering, is het succes percentage lang 

niet 100%. Andere ablatie strategieën bestaan onder andere uit ganglion plexus ablatie, 

ablatie van complexe gefractioneerde atriale elektrogrammen, ablatie van lineaire atriale 

lijnen en rotor ablatie.6,44,45 Deze additionele ablatie strategieën met of zonder pulmo-

naal vene isolatie kunnen gebruiken worden om het succes percentage van de ingreep te 
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vergoten. Het is echter nog niet duidelijk welke patiënt het meest voordeel heeft van een 

bepaalde ablatie strategie. Er zijn meer studies nodig om de patiënten te identificeren 

die het meeste voordeel hebben van een van bovengenoemde strategieën of dermate 

ernstig AF dat invasieve behandeling geen verbetering kan geven. Deze studies zullen 

gebruik moeten maken van informatie van beeldvorming, biomarkers en elektrofysiolo-

gische metingen om een klinische classificatie te creëren gebaseerd op het dominante 

pathofysiologische mechanisme.

De rol van autonome modificatie in thoracoscopische pulmonaal venen 
isolatie voor atriumfibrilleren

In het Academisch Medisch Centrum in Amsterdam wordt gedurende minimaal invasieve 

chirurgie gerichte ablatie van de ganglion plexus uitgevoerd.46 Deze vorm van autonome 

modificatie wordt veel gebruikt binnen de minimaal invasieve chirurgie, hoewel de 

waarde in de epicardiale behandeling van AF nooit goed is onderzocht. Wel is de ablatie 

van deze ganglion plexus uitvoerig onderzocht bij katheterablatie voor AF. Ablatie van 

de ganglion plexus zorgt voor een afname in de recidieven van AF na katheterablatie bij 

patiënten met paroxysmaal AF.6 Deze studies laten zien dat anatomische lokalisatie van 

deze autonome zenuwstructuren het meest effectief is om de ganglion plexus volledig te 

ableren.5 Met epicardiale chirurgie kan het epicardiale vetweefsel, waarin deze ganglion 

plexus zitten, makkelijk gevisualiseerd worden. Het is echter niet duidelijk of additionele 

ganglion plexus ablatie gedurende minimaal invasieve chirurgie effectief is. In plaats van 

een kleine ablatie katheter zoals bij de katheter behandeling van AF wordt er gedurende 

thoracoscopische chirurgie een grote bipolair klem gebruikt om de pulmonaal venen 

te isoleren.41 Deze klem zorgt voor een groot circulair litteken rondom de pulmonaal 

venen. Het merendeel van de ganglion plexus bevinden zich ook rondom de pulmonaal 

venen net als het merendeel van de epicardiale zenuwen.25 Derhalve zal met ablatie van 

de pulmonaal venen ook een groot deel van het lokale autonome zenuwstelsel worden 

geableerd. Daarom is additionele ganglion plexus ablatie wellicht helemaal niet nodig 

in epicardiale chirurgische procedures. Door geen ganglion plexus ablatie te verrichten 

worden uiteindelijk minder epicardiale littekens aangebracht, die in de postoperatieve 

fase zouden zorgen voor atriale ritmestoornissen, in het bijzonder atriale tachycardiëen. 

Om enkele van deze vragen te beantwoorden is de AFACT studie uitgevoerd in het Aca-

demisch Medisch Centrum (Atrial Fibrillation Ablation and Autonomic Modulation Via 

Thorascopic Surgery, clinicaltrails.gov NCT01091389) In deze studie worden patiënten 

met paroxysmaal of persisterend AF gerandomiseerd naar epicardiale thoracoscopische 

chirurgie met of zonder ganglion plexus ablatie. De resultaten worden in de lente van 

2016 verwacht. De uitkomst en de peri-procedurele data van de AFACT-studie zullen ons 

inzicht gegeven in de rol van het autonome zenuwstelsel, niet alleen tijdens minimaal 

invasieve chirurgie zelf, maar in de pathofysiologie van AF.
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