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General Discussion

Controversy in mechanisms underlying atrial fibrillation
For most atrial tachyarrhythmias the mechanism, i.e., pathological electrical pathway is 
known and therefore ablative procedures for these tachyarrhythmias are very effective. 
On the other hand, the mechanism underlying atrial fibrillation (AF) remains uncertain 
and controversy exists between researchers studying AF. What is known is that paroxys-
mal AF is in most cases triggered by electrical activity from the pulmonary veins.1 Many 
theories have been proposed for persistence of AF and the two main positions taken over 
the last years were researchers supporting the concept of rotors or focal activity driving AF 
vs researchers supporting the multiple wavelet theory.2-5 Evidence for both sides has been 
published and this raises the question: why do results between AF studies differ so sig-
nificantly?2-4, 6, 7 In 2014, both positions were argued in a crosstalk and the important argu-
ment was made that the mapping resolution and signal processing technologies are fun-
damentally different.8-11 Mapping, i.e., the representation of electrical activity pathways is 
based on, first, recording of local electrical activity on electrograms, and then determining 
the local activation time of each signal recorded on the electrogram. Mapping outcomes 
are determined by recording modus, quality of electrograms, density and surface area of 
electrogram recordings. The next paragraphs will discuss which previous mapping studies 
and mapping approaches have been performed and which mechanism they supported, 
which resolution is required for AF mapping, the effect of recording modus, and will argue 
the added complexity in AF mapping caused by endo-epicardial asynchrony.

Mapping studies of atrial fibrillation
Studies that have mapped AF activation patterns in patients with persistent AF to find the 
underlying mechanism, and have used direct contact mapping with different resolution 
or recording mode have been summarized in Table 1. In the last column the dominant 
supporting theory is shown, meaning which pattern of activation is seen in most patients/ 
most of the recording time. Table 2 specifies also the other activation patterns that were 
observed in these studies. Rotors have been mostly detected during mapping with a very 
low resolution (0.6-1/cm2) and in these studies rotors were present in >88% of patients.5, 12-14 
There was one high-resolution mapping that showed (mostly) transient rotors during only 
12% of the recording time with a median of 3 rotations. In one case, a relatively stable 
rotor (presence >95% of the time) was seen.7 The studies with the highest resolution of 19 
and 21-24/cm2 mainly supported the multiple wavelets theory because drivers were not or 
only sparsely observed.2-4, 7 Earlier studies with a low to medium resolution (0.8-8.5/cm2) 
often attributed their findings to micro- or macro-re-entry, however, often it was based on 
a theoretical explanation of either a focal pattern of activation or regular repetitive activa-
tion pattern without demonstration of a re-entry pathway (Table 2).15-18 Important is to not 
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exclude the multiple wavelets theory only based on transient regular repetitive activities 
or activation patterns at certain atrial parts. This theory does not imply that all waves have 
to be random at all time, based on local functional or anatomical features, predilection for 
certain activation patterns may exist.

Moreover, the definition used for a rotor in human mapping studies is very debatable. On a 
basic level, the difference between normal re-entry and a rotor is the electrically active core 
(phase singularity) of a rotor in comparison to the electrically inactive center of re-entry 
around an obstacle.19 However, human mapping studies define rotors only as rotational 
activity around a center which was, in the beginning, required to remain sustained for >50 
or >1000 cycles, but later also >10 cycles or >2-3 cycles was defined as a rotor.4, 5, 7, 12, 14, 20 
Core electrical activity of rotational activation patterns in these studies cannot be deter-
mined due to the low resolution. Currently, due to technological limitations, endocardial 
mapping is of low resolution and high-resolution mapping with multi-electrode arrays can 
only be performed epicardially. Therefore, it is unknown if there is an association between 
the atrial side of mapping (endocardium vs epicardium) and the fact that rotors are mainly 
found in endocardial mapping studies. One advantage of low-resolution mapping is that 
a large area can be mapped simultaneously providing a total overview of the atrial activa-
tion pattern.

Chapters 4 and 5 introduced a new epicardial mapping approach covering both atria and 
Bachmann’s bundle with a resolution higher than in the studies of Table 1. At 9 atrial areas, 
192 electrograms were recorded simultaneously with a density of 30/cm2 (total surface 58 
cm2) in order to identify small conduction disturbances and to create a detailed map of 
activation patterns during sinus rhythm, pacing and AF. This technique can also be applied 
during minimally invasive surgery, although for complete left atrial mapping additional 
incision sites would then be required. Also, in Chapter 9 another new mapping technique 
was introduced of simultaneous epicardial and endocardial high-resolution mapping that 
provided a new possible mechanism expanding on the multiple wavelets theory.

