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Abstract

Background—The mechanism(s) of persistent and long-standing persistent (LSP) atrial 

fibrillation (AF) is/are poorly understood. We performed high density, simultaneous, bi-atrial, 

epicardial mapping of persistent and LSP AF in patients undergoing open heart surgery (OHS) 1) 

to test the hypothesis that persistent and LSP AF are due to one or more drivers, either focal or 

reentrant, and 2) to characterize associated atrial activation.

Methods and Results—Twelve patients with persistent and LSP AF (1 month - 9 years 

duration) were studied at OHS. During AF, electrograms (AEGs) were recorded from both atria 

simultaneously for 1-5 minutes from 510-512 epicardial electrodes with ECG lead II. Thirty-two 

consecutive seconds of activation sequence maps were produced per patient. During AF, multiple 

foci (QS unipolar AEGs) of different cycle lengths (mean 175±18 ms) were present in both atria in 

11/12 patients. Foci (2-4 per patient, duration 5-32 secs) were either sustained or intermittent, 

were predominantly found in the lateral left atrial free wall, and likely acted as drivers. Random 

and nonrandom breakthrough activation sites (initial r or R in unipolar AEGs) were also found. In 

1/12 patients, only breakthrough sites were found. All wave fronts emanated from foci and/or 

breakthrough sites, and largely either collided or merged with each other at variable sites. 

Repetitive focal QS activation occasionally generated repetitive wannabe reentrant activation in 

5/12 patients. No actual reentry was found.

Conclusions—During persistent and LSP AF in 12 patients, wave fronts emanating from foci 

and/or breakthrough sites maintained AF. No reentry was demonstrated.
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Introduction

Over the years, there have been many mapping studies of persistent and long-standing 

persistent (LSP) atrial fibrillation (AF) in patients. They involved recording of atrial 

electrograms (AEGs) from variable numbers and types of electrodes; sequential or 

simultaneous multisite site mapping; and endocardial and/or epicardial mapping, the latter 

including body surface potential mapping.1-14 Nevertheless, the mechanism(s) that maintain 

persistent and LSP AF is/are poorly understood.15 Focal and reentrant drivers, i.e., a source 

or sources responsible for maintaining AF, have been reported, but not well characterized, 

and there remain many questions about recording techniques and analysis algorithms used.16 

We performed high density, simultaneous, multisite (510 - 512 electrodes), bi-atrial, 

epicardial mapping of persistent and LSP AF in patients undergoing open heart surgery 1) to 

test the hypothesis that persistent and LSP AF is due to a driver which is either focal or 

reentrant, and 2) to further characterize its associated atrial activation.

Methods

The research protocol was approved by the committee on the conduct of human research at 

University Hospitals Case Medical Center. Twelve patients with persistent and LSP AF (1 

month - 9 years duration) were studied at open heart surgery. All patients gave written 

informed consent before their surgery. All patients had multiple comorbidities including 

valvular heart disease (12/12), hypertension (11/12), heart failure (10/12), coronary heart 

disease (2/12), and diabetes (1/12). (Table 1)

Simultaneous, Bi-Atrial, High Density, Epicardial Mapping of Persistent and Long-Standing 
Persistent AF During Open Heart Surgery

(a) Data Acquisition—Atrial epicardial mapping studies were performed during open 

heart surgery in patients with persistent and LSP AF after the heart was exposed using 

standard surgical procedures. Studies were performed on a beating heart at normothermia 

either prior to or during cardiopulmonary bypass. All patients underwent transesophageal 

echocardiography study prior to mapping AF to assess the presence of a left atrial thrombus. 

