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Structured Abstract
Aims
Initiating mechanisms of AF remain poorly understood, involving complex interaction between triggers and the atrial substrate.  This study sought to classify the transitional phenomena, hypothesising that there is consistency within and between patients in trigger-substrate interaction during transition to AF. 
Methods
Non-contact LA mapping was performed in 17 patients undergoing ablation for paroxysmal AF.  All had spontaneous ectopy.  Left atrial(LA) activation from first ectopic to established AF was examined off-line to characterise the initiating and transitional sequence of activation.
Results 
In 57 fully-mapped spontaneous AF initiations in 8 patients, all involved interaction of pulmonary venous/LA triggers with a septo-pulmonary line-of-block(SP-LOB) also evident in sinus rhythm, by 4 different transitional mechanisms characterised by i) continuous focal firing: AF resulted from fragmentation of each ectopic wavefront through gaps in the SP-LOB and persisted only while focal firing continued [n=18/32%] ii) transient focal firing, wavefront fragmentation at the SP-LOB produced wavelet re-entry that persisted after cessation of an initiating ectopic source[n=12/21%],  iii) of two separate interacting ectopic foci[n=15/26%], or from iv) transiently stable macroreentry[n=12/21%], around the SP-LOB extending to the LA roof, resulting in progressive wavefront fragmentation.  79±22% of each of the initiations in individual patients showed the same triggering mechanism. 
Conclusion
Onset of paroxysmal AF can be described by discrete mechanistic categories, all involving interaction of ectopic activity with a common septo-pulmonary line-of-block.  Within/between-patient consistency of initiations suggests constancy of the interacting triggers and substrate, and supports the concept of mechanistically-tailored treatment.
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Condensed Abstract


In 57 spontaneous AF initiations, pulmonary-venous/left-atrial triggers interacted with a septo-pulmonary line-of-block by 4 transitional mechanisms: continuous focal firing; transient focal firing from single or interacting sites of ectopy, or via transiently stable macroreentry. Consistency of initiating sequences suggests constancy of trigger-substrate interactions, and supports the concept of mechanistically-tailored treatment.




What’s New


· This study examined and classified transitional phenomena at the onset of paroxysmal AF episodes by the use of non-contact mapping.  
· Spontaneous AF initiations all involved interaction of pulmonary venous/left atrial triggers with a septo-pulmonary line-of-block, by 4 different transitional mechanisms, characterised by: continuous focal firing; transient focal firing from single or interacting sites of ectopy, or via transiently stable macroreentry, with subsequent wavefront fragmentation.  
· Within- and between-patient consistency of the initiating sequence suggests constancy of the interacting triggers and substrate, and supports the emerging concept of individual and mechanistically-tailored treatment.


Abbreviation list

AF 	Atrial fibrillation

CL	Cycle length

CS	Coronary sinus

EG	Electrogram

LA	Left atrium/atrial

LOB	Line of block

PV	Pulmonary vein/venous

RA	Right atrium/atrial

SP	Septo-pulmonary





Introduction
Paroxysmal atrial fibrillation (AF) is typically initiated by ectopic beats,(1, 2) often arising from the pulmonary veins (PV)(3) and less frequently non-PV sites.(4) Although the anatomy and physiology of initiating foci have been characterised, the mechanism of transition from ectopic beats through to onset of fibrillation remains incompletely understood, but is presumed to involve interaction between these triggers and the conduction properties of the atria.  
Although there is marked heterogeneity in patient responses to drug and catheter-based interventions targeting triggers, substrate or both, detailed examination of ECG recordings has indicated some consistency of patterns of ectopic activity and behaviour initiating AF in an individual patient.(5, 6)  Having previously demonstrated a characteristic line of functional block that is a consistent feature of endocardial activation during sinus rhythm in the posterior left atrium (LA) of patients with a history of paroxysmal AF,(7) we sought to investigate the role and consistency of this and other lines of block in the transitional sequence of interaction of triggers and substrate initiating paroxysmal AF, in testing the hypotheses that there are a number of discrete characteristic transitional sequences and consistency of these sequences within and between patients. 