The resolution required for atrial fibrillation
To determine the required resolution for mapping of AF, it is necessary to have an under-
standing of the resolution of AF itself. Sizes of waves in human AF have been described in 
two previous studies that performed high-resolution mapping. Lee et al. defined narrow 
AF wavelets as waves between 5-15 mm and observed a mean wave size of 20.9±15 mm 
and median wave size of 15 mm (interquartile range: 15-35 mm).4 AF waves in the figures 
of studies by Allessie et al. and De Groot et al.2, 3 were as narrow as a single electrode row 
translating to a wave diameter of ±2.5 mm. In patients with longstanding persistent AF 
the number of waves per cm2 was 4.5 (4.1-5.1) compared to the 2.3 (1.7-2.9) waves/cm2 in 
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patients without AF in whom AF was induced.2 The focal waves observed in Chapter 9, 
were defined to have a minimal size of 4 electrodes. Smallest focal waves with sizes of 4, 
5 and 6 electrodes comprised, respectively, 5.3%, 4.9% and 4.2% of all focal waves. Sizes 
of focal waves therefore range in 15% between 16-24 mm2. Mapping approaches with a 
low resolution will not be able to detect these small AF wavelets because it would require 
a minimum resolution of unipolar electrodes or bipolar electrode pairs of 7 per cm2 to 
be able to register these AF waves on one electrode alone. From the 11 mapping studies 
presented in Table 1, 4 studies meet these requirements. When comparing the resolution 
of high-resolution electrode arrays to the resolution of the basket catheter used in the 
studies of Narayan et al5, 13, 14 and Honarbakhsh et al12, the resolution of the latter is 30 
to 50 times lower (0.6 or 1 electrode/cm2 vs 30 electrodes/cm2). A high-resolution during 
mapping of AF will decrease the chance of under-detection of AF waves and of incorrect 
interpretation of atrial activation patterns.

Why are current mapping technologies sufficient for most atrial arrhythmias, but not AF? 
The required resolution of mapping depends on the level of complexity of the arrhythmia. 
For example, in Figure 1 two pictures with the same low resolution are shown. The top 
picture is simple and even with a very low resolution you will be able to determine its 

Figure 1. Low-resolution pictures.
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content. However, the bottom picture is much more complex and the low resolution 
here can easily result in a false interpretation of the actual picture (the high-resolution 
versions are shown in Figure 2). Similar with regular tachyarrhythmias and AF; regular 
tachyarrhythmias are mostly easy to identify even with a low resolution, however, the 
chaotic patterns of activation and small wavelets during AF require a high resolution. The 
challenge with current high-resolution mapping is that due to the relatively small size of 
the arrays, atrial areas need to be mapped sequentially. This can be explained as having 
to take several small pictures of one large picture in order to cover the entire object (black 
square in Figure 2). You will still be able to correctly deduce the object, but if the situation 
changes between pictures, for example a few balls are taken away or moved, this may not 
be noticed. Although studies have shown that patterns of activation remain stable in areas 
during 10 minutes of AF7, a more panoramic high-resolution view will help to identify and 
understand the mechanisms underlying AF even better.

Endo-epicardial asynchrony: a new mechanism during atrial fibrillation
Focal waves observed in the study of De Groot et al. in 2010 led to the concept of asyn-
chrony between epicardial and endocardial activation being the origin of focal waves.3 
The evidence for this theory was provided in the study presented in Chapter 9. This was 
the first study to perform simultaneous epicardial and endocardial mapping in living hu-
man subjects to investigate differences in electrical activation. Because mapping on both 
sides simultaneously is technically very challenging, it can only be consistently performed 
at the right atrial free wall. The right atrial appendage is the only location where an inci-
sion in the atrium is standardly made during cardiac surgery before induced cardiac arrest. 
Endo-epicardial asynchrony (EEA) occurred in patients at 0.9-55.9% of the sites during 
10 seconds of AF. EEA was especially observed in patients with longstanding persistent 
AF; all patients with longstanding AF demonstrated EEA in over 20% of the sites. Focal 
waves were preceded by a wave of activation on the opposite side in 65% which means 
that the majority of focal waves could be attributed to transmural electrical conduction. 
These findings constitute an important new mechanism during AF. The electrical dissocia-
tion between the layers provides an opportunity for waves to travel from one side to the 
other and create new (focal) waves by conducting through the atrial wall. The possibilities 
for waves to encounter excitable tissue thereby increase substantially. Focal activation 
observed in previous studies may actually represent transmural conduction of AF waves.