If the latter was found, the patient did not undergo mapping. Three electrode arrays with a 

total of 510 - 512 electrodes covering a total area of 92.85 cm2 were placed on the atrial 

epicardial surface for simultaneous recording. The mapping arrays had 2 versions for 

electrode distribution. Version 1, used in the first four patients studied, contained a total of 

510 unipolar electrodes arranged in pairs: left atrium (LA) - 232 electrodes, right atrium 

(RA) - 166 electrodes, Bachmann's bundle (BB) - 112 electrodes. The interelectrode 

distance between each bipolar electrode pair in the array was 1.2 mm, and the distance 

between the center of each bipolar pair and its neighbors varied from 5.6 -7.0 mm. Version 

2, used in the next 8 patients, had a total of 512 unipolar electrodes arranged in pairs: LA - 
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256 electrodes, RA - 160 electrodes, BB - 96 electrodes. The interelectrode distance 

between each bipolar electrode pair was 1.5 mm, and the distance between the center of each 

bipolar pair and its neighbors varied from 5.2 -7.0 mm. Both versions were the same shape, 

and covered the same total area (Figure 1). AEGs from 510 - 512 electrodes (255 - 256 

bipolar pairs) along with ECG lead II were simultaneously recorded for 1-5 minutes during 

persistent and LSP AF. Data were digitally recorded, and processed with an Active Two 

system (BioSemi, Amsterdam, The Netherlands). All AEGs were sampled at 1,024 Hz, and 

digitized at 24 bits. Data were transferred in real time, and stored on a personal computer for 

further analysis (CEPAS, Cuoretech Pty Ltd, Sydney, Australia).

(b) Activation Sequence Analysis—Sequential activation maps of persistent and LSP 

AF were constructed for a period of 32 consecutive seconds per patient. Data were analyzed 

automatically for activation times using a custom designed algorithm. Data in both their raw 

unipolar format, and computer-processed bipolar format were used to assist in the manual 

selection of activation times when necessary. The following was the method of selection of 

bipolar activation times used in our study.17 The moment of activation at each site was taken 

as 1) the peak of the rapid deflection in a predominantly monophasic AEG, 2) the time when 

the first rapid deflection crossed the baseline in a predominantly biphasic AEG, or 3) for 

sites in which polyphasic electrograms (AEGs with two or more deflections) were recorded, 

activation was assigned to the major deflection (highest amplitude or fastest downstroke). If 

there were two discrete deflections during one atrial complex in the AEGs (i.e., a double 

potential), the activation was assigned to the highest amplitude peak. Activation from 

neighboring sites was also used to aid in determining activation of complex electrograms 

recorded during high density mapping. Propagation of activation was depicted on activation 

sequence maps using 10 millisecond isochronal lines. All isochronal lines were determined 

by activation times from recorded AEGs. All bipolar AEGs were subjected to cycle length 

(CL) variation and dominant frequency (DF) analyses to detect mean CL, standard deviation 

(SD), and DF.18 Data were presented as the mean CL ± SD since 1,000/DF was equivalent 

to the mean CL.

(c) Analysis of Unipolar Atrial Electrogram Morphology—Once the activation 

sequence maps were constructed, the earliest sites of activation compared to their neighbors 

were identified, and the morphology of the unipolar electrogram was characterized at these 

sites.

Definitions

A focus was defined as a site a) of the earliest activation compared to its neighboring sites, 

b) manifesting a QS morphology in the unipolar AEG, and c) from which wave fronts 

emanated. A sustained focus was defined as a focus from which wave fronts emanated 

continuously during the 32 seconds of analysis. An intermittent focus was defined as a focus 

that was not continuous during 32 seconds of analysis. A breakthrough activation site was 

defined as a site a) of earliest activation compared to its neighbors, b) manifesting a unipolar 

AEG morphology with an initial r or R wave, and c) from which wave fronts emanated. 

Nonrandom breakthrough activation was defined as a breakthrough activation site that a) 

recurred, b) had at least one episode in which there were three or more consecutive 
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breakthrough activations, and c) from which wave fronts emanated. All other breakthrough 

activation sites were considered random. Reentry was defined as circus movement with 

head–tail interaction. “Wannabe” reentry was defined as a wave front that circulated around 

a functional line of block that wanted-to-become (“wannabe”) a reentrant circuit, but could 

not complete the revolution because it either collided with a wave front from a focal or 

breakthrough site, or encountered a line of block.17

Results

Overall Findings

Table 2 shows summary data for all patients. During persistent and LSP AF, multiple foci 

(mean 2.7) of different CLs were present in both atria in 11/12 patients. Foci were either 

sustained or intermittent during the 32 seconds of analysis. In 6/12 patients, sustained foci 