Methods
Patient population
Seventeen patients with a history of paroxysmal AF underwent LA non-contact mapping prior to ablation. All spontaneous episodes of AF during the procedure were included and mapped.   
Protocol
The study was approved by the local ethical committee, and written informed consent obtained from all patients.  All antiarrhythmic drugs were discontinued for ≥5 days.  Patients were studied under local anaesthesia in the post-absorptive state.  The non-contact mapping system (EnSite 3000; St Jude Medical, St Paul, MN) utilised in this study has previously been described in detail.(8-10)  In short, the 9F catheter consists of a multielectrode array of 64 electrodes, expanded or contracted assisted by an ellipsoidal balloon.  Raw far-field unipolar electrographic data are sampled at 1.2kHz and filtered within a bandwidth of 0.1 to 300Hz.   Virtual 3-dimensional geometry may be recreated by a roving catheter, utilising a 5.68kHz low-current signal from ring electrodes on the array.  Subsequently, virtual electrogram reconstruction is performed at the surface by application of an inverse solution to Laplace’s equation.  The system has been validated for correlation of contact with non-contact unipolar electrograms in the ventricles,(8) and the atria in both sinus rhythm and atrial fibrillation.(11)   
The multielectrode array was deployed transseptally within the LA, with its body at the centre of the chamber as defined fluoroscopically and venographically, and a stabilising guide wire in the left upper pulmonary vein.  Patients were anticoagulated to maintain an activated clotting time of ≥300 seconds.  Using a steerable mapping catheter, LA geometry was acquired, including identification of the PVs, mitral annulus, appendage, and oval fossa. All spontaneously occurring episodes of AF – defined as those arising from spontaneous ectopy, rather than during pacing or pharmacological manipulation – were recorded for subsequent examination.


Endocardial activation
Each episode of AF was examined off-line, from the first ectopic or alteration in atrial activation following preceding stable sinus rhythm, until complete establishment of AF and disorganisation of the surface ECG.  Ectopic onset was determined by examining the timing and morphology of reconstructed unipolar electrograms to identify the exact point of endocardial break-out, with adjustment of the high-pass filter (1-8Hz) to optimise localisation and tracking of successive wavefronts of depolarisation and their constituent electrograms through each time window.  Onset of AF was defined as the point at which i) there was loss of stable and repetitive pattern of activation of the LA associated with ii) continuously variable activation of non-contact and contact (RA and CS) electrograms, and iii) characteristic appearance of AF on the surface ECG with fibrillation waves of irregular rate and morphology, as agreed on by 2 observers.  Duration of AF was recorded as the period from here until termination. 
Continuing firing from an initiating ectopic focus was identified by examining the electrograms from the region of the initiating ectopic for the entire sequence from first initiating ectopic to onset of AF, and confirming beat-to-beat consistency of electrogram timing and morphology, and consistent concentric wavefront propagation from the focus on sequential isopotential maps. This combination of conditions determined whether the focus continued to fire throughout the recorded episode (focally-driven, where cessation of focal firing was followed by termination of AF) or whether AF continued despite cessation of firing (focally-initiated) - identified by absence of repetitive focal activation and a lack of stability in the local activation sequence.  Progressive wavefront fragmentation was defined as the presence of repetitive propagation with progressively increasing functional block causing increasing electrogram/wavefront discontinuity.  Lines of block were identified by sequential isopotential maps as sites of wavefront block and deviation, and reconstructed electrograms demonstrating double or split potentials at least 30ms apart, indicating discontinuous conduction. AF cycle length (AFCL) was measured for the first 10 AF cycles, in the region of the LAA using reconstructed (Laplacian) bipolar settings to filter out ventricular activation. 

Statistical methods
Continuous data are presented as mean±standard deviation (parametric) or median and interquartile range (non-parametric).  Parametric independent grouped data were analysed by t-test or one-way analysis of variance (ANOVA); non-parametric data were analysed by Mann-Whitney U test or Kruskal-Wallis ANOVA. Categorical variables are presented as frequency/percentage, and compared with Fisher’s exact test.  A two-sided level of p <0.05 was considered statistically significant. 