Significance of EEA is not limited to AF alone, EEA also increases in atrial extrasystoles 
which can act as triggers for AF (Chapter 15) and EEA has also been significant in some 
cases of atrial flutter.21 The presence and likely important role of EEA during arrhythmia 
further complicates mapping of AF. Current technologies can only record electrograms 
from one side of the atrial wall and therefore lack information about electrical activation 
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on the other side. This presents a great challenge as the incidence of EEA is high and there 
are no simple technical solutions to record the entire atria on both sides simultaneously. 
However, in Chapter 12 the morphology of epicardial and endocardial electrograms was 
compared during sinus rhythm. A possible solution was provided by the discovery that 
EEA can be reflected on the electrogram by fractionation. Analyzing fractionation of the 
electrogram could be the key to indirectly detect EEA. This possibility was explored further 
in Chapter 14. Areas at the right atrial free wall demonstrating EEA in patients during sinus 
rhythm, pacing or atrial extrasystoles were analyzed to determine how sensitive fraction-
ation is in identifying EEA. In 86% of patients, EEA was visible on the epicardial or endocar-
dial electrogram at a median of 75% and 72% electrode sites with EEA, respectively. EEA 
was easier to identify on unipolar electrograms than on bipolar electrograms.

Electrograms: unipolar vs bipolar and functionality of fractionation
As explained, bipolar electrograms are the difference between two unipolar electrograms 
and therefore farfield electrical activity is mostly cancelled. The disadvantage of bipolar 
electrograms is that they are affected by wave orientation.22, 23 When the activation direc-
tion is parallel to the two poles or in case of simultaneous activation, timing of the signals 
are similar and electrogram voltage can decrease to very low values making it more dif-
ficult to determine the local activation time. Especially during AF, where AF waves travel in 
chaotic patterns constantly changing direction, bipolar electrograms are likely much more 
often affected than during other atrial tachyarrhythmias. Furthermore, technical proper-
ties such as a larger electrode size and larger electrode spacing increase the amount of 
electrogram fractionation on the bipolar electrogram.24 The foundation for unipolar 
fractionation was elegantly demonstrated a long time ago by Spach and co-workers. On a 
microscopic level it was seen that each component of a fractionated electrogram could be 
traced to activation of a specific muscle bundle.25 Although in Chapter 11 other possible 
factors contributing to fractionation were discussed, the conclusion in Chapter 12 was that 
95% of fractionation on unipolar high-resolution electrograms could be attributed to re-
mote atrial activation. It was also demonstrated that EEA causes fractionation of unipolar 
electrograms. It was then theorized that EEA based electrogram fractionation would be 
largely removed from bipolar electrograms as farfield electrical activity is substracted. In 
actuality, EEA remote electrical activity proved to be local enough to appear on bipolar 
electrograms as well. However, fractionation corresponding to EEA was less distinguish-
able from the noise on bipolar electrograms and more additional fractionation will make 
it more difficult to identify fractionated deflections based on EEA (Chapter 14). These 
observations indicate that unipolar electrograms are better suited for mapping of AF than 
bipolar electrograms.

General discussion 9



In some AF mapping studies of Table 1, a different type of electrogram analysis was 
performed to map AF. In the endocardial electrophysiology studies by Narayan et al. uni-
polar or bipolar electrograms are converted to monophasic action potentials from which 
activation maps are created.5, 14 Recently, the effects of mapping using monophasic action 
potentials (phase mapping) were demonstrated by direct comparison of activation map-
ping from unipolar electrograms to mapping based on phase analysis of unipolar electro-
grams.26 Mapping in this study was performed with a very high resolution of 50 electrodes/
cm2. The specificity of rotor waves by phase mapping was only 10%, and false-positive 
cases were mostly localized at lines of conduction block with waves traveling opposite to 
each other in unipolar activation maps.26