(mean 1.3, range 1 – 2) were identified, and in 11/12 patients, intermittent foci (mean 2, 

range 1 – 3) were identified. A total of eight sustained foci were identified (mean CL 170 ± 

19 ms, range 142 – 200 ms; duration 32 secs). A total of 21 intermittent foci were present 

(mean CL 176 ± 18 ms, range 143 – 211 ms). The longest duration of consecutive QS 

activation of an intermittent focus ranged from 1.4 – 19.7 secs. The temporal behavior of 

intermittent foci, i.e. the duration of individual episodes of QS activation, was variable: 

bursts of QS activation lasted 0.2 – 19.7 secs (2 – 113 beats), and the total duration of QS 

activation per intermittent focus (sum of all bursts) ranged from 5 – 30.5 secs (see 

supplementary data, Figure 1). Periods during which the intermittent focal QS activation 

was inactive were associated with activation of that site by a wave front from other focal or 

breakthrough sites. No reentry was demonstrated in any patients studied. However, wannabe 

reentry was present in all 12 patients. In 5/12 patients, repetitive focal QS activation 

occasionally generated repetitive wannabe reentry, the longest duration ranged from 0.4 – 

9.2 secs. Nonrandom breakthrough activations were present in 7/12 patients, including the 

one patient without any demonstrated focal QS activation. Their mean CLs ranged from 136 

– 195 ms, and their longest duration ranged from 0.3 – 2.7 secs. Random breakthrough 

activations were present in all patients. In 1/12 patients, during the 32 secs of analysis, no 

foci were identified, but several breakthrough sites, both random and nonrandom, were 

present.

The locations of all focal and nonrandom breakthrough sites are summarized in Table 2. The 

foci were found in both atria. However, sustained foci were predominantly located in the 

LA. All wave fronts emanating from sustained and intermittent foci, as well as breakthrough 

activation sites (random and nonrandom) contributed to the colliding and merging of wave 

fronts at different sites, and occasionally generated fibrillatory conduction manifested by a 

functional line of block. Foci likely acted as drivers because of their QS morphology, the 

fact that they repetitively manifested the earliest activation compared to their neighboring 

sites, and wave fronts always emanated from them. The same was true for breakthrough 

sites, except they all manifested initial r or R waves in their recorded unipolar AEGs. We 

were unable to identify the likely site of origin for the epicardial breakthrough activation.
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Spatial Distribution of Foci and Breakthrough Sites and Temporal Behavior of Foci

Figure 2 is a representative example of AF due to activation from multiple foci and 

breakthrough sites of different CLs (Table 2, patient #12). The top panel (A) is a summary 

of the location of foci and breakthrough activation sites identified in the activation sequence 

maps during 32 seconds. Four foci identified by burst symbols ( ) were present, one 

sustained (site A) in the LA, and 3 intermittent (sties B, C, and D) in the RA. Also, several 

breakthrough sites were present in both atria. A nonrandom breakthrough site was identified 

by an open delta symbol (Δ), and a random breakthrough site by a closed delta symbol (▲). 

Site A had a mean CL of 142 ± 6, range 130 – 154 ms, and a duration of 32 secs. The three 

intermittent foci (B, C, and D) had mean CLs of 143 ± 9, 159 ± 12, and 149 ± 8 ms, 

respectively. In these latter three sites, the longest continuous periods of focal QS activation 

were 4.4 secs, 4.3 secs, and 2 secs, respectively. These data are summarized in Table 2. The 

bottom panel (B) of Figure 2 shows the temporal behavior of focal QS activation during the 

analyzed 32 seconds. The time bar illustrates the time course of active (solid) and inactive 

(hatched) focal QS activation from selected focal sites A – D (see following).