Results
Spontaneous left atrial ectopy
Spontaneous ectopy (coupling interval 426±195ms) occurred in all 17 patients (age 55±11 years; 12 male), and of these episodes ectopy (coupling interval 291±64ms) initiated 63 AF episodes in 8 patients.  Spontaneous ectopics were more prevalent in patients with (median 75.0, IQR 49.3-114.1, per hour of mapping) than without episodes of AF (median 5.5, IQR 4.7-17.1; p=0.01) during the procedure, but of the non-initiating ectopic episodes, there was no difference in numbers (1.6±1.6 vs. 1.8±1.2) or coupling intervals (439±197ms vs. 399±100ms; p=ns) of ectopics between patients with and without AF episodes.  
[bookmark: _GoBack]Of the 63 episodes of spontaneous AF, all sequences started with a focal ectopic seen to initiate from the PVs (n=61) or posterior intervenous LA (n=2). Of these, LA mapping of the entire initiating sequence leading to AF was adequate in 57.

Characteristics of left atrial activation and conduction block
The phenomenon common to all initiating sequences was interaction of the ectopic wavefronts with lines of functional block.   A consistent, complete or near-complete line of block (LOB) was always evident in every patient in sinus rhythm, as previously described.(7)  This LOB extended from the septal mitral annular region and oval fossa, passing posteriorly around the right inferior PV and then up the posterior wall, in 75% of cases reaching the LA roof (see figures 1-3, 5, and 7).  The anterior border of this “common” LOB is exemplified by Figure 1, and the posterior region in a separate patient in Figure 2.  This septo-pulmonary LOB  (SP-LOB) appeared critical to the formation and interaction of wavefronts in the evolution from initiating mechanism to established AF in all cases, and will be referred to and illustrated below.  Other functional lines of block, not seen during sinus rhythm, were observed to form during initiating sequences in a minority of cases, typically on the anterior wall (e.g. Figure 4). 

AF initiation
In the 57 episodes that could be fully mapped, four discrete mechanisms of transition were identified from first ectopic activation and disorganisation into AF: i) focally-driven by a sustained focus, ii) focal initiation by a single non-sustained focus, iii) focal initiation involving interaction of multiple non-sustained foci, and iv) via focally-triggered transiently stable macroreentry.

1. Transitionary sequence of focally-driven AF 
In 18/57 (32%) episodes, continuous focal firing was seen from an ectopic focus, with progressive fragmentation of propagated wavefronts which disorganised into AF after 11±7 beats, via interaction with lines of block that progressively evolved throughout the initiating sequence of ectopics, and was evident throughout the episode of AF. Critically, AF continued only in the presence of continued PV firing, with immediate cessation of AF when the focus ceased, and hence this type of AF was termed focally-driven.  The first ectopic was coupled to the previous normal beat at 280±70ms, continuing with mean CL 194±30ms, prior to disorganisation into AF with AFCL 179±27ms. Of episodes in which this was the initiating mechanism, the origin was from right PVs in 14 cases, left PVs in 2, and between the superior veins in 2.  For each episode, only a single firing focus was identified.  An example is shown in Figure 1.

2. Transitionary sequence of focally-initiated multiple wavefronts
In 12/57 (21%) initiating episodes, initial repetitive firing from a single ectopic focus for 6.3±5.8 (range 2-13) cycles interacted with the SP-LOB and other, principally anterior, lines of block, producing wavebreak leading to multiple wavelet reentry, without continued PV firing.  The coupling interval of the first beat was 315±68ms (vs. focally-driven, p=0.19), with subsequent ectopics being 214±42ms (vs. focally-driven, p=0.15) and AFCL 182±16ms (vs. focally-driven, p=0.70).  The initiating ectopy was from right-sided PVs in 9 of the 12.  In AF initiated from a single focus, successive wavefronts propagated through a gap in the SP-LOB forming a daughter wavefront distal to the line and therefore rapid development of multiple wavefront activity in the absence of any continued focal firing, with increasingly complex interaction of an increasing number of similarly dividing wavefronts.  An example is shown in Figure 2 (isopotential maps); the LOB was also present in sinus rhythm (Figure 3).

