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The propagation of the electrical wave fronts in the atrial myocardium is complex and 

depends on discontinuities at multiple size scales, from the ionic dimension to the 

macroscopic structure. In some regions of the human atria, the myocardial fibers 

organize in well demarcated structures where fiber orientation favors a highly 

anisotropic condition forcing the electrical impulse to propagate mostly along the longer 

axis of the muscle bundles. The latter organize in fascicles of variable thickness and 

number, which contributes to fast electrical propagation and enables efficient 

electromechanical coupling of both atria during each normal sinus beat.1 Bachmann´s 

bundle and the septo-pulmonary bundle are two mayor examples of bundles that 

sustain fast and laminar fluxes of electrical waves moving away from the sinus node. 

However, while Bachmann´s bundle extends mostly subepicardially across the 

interatrial groove, the septo-pulmonary bundle occupies a deeper level,1 which implies 

that even during sinus rhythm the propagation of waves is not uniform across the atrial 

wall. In fact, a certain degree of dissociation exists between the epicardium and the 

endocardium even for well-structured myocardial layers. Moreover, in some areas of 

the atrial wall, the uniform distribution of myocardial fibers is disrupted by multiple 

intricate crossings of fibers (Figure),2 which underlie the non-uniform anisotropic 

propagation that characterizes, for example, the crista terminalis and the antrum of the 

pulmonary veins (PVs). Altogether, such an intricate architecture is responsible for the 

efficient but highly non-linear propagation of sinus waves, but has also been 

demonstrated to underlie the initiation and maintenance of cardiac arrhythmias.3,4 

A number of studies have analyzed the patterns of sinus wave propagation in the 

human atria, but most of the data published to date have displayed sequences of 

activation recorded only on the endocardium.5 Evidence was lacking on propagation 

confined to the epicardium, and to our knowledge, no simultaneous endo-epicardial 

mapping studies had been conducted during sinus rhythm in the human heart. 

Experimental studies in dogs did show that epicardial and endocardial activation could 

be discordant at specific locations of the normal atria and that discordance increased 

when activation was premature.6 The latter opened the door for the study of transmural 

conduction from the subendocardium to the subepicardium, which also allowed for the 

demonstration of endo-epicardial asynchrony of propagation during atrial fibrillation 

(AF) in the human heart.7 In this issue of Circulation Arrhythmia & Electrophysiology, 

Mouws and colleges demonstrate that epicardial breakthrough waves (EBW) are 

recorded during sinus rhythm in the diseased atria of patients undergoing cardiac 

surgery.8 The unipolar electrograms recorded at the EBW location mostly consisted of 

clear R waves initiating the recordings, which was a solid and reliable piece of 
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evidence to suggest that EBW represented propagation of electrical wave fronts from 

deeper layers. EBW were observed in a minority of cases on Bachmann´s bundle but 

they were widespread along different regions of both atria including the pulmonary vein 

(PV) antra. The latter agrees with the concept of preferential laminar fluxes in well 

demarked atrial fascicles versus much more complex patterns of propagation in areas 

of non-uniform anisotropy, either in the normal or the diseased myocardium. 

Altogether, the findings of Mouws et al, contribute to a better understanding of the 

complex patterns of propagation of sinus waves in the human atria and pave the way 

for individualized analyses that depend on precise characterization of the 

pathophysiologic substrate affecting propagation in each patient. 

Mouws et al have made the intriguing observation that ischemic cardiomyopathy 

seems to be the pathophysiologic substrate with the highest incidence of EBW. There 

is increasing evidence suggesting that chronic ischemia and scar secondary to 

ischemic necrosis play major roles in electrophysiological remodeling and the 

mechanism supporting atrial arrhythmias in humans.9,10 Postoperative AF is more 

frequent in patients undergoing coronary bypass grafting when chronic occlusion of the 

main arteries irrigating the atrium is demonstrated,11 also in cases of severe disease of 

the right coronary artery (main origin of atrial arteries in comparison with other vascular 

territories).12 Thus there may be a robust link between chronic ischemic lesions and 

atrial arrhythmias, which might also promote abnormal patterns of electrical 

propagation during sinus rhythm. The variably scared tissue in the atria of patients with 

ischemic cardiomyopathy might increase non-uniform anisotropy leading to abnormal 

patterns of transmural propagation from the endocardium to the epicardium, which may 

explain the results obtained by Mouws and colleagues.8 Similar to scar-related non-

uniform anisotropy, lines of endocardial block after radiofrequency-based ablation have 

been elegantly related to epicardial-to-endocardial breakthrough sites, which suggest 

the presence of an alternative pathway on the opposite side of the atrial wall. 

Moreover, persistent epicardial conduction leading to endocardial breakthrough sites 

after the endocardial ablation line, may also be critical in maintaining a macro-reentrant 

circuit.13 

The data of Mouws and colleagues might have several potential clinical implications.  