Unipolar QS Electrogram Morphology at Focal Sites

Figure 3 shows a representative example of selected bipolar AEGs along with each unipolar 

component of the bipolar AEGs from sustained focal site A (recording time 0.6 – 1.5 secs), 

and from intermittent focal sites B (recording time 4.2 – 5.1 secs), C (recording time 20 – 

20.9 secs) and D (recording time 27 – 27.9 secs). All sites and recording times were 

referenced from Figure 2 (Table 2, LSP AF patient #12). In the right panel of Figure 3, DFs 

of the bipolar AEGs are shown for the longest episode of continuous QS activation which 

occurred in the analyzed 32 seconds. The unipolar AEGs from the four foci, A–D, 

demonstrated a QS morphology, indicating that each site was likely the origin of a focal 

impulse. However, occasionally a small r wave appeared at the beginning of some of the 

unipolar complexes, suggesting that the precise site of origin of the impulse moved slightly. 

Figure 4 shows continuous 32 seconds from a sustained focus with unipolar AEGs having a 

QS morphology from a patient with persistent AF (Table 2, patient # 6). These unipolar 

morphologies were typical of all sustained and intermittent foci present in all persistent and 

LSP AF patients.

Activation Sequence Maps Generated from Comprehensive Analysis

Figure 5 is a representative example of AF associated with multiple foci of different CLs in 

patient #12 (Table 2). Figure 5A shows activation sequence maps during seven consecutive 

140 ms windows (from 9.4 to 10.2 secs in the Figure 2B time bar), and a schematic 

identifying locations of recording sites a - i. Bipolar AEGs from selected sites a through i 

(locations identified on the schematic) are shown in Figure 5B. For each 140 ms window, 

both atria were activated by wave fronts emanating from a variable number of focal and 

breakthrough sites. One sustained focus was present in the posterior LA free wall (  site b), 

and three intermittent foci were present: one in the low RA (  site d); one in the sulcus 

terminalis region (  site h); and one in the high RA (  site f). Also, five distinct 

breakthrough sites were present: two between the region of the pulmonary veins (PVs); one 

in the high RA region; and two in the LA free wall. As demonstrated in all activation 
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windows, wave fronts propagated away from their respective focal and breakthrough sites, 

and then largely either merged with and/or collided with other wave fronts. Note that 

activation from focal sites did not always result in radial activation due to collision or 

merging with another wave front or encountering a functional line of block.

Wave fronts from the one sustained focus (site b) produced a pattern of collision seen over 

several consecutive activation windows. The posterior LA region's wave fronts from 

sustained focus b spread to the LA free wall, the PV area, and the border of the inferior vena 

cava (IVC). The wave front from this focus (b) collided with wave fronts from intermittent 

foci d (window 3) and h (window 5), and collided with a wave front from a breakthrough 

site in the high RA (window 1). Selected AEGs are illustrated in Figure 5B, with burst 

symbols, and propagation arrows illustrating the above description.

Wave fronts from each of the three intermittent foci (sites d, f, and h) produced a pattern of 

collision and merging with other wave fronts. The low RA free wall region's wave front 

from intermittent focus d spread radially to the RA free wall and intercaval region areas. The 

wave front from this focus (d) collided with wave fronts from sustained focus b (window 3), 

intermittent focus h (window 4), and intermittent focus f (window 6). It also merged with a 

wave front from intermittent focus h in the RA free wall (windows 2 and 3). In addition, 

focal QS activation from intermittent focus d was occasionally suppressed or concealed by 

an activation wave front from the border of the IVC (windows 1 and 7). The high RA free 

wall region's wave front from intermittent focus f spread radially to the RA free wall. The 

wave front from this focus (f) collided with the wave fronts from intermittent focus d in the 

high RA (window 6) and the border of the IVC (window 7). Also, focal QS activation from 

intermittent focus f was occasionally suppressed or concealed by an activation wave front 

from intermittent focus d (windows 4 and 5) or the border of the IVC (window 1). The 

sulcus terminalis region's wave fronts from intermittent focus h were blocked at a functional 

line of block in the superior direction and spread inferiorly to the RA free wall and 

intercaval regions. The wave front from this focus (h) collided with the wave fronts from 

sustained focus b (window 5) and an intermittent focus d in the high RA (window 4). In 

addition, there was merging of wave fronts in the RA free wall (windows 2 and 3). These 

wave fronts were from intermittent focus d. Focal QS activation from intermittent focus h 

was occasionally suppressed or concealed by an activation wave front from intermittent 

focus f (window 7) or a breakthrough site (window 1). Selected AEGs are shown