3. Transitionary sequence of multifocal initiation
Interactions between wavefronts from 2 simultaneous sources resulted in AF in 15/57 (26%) cases, 9 between two separate PV sites and 2 between PV and LA sites.  In 4 cases a single pulmonary venous focus produced a stable atrial tachycardia 7±4 beats before a second focus started firing, destabilising the regular atrial activation with degeneration to AF.   The coupling interval of the first interacting ectopic was 260±52ms (vs. focally-driven, p=0.006), with subsequent ectopics being 217±40ms (vs. focally-driven, p=0.37) and AFCL was 177±16ms (vs. focally-driven, p=0.82).  Compared with a single ectopic focus, multiple interactive foci more typically commenced with a left-sided ectopic (12/15, Fisher Exact test p=0.006), and had a shorter coupling interval (p=0.03).
Whether simultaneous (n=11) or non-simultaneous (n=4) in onset, once 2 ectopic wavefronts existed, their interaction showed rapid degeneration to AF.  In 6 cases daughter wavefronts were formed via gaps in lines of block, 4 of these at the SP-LOB described above. An example of PV-LA interaction is shown in figure 4.  PV-PV interaction, leading to subsequent daughter wavefront formation, is shown in figure 5.

4. Initiation via transiently stable macroreentry
In 12 of the 57 (21%) cases, macroreentry initiated by a focal ectopic was seen to occur as a transient state before degeneration to AF.  AF initiation via transiently stable macroreentry was defined as ≥2 repetitive cycles around the same LA circuit in the absence of continued focal firing.  A mean of 7±6 cycles of transient macroreentry with associated organised LA activation preceded disorganisation into AF.  Initiating ectopy originated from right PVs (n=6), left PVs (n=5), or posterior wall (n=1). Of the 12 cases, 10 circuits involved the LA roof and 2 around the mitral valve annulus spanning the cycle length of the macroreentry (203±44msec).   
A characteristic of this group was the universal development of a LOB encircling the right pulmonary venous antrum from the fossa ovalis posteriorly to the left atrial roof, which became established during initiating ectopy, extending the SP-LOB. An example of roof-dependent reentry preceding disorganisation into AF is shown in Figure 6.  Figure 7 shows isochronal maps in the corresponding patient during sinus rhythm and at the first ectopic beat, showing the consistency of the SP-LOB inferior to the right PV prior to the AF initiation.

Differences in ectopic coupling interval, AF cycle length, and AF duration between modes of onset
For episodes of AF initiation, the coupling interval measured locally from last sinus beat to the first ectopic was 280±70ms for focally-driven AF, 285±65ms for focal initiation (single or interactive), and 319±50ms (p=ns) in transient stable macroreentry.  By contrast, the coupling interval of non-initiating ectopics was longer compared with ectopy involved in all these modes of initiation (399±100ms, p<0.01).
AF cycle length was measured for the first 10 cycles of AF, using reconstructed (Laplacian) bipolar recordings at the LAA.  This was 179±27ms in the focally-driven group, 182±16ms (single) and 177±16ms (multiple) in the focally-initiated group, and 170±14ms in those with transient stable macroreentry (ANOVA p=0.46).  Respectively, median AF duration was 17.5(5-45), 8.5(4-16), 8(5-15), and 28(13-224) seconds (ANOVA p=0.34). 

Consistency of initiation and interaction with lines of block
Of the 57 episodes of AF initiated by single or multiple foci or transient stable macroreentry, 79±22% of AF initiations showed the same mechanism of onset in each of the patients. The phenomenon common to all mechanisms in the transition from initial ectopics to AF was interaction of the ectopic wavefronts with lines of functional block.  The consistent, complete or near-complete SP-LOB,(7, 12) which was evident in sinus rhythm in all patients, appeared critical to the formation and interaction of multiple wavefronts in the evolution from initiating ectopy to established AF in all cases.  Figure 2 shows how a break in the LOB allows propagation of a new separate wavefront.  It appears that breaks in this particular LOB were critical to formation of the majority of such ‘daughter’ wavefronts (see also Figure 5): of the 18 episodes with daughter wavefronts described above (11/12 from single focus, 5/6 after interacting foci) a break in this LOB was the site of origin of the daughter wavefront in 16 (89%) cases.  New lines of block, not seen during sinus rhythm or atrial pacing, formed occasionally during the initiating sequence of ectopy, fragmenting propagation most commonly in the region immediately anterior to the left PVs. 