Limitations of high-resolution mapping
Currently, there are still several limitations of high-resolution mapping. First, high-resolu-
tion arrays can only be placed on the epicardium due to their size, thereby certain atrial 
areas such as the septum cannot be mapped. Secondly, the arrays can, due to its epicardial 
application, only be used during cardiac surgery. Endovascular electrophysiological pro-
cedures are much less invasive and therefore available to a larger AF population. Finally, 
to cover the entire atrial surface, mapping is performed sequentially in high-resolution 

Figure 2. High-resolution pictures.
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mapping, whereas low-resolution mapping studies can map the entire surface simultane-
ously. As mentioned, the entire activation pattern of both atria cannot yet be visualized 
by high-resolution mapping. Both low-resolution and high-resolution mapping have 
certain advantages and disadvantages; however, these differences also lead to differences 
in study outcomes of AF mechanisms. It is plausible that different mechanisms of AF are 
involved in different patients. Because of the complexity of AF, high-resolution mapping is 
necessary in order to find the individual arrhythmogenic substrates and to not make false 
assumptions based on an undetailed map. This way, the optimal treatment course can 
be determined for each AF patient. To this end, technical advancements need to follow in 
order to further unravel mechanisms underlying AF.

Conclusions and future perspectives: back to the 
drawing board

Mapping of AF requires a high resolution of electrogram recording sites that is able to 
spot detailed conduction disorders and thereby identify the arrhythmogenic substrate 
in individual patients. Asynchrony in activation between the epicardial and endocardial 
layers is a potential substrate for AF and a new mechanism explaining perpetuation of AF. 
Although current mapping tools are unable to identify EEA, it was discovered here that 
EEA is reflected on the electrogram as fractionation in most patients. To detect EEA on 
the electrogram, unipolar electrograms are superior to bipolar electrograms due to less 
disturbances and a better signal-to-noise ratio of EEA based fractionation. As the frequent 
occurrence of EEA demonstrated, AF is even more complex than previously thought and 
current technologies for AF mapping are insufficient. To actually understand mechanisms 
involved in AF, we need to go back to the drawing board and start to critically review 
mapping techniques that may lead to false interpretation of AF and develop new high-
resolution tools and software.

The most optimal AF mapping tool will require the following features:
1.	 A high resolution/ electrode density
2.	 Cover the entire surface of both atria
3.	 Simultaneous recordings of all electrograms
4.	 Use unipolar electrograms
5.	 Be able to detect asynchrony between epicardium and endocardium
6.	 A high sample rate (to increase accuracy of fractionation)
7.	 Preferably record from the endocardium

General discussion 11



The technical side of developing a system of high-resolution than can be placed within 
small catheters but still cover the entire atrium will be extremely challenging. It will re-
quire experts in electrical engineering to design and develop such an advanced mapping 
system. Development of feature 5 can be continued based on findings in this thesis. It 
would require software that is able to relate fractionation to activation patterns and 
identify fractionation caused by EEA. Therefore, future studies will need to characterize 
fractionated unipolar deflections which identify EEA and determine features that provide 
the best sensitivity and specificity for EEA.

Finally, to overcome current controversies in AF mechanisms, besides upgrading mapping 
tools, research into AF would greatly benefit from exchanging electrogram data between 
research groups to discover the differences in annotation and analysis of electrograms 
resulting in activation maps. If a consensus is made over how to analyze and interpret 
electrograms based on (previous) experimental data, study outcomes will likely become 
more in agreement.

12 Erasmus Medical Center Rotterdam



References
	 1.	 Haïssaguerre M, Jaïs P, Shah DC, Takahashi A, Hocini M, Quiniou G, Garrigue S, Le Mouroux A, Le 

Metayer P, Clementy J. Spontaneous initiation of atrial fibrillation by ectopic beats originating in 
the pulmonary veins. N Engl J Med. 1998;339:659-666.

	 2.	 Allessie MA, de Groot NM, Houben RP, Schotten U, Boersma E, Smeets JL, Crijns HJ. Electropatho-
logical substrate of long-standing persistent atrial fibrillation in patients with structural heart 
disease: longitudinal dissociation. Circ Arrhythm Electrophysiol. 2010;3:606-615.

	 3.	 de Groot NMS, Houben RPM, Smeets JL, Boersma E, Schotten U, Schalij MJ, Crijns H, Allessie MA. 
Electropathological Substrate of Longstanding Persistent Atrial Fibrillation in Patients With Struc-
tural Heart Disease Epicardial Breakthrough. Circulation. 2010;122:1674-1682.

	 4.	 Lee G, Kumar S, Teh A, Madry A, Spence S, Larobina M, Goldblatt J, Brown R, Atkinson V, Moten 
S, Morton JB, Sanders P, Kistler PM, Kalman JM. Epicardial wave mapping in human long-lasting 
persistent atrial fibrillation: transient rotational circuits, complex wavefronts, and disorganized 
activity. Eur Heart J. 2014;35:86-97.

	 5.	 Narayan SM, Krummen DE, Rappel WJ. Clinical mapping approach to diagnose electrical rotors and 
focal impulse sources for human atrial fibrillation. J Cardiovasc Electrophysiol. 2012;23:447-454.

	 6.	 Takahashi Y, Hocini M, O’Neill MD, Sanders P, Rotter M, Rostock T, Jonsson A, Sacher F, Clementy J, 
Jaïs P, Haïssaguerre M. Sites of focal atrial activity characterized by endocardial mapping during 
atrial fibrillation. J Am Coll Cardiol. 2006;47:2005-2012.

	 7.	 Walters TE, Lee G, Morris G, Spence S, Larobina M, Atkinson V, Antippa P, Goldblatt J, Royse A, 
O’Keefe M, Sanders P, Morton JB, Kistler PM, Kalman JM. Temporal Stability of Rotors and Atrial 
Activation Patterns in Persistent Human Atrial Fibrillation: A High-Density Epicardial Mapping Study 
of Prolonged Recordings. JACC Clin Electrophysiol. 2015;1:14-24.

	 8.	 Allessie M, de Groot N. CrossTalk opposing view: Rotors have not been demonstrated to be the driv-
ers of atrial fibrillation. J Physiol. 2014;592:3167-3170.

	 9.	 Allessie M, de Groot N. Rebuttal from Maurits Allessie and Natasja de Groot. J Physiol. 2014;592:3173.
	 10.	 Narayan SM, Jalife J. CrossTalk proposal: Rotors have been demonstrated to drive human atrial 

fibrillation. J Physiol. 2014;592:3163-3166.
	 11.	 Narayan SM, Jalife J. Rebuttal from Sanjiv M. Narayan and Jose Jalife. J Physiol. 2014;592:3171.
	 12.	 Honarbakhsh S, Schilling RJ, Dhillon G, Ullah W, Keating E, Providencia R, Chow A, Earley MJ, Hunter 

RJ. A Novel Mapping System for Panoramic Mapping of the Left Atrium: Application to Detect and 
Characterize Localized Sources Maintaining Atrial Fibrillation. JACC Clin Electrophysiol. 2018;4:124-
134.

	 13.	 Leef G, Shenasa F, Bhatia NK, Rogers AJ, Sauer W, Miller JM, Swerdlow M, Tamboli M, Alhusseini 
MI, Armenia E, Baykaner T, Brachmann J, Turakhia MP, Atienza F, Rappel WJ, Wang PJ, Narayan SM. 
Wavefront Field Mapping Reveals a Physiologic Network Between Drivers Where Ablation Termi-
nates Atrial Fibrillation. Circ Arrhythm Electrophysiol. 2019;12:e006835.

	 14.	 Narayan SM, Krummen DE, Shivkumar K, Clopton P, Rappel WJ, Miller JM. Treatment of atrial fibril-
lation by the ablation of localized sources: CONFIRM (Conventional Ablation for Atrial Fibrillation 
With or Without Focal Impulse and Rotor Modulation) trial. J Am Coll Cardiol. 2012;60:628-636.

	 15.	 Harada A, Sasaki K, Fukushima T, Ikeshita M, Asano T, Yamauchi S, Tanaka S, Shoji T. Atrial activa-
tion during chronic atrial fibrillation in patients with isolated mitral valve disease. Ann Thorac Surg. 
1996;61:104-111; discussion 111-102.

General discussion 13



	 16.	 Holm M, Johansson R, Brandt J, Luhrs C, Olsson SB. Epicardial right atrial free wall mapping in 
chronic atrial fibrillation. Documentation of repetitive activation with a focal spread--a hitherto 
unrecognised phenomenon in man. Eur Heart J. 1997;18:290-310.

	 17.	 Wu TJ, Doshi RN, Huang HL, Blanche C, Kass RM, Trento A, Cheng W, Karagueuzian HS, Peter CT, 
Chen PS. Simultaneous biatrial computerized mapping during permanent atrial fibrillation in 
patients with organic heart disease. J Cardiovasc Electrophysiol. 2002;13:571-577.

	 18.	 Yamauchi S, Ogasawara H, Saji Y, Bessho R, Miyagi Y, Fujii M. Efficacy of intraoperative mapping to 
optimize the surgical ablation of atrial fibrillation in cardiac surgery. Ann Thorac Surg. 2002;74:450-
457.

	 19.	 Vaquero M, Calvo D, Jalife J. Cardiac fibrillation: from ion channels to rotors in the human heart. 
Heart Rhythm. 2008;5:872-879.

	 20.	 Alhusseini M, Vidmar D, Meckler GL, Kowalewski CA, Shenasa F, Wang PJ, Narayan SM, Rappel WJ. 
Two Independent Mapping Techniques Identify Rotational Activity Patterns at Sites of Local Termi-
nation During Persistent Atrial Fibrillation. J Cardiovasc Electrophysiol. 2017;28:615-622.

	 21.	 Pathik B, Lee G, Sacher F, Haïssaguerre M, Jaïs P, Massoullie G, Derval N, Sanders P, Kistler P, Kalman 
JM. Epicardial-endocardial breakthrough during stable atrial macroreentry: Evidence from ultra-
high-resolution 3-dimensional mapping. Heart Rhythm. 2017;14:1200-1207.

	 22.	 Takigawa M, Relan J, Martin R, Kim S, Kitamura T, Frontera A, Cheniti G, Vlachos K, Massoullié G, 
Martin CA, Thompson N, Wolf M, Bourier F, Lam A, Duchateau J, Klotz N, Pambrun T, Denis A, Derval 
N, Magat J, Naulin J, Merle M, Collot F, Quesson B, Cochet H, Hocini M, Haïssaguerre M, Sacher 
F, Jaïs P. Effect of bipolar electrode orientation on local electrogram properties. Heart Rhythm. 
2018;15:1853-1861.

	 23.	 Brunckhorst CB, Delacretaz E, Soejima K, Maisel WH, Friedman PL, Stevenson WG. Impact of chang-
ing activation sequence on bipolar electrogram amplitude for voltage mapping of left ventricular 
infarcts causing ventricular tachycardia. J Interv Card Electrophysiol. 2005;12:137-141.

	 24.	 Correa de Sa DD, Thompson N, Stinnett-Donnelly J, Znojkiewicz P, Habel N, Muller JG, Bates JH, Bu-
zas JS, Spector PS. Electrogram fractionation: the relationship between spatiotemporal variation of 
tissue excitation and electrode spatial resolution. Circ Arrhythm Electrophysiol. 2011;4:909-916.

	 25.	 Spach MS, Dolber PC. Relating extracellular potentials and their derivatives to anisotropic propaga-
tion at a microscopic level in human cardiac muscle. Evidence for electrical uncoupling of side-to-
side fiber connections with increasing age. Circ Res. 1986;58:356-371.

	 26.	 Podziemski P, Zeemering S, Kuklik P, van Hunnik A, Maesen B, Maessen J, Crijns HJ, Verheule S, 
Schotten U. Rotors Detected by Phase Analysis of Filtered, Epicardial Atrial Fibrillation Electrograms 
Colocalize With Regions of Conduction Block. Circ Arrhythm Electrophysiol. 2018;11:e005858.

	 27.	 Nitta T, Ishii Y, Miyagi Y, Ohmori H, Sakamoto S, Tanaka S. Concurrent multiple left atrial focal activa-
tions with fibrillatory conduction and right atrial focal or reentrant activation as the mechanism in 
atrial fibrillation. J Thorac Cardiovasc Surg. 2004;127:770-778.

	 28.	 Lee S, Sahadevan J, Khrestian CM, Cakulev I, Markowitz A, Waldo AL. Simultaneous Biatrial 
High-Density (510-512 Electrodes) Epicardial Mapping of Persistent and Long-Standing Persistent 
Atrial Fibrillation in Patients: New Insights Into the Mechanism of Its Maintenance. Circulation. 
2015;132:2108-2117.

	 29.	 Lee S, Sahadevan J, Khrestian CM, Markowitz A, Waldo AL. Characterization of Foci and Breakthrough 
Sites During Persistent and Long-Standing Persistent Atrial Fibrillation in Patients: Studies Using 
High-Density (510-512 Electrodes) Biatrial Epicardial Mapping. J Am Heart Assoc. 2017;6:e005274.

14 Erasmus Medical Center Rotterdam