For example, endocardial-epicardial dissociation may be a reasonable way to explain 

variable patterns of activation during focal atrial tachycardia, and the frequent failure to 

accurately predict the tachycardia origin from the p-wave morphology (analogous to the 

QRS ventricular tachycardia in patients with extensive myocardial infarction).  It is also 

possible that epicardial-to-endocardial dissociation is a mechanism of AF maintenance. 
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In this regard, the often invoked observation that EBW are frequent in persistent and 

long-term persistent AF14,15 would suggest that patients with frequent EBW during sinus 

rhythm would be more prone to develop AF. Surprisingly, such a hypothesis is 

untenable in light of the work by Mouws et al, who showed that ≈70% of the patients 

developing postoperative AF had no EBW.8 Instead their data suggest that EBW seen 

in sinus rhythm have no relationship with mechanisms supporting postoperative AF. 

Alternatively, confounding factors such as heart injury leading to inflammation, might 

have mitigated the ability of EBW to predict postoperative AF. Whether that or any 

other mechanism contributed to establish the appropriate conditions needed to sustain 

AF cannot be predicted from the study of Mouws et al.8 Another clinical question 

relates to the fact that valve surgery, in particular mitral valve surgery, is recognized as 

a powerful risk factor for postoperative AF in comparison with other surgical procedures 

including coronary bypass grafting.16 However, Mouws and colleges8 found that the 

distribution of EBW is significantly narrower in patients with valve disease compared 

with patients with ischemic cardiomyopathy, which is not consistent with EBW playing a 

significant role in the pathophysiology of postoperative AF. 

What else can we learn about AF mechanisms from mapping during sinus rhythm? 

Other authors have previously analyzed conditions during sinus rhythm and atrial 

pacing that might explain AF initiation and maintenance.17 Abnormal areas of 

conduction delay and lines of conduction block are formed in the posterior wall of the 

left atrium in patients with atrial enlargement and structural heart disease, which may 

initiate reentry around the PVs.4 Some animal models have also demonstrated rate 

dependency of the safety of propagation through the atrial architecture, leading the 

normal conduction during sinus rhythm to turn into conduction delay, block and 

wavebreak formation when the firing from a PV exceeds a critical rate.3 Considering 

such rate dependency, one may ask, are EBW observed during sinus rhythm 

functionally active during AF? It is hard to make predictions, and confirmation would be 

even more difficult in the light of the highly non-linear dynamics governing AF. Another 

question is, if sinus rhythm EBW predominate in ischemic cardiomyopathy patients, 

what is the relationship of EBW with the myocardial scar? Extensive scar tissue is a 

predictor of AF recurrence after PV isolation while additional ablation at the periphery 

of the scar seems to increase the probability to achieve freedom from AF during follow-

up.18 Some studies suggest reentrant activity at the periphery of the scar tissue 

sustaining AF,19 which may be formed in the setting of non-uniform anisotropic 

conditions, and may also provide conditions for transmural conduction during sinus 

rhythm. The latter might help understand the hierarchical organization of wave 
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propagation during human AF,20 which is otherwise difficult to explain by widespread, 

randomly distributed endo-epicardial dissociation.14 The article by Mouws and colleges8 

provides novel and important clues to understand the complex propagation dynamics 

of sinus waves in the human atria, and convincingly realizes that the laminar electrical 

fluxes that were usually believed to occur during sinus rhythm may in fact abruptly 

become turbulent. However, even after taking into account their clinical correlations, 

the possible role of sinus rhythm EBW in the mechanism of human AF maintenance 

remains elusive at best. Integration of high-resolution mapping with the underlying 3-

dimensional structural substrate (e.g. scar and myocardial fiber distribution) that can be 

obtained from clinically relevant animal models may provide a unique opportunity to 

understand the role of EBW on AF initiation and maintenance. 
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Acquired geometry and fiber visualization results in human atria specimens. Left, Atrial 

geometry. A, Short-axis view of a nondiffusion-weighted image (b0) with superimposed 

segmentation of left atrium (LA; red), right atrium (RA; blue), and interatrial bundles 

(green). Fat tissue surrounding the atria is excluded from the segmentation. B, Anterior 

view of left and right atria created from T1-weighted images; the dark grey volume 

represents lumen. Right, Fiber visualization using tractography. C, Posterior view of 

atrial roof. D, Anterior view. E, Inferior and left lateral views. F, View of right atrium. 

Color encodes the local distance to the endocardial shell: yellow is the endocardial 

layer, and red is the epicardial layer. BB indicates Bachman bundle; CT, crista 

terminalis, IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left inferior 

pulmonary vein; LSPV, left superior pulmonary vein; MV, mitral valve; RAA, right atrial 

appendage; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; 

SVC, superior vena cava; and TV, tricuspid valve. Modified from Pashakhanloo F et al. 

Circ Arrhythm Electrophysiol. 2016;9:e004133, by permission. 

 