Discussion
In this study of a small number of sequential patients undergoing non-contact mapping who had spontaneous initiations of AF, we examined the mechanisms of transition from the first ectopic beat in sinus rhythm to fully established AF.  Consistent with published data,(3, 5) initiating ectopy was typically from the PVs, and the principal finding of the present study was that despite variability in origin, coupling interval, number and initiating sequence of ectopics, the septo-pulmonary LOB was consistently evident in atrial activation in sinus rhythm, atrial pacing, and initiating ectopy, although with varying completeness and extent, and played an apparent role in all modes of transition to AF.  Notably, gaps forming within the line were identified as typical sites for spawning new wavefronts, and extension of the pre-existing LOB was found during set-up of transiently stable macroreentry.
Although classifications of ectopics and re-entry causing AF have been both described and shown to be consistent,(13) this systematic characterisation of the four discrete and patient-specific sequences of the initiating  transition to AF has revealed the consistency of the septo-pulmonary LOB that we(7) and others(12) have previously described to be universally present in sinus rhythm and involved in initiation of pacing-induced atrial fibrillation in a sheep model.(14) The findings of these and the present studies support the concept of consistency and hence the potential for individualised mechanistically-based tailoring of treatment for patients with AF, as demonstrated recently by Narayan et al.(15)  
Whether focally-driven, focally-initiated, interactive-multifocal, or from transiently stable macroreentry, a fundamental step in the progression to AF in all episodes was the transitional evolution of more than one simultaneous wavefront, whether due to gap-dependent ‘budding’ of a primary wavefront, introduction of a second wavefront by an additional focus, or wavefront splitting after transiently stable macroreentry.  
In the present study we have shown that during onset of focally-driven AF, previously described as characterised by the existence of AF only in the presence of continued firing of an ectopic focus,(7, 16) it is the interaction of the maintaining focus with the SP-LOB which produces early wavefront fragmentation in the posterior wall, simultaneous with onset of a surface ECG pattern of AF.  
Focal initiation, characterised by AF that sustains following cessation of the initiating focus of high frequency activation, was seen to occur from a single focus or from interactive foci, and both have been previously described.(3, 16)  As demonstrated in this study, the wavefronts produced by the initiating ectopy interact with the SP-LOB, allowing formation of independent fibrillatory wavefronts.  Interacting multi- focal initiation resulted from simultaneous or near-simultaneous firing from the 2 foci.  If non-simultaneous, the first focus produced stable atrial tachycardia until the second focus destabilised the activation pattern and led to induction of fibrillation.  This would suggest that the duality is not simply a bystanding observation, but is critical for initiation of AF in this group, and provides a possible explanation for the stable focal atrial tachycardia occurring in some patients following PV isolation.  Further, that the onset of ectopy was simultaneous in >70% – and near simultaneous in the remainder – of these initiations would indicate a ‘field change’ in the atrium stimulating multiple spatially separate events within a short time frame in likely response to an extrinsic trigger such as a surge of autonomic activity.(17)
Transient stable macroreentry, characterised by AF that results from disorganisation of a pre-existing macroreentrant circuit, may be similar to what has been demonstrated to occur in patients with atrial flutter,(18) and is supported mechanistically by computer modelling.(6)  A similar phenomenon has been termed ‘wannabe reentry’ in a recent study of patients with persistent AF.(19)  In our study, the important role of the SP-LOB was revealed, in that onset of macroreentry occurred in the setting of an extension of this line and re-entry involving the left atrial roof during the transient macroreentry in >80% of cases, and could explain the clinical benefit in some, but not other cases, of empirical addition of a roof line to PV isolation during catheter ablation.(20)

Study limitations
Signals obtained by non-contact mapping are limited to showing endocardial activation and may not show alternate patterns of epicardial activation.  Mapping was confined to the left atrium, and the right atrial activation during these episodes remains uncertain, although in the studied initiations the left atrium – by prematurity and rate – was identified to be driving right atrial activation.  Despite a systematic approach to band-pass filter settings, some individualised adjustment was required, in order to fully interpret activation patterns and findings. 

Conclusion
Onset of paroxysmal AF can be described by discrete mechanistic categories, all involving interaction of ectopic activity with functional lines of block, and specifically a septo-pulmonary LOB also observed consistently in sinus rhythm.  Simultaneous firing of spatially distant ectopic sites indicates that widespread field changes of disparate regions of the atria, affecting both triggers and substrate, may promote the initiating mechanism.  Despite the apparent complexity of these interacting components, the consistent initiating sequence and mechanism within and between patients supports the concept of individualised mechanistically-based tailoring of treatment.
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Figure legends
Figure 1	Focally-driven AF
Isochronal LA maps (above) and reconstructed electrograms (EGs) from sites of EG 12-17 (Virtual 1) and 21-26 (Virtual 2) (below). Virtual 1 (green) show activation from the right superior PV across the anterior wall, Virtual 2 (amber) from the septum passing posteriorly towards the lateral wall.  The segments covered by the isochronal maps are highlighted in white on the traces. The final sinus beat breaks through at low-septum, and passes around a partial septo-pulmonary LOB.  The right map shows the first ectopic propagating from the right PVs, wrapping around the septum in front of the LOB (white tramline). Virtual EGs demonstrate consistent activation of the anterior wall but fragmentation at the posterior wall increasing during the first 3 cycles, producing AF.  The PV source continues to fire consistently, focally driving AF.

Figure 2	Focal-initiated multiple wavefronts
Upper panel (EGs 200mm/sec, postero-superior LA view) shows posterior activation from the right superior PV. (a) The first ectopic hits an incomplete LOB (tramline) and breaks through (virtual 18-20, arrowed).  A daughter wavelet is spawned (b), continuing around the left PVs simultaneous with anterior LA activation by the mother wavefront (c).  
Lower panel (EGs 100mm/sec, anterior LA view) shows the subsequent four cycles with relatively organised anterior wall activation, which disorganises via wavefront break (d-f) 1sec after the initiating ectopic.  By comparison, the posterior wall shows earlier rapid activation (asterisks upper panel) distal to the site of initial daughter wavefront. Marked global disorganisation has already occurred within 2sec of the initial ectopic (last p-wave arrowed).

Figure 3	Sinus-rhythm activation preceding focally-initiated AF 
Posterosuperior (left) and right lateral (right) view of LA in same patient as figure 2.  Virtual 1 show posterior activation, Virtual 2 show activation down the anterior septum.  Sinus breakthrough occurs near the right PV antrum; a septo-pulmonary LOB (tramline) extends from the fossa posteriorly behind the right PVs.  Conduction is relatively unimpaired at the roof and anterior wall.  The LOB (dashed) seen at AF initiation in figure 2 is shown on the left for comparison, and extends further posterosuperiorly during AF initiation (figure 2).  

Figure 4	PV-LA interaction 
Anterior LA views above, corresponding reconstructed electrograms below.  The segment covered by the isopotential maps is highlighted (white).  After several RSPV ectopics, the next propagates leftwards (a-c).  (d) A new ectopic beat (asterisk) arises from near the LSPV and LAA, just before another RSPV ectopic (e), and propagates as a new wavefront.  The two wavefronts interact with a functional LOB at the anterior wall (white tramline), and double potentials appear at region of virtual 26-7.   (f) Each wavefront propagates in opposing directions; 3-4 cycles of interaction precede degeneration into AF. 

Figure 5	PV-PV interaction 
Posterior views of the LA are shown.  The electrogram panel corresponds to the virtual electrogram position in (d) where Virtual 1 extend from the left PV across the posterior wall and Virtual 2 are near the right PV.   The mapped window is highlighted (white).
LSPV ectopy is followed closely by RSPV ectopy (a) with no immediate sequelae, however a further RSPV ectopic, 250ms later, forms a new wavefront which propagates around a functional LOB on the posterior wall (b-d).  At the mid posterior wall it breaks through the LOB (d-e) giving rise to a daughter wavefront (asterisk).  This depolarises the anteroseptal LA simultaneous with posterolateral activation by the mother wavefront (f), and the patient is in AF by the next observable cycle. 

Figure 6	Transiently stable macroreentry
The LA is shown from RAO, right lateral and anterolateral viewpoints, tracking activation around the right PVs (a-d – corresponding positions shown above electrogram panel).  After 5 ectopic beats from the right inferior PV, peri-roof macroreentry is setup.  There is subsequent wave break near the roof (virtual 14) at onset of disorganised AF (e). 

Figure 7	Extension of the septo-pulmonary LOB
Right posterior oblique (left) and anterior oblique (right) view during sinus rhythm (a) and post-RIPV ectopic (b) in the same patient as figure 6.  Lines of conduction block are shown with tramlines: gradual extension after the first ectopic eventually facilitates macroreentry around the right PVs.
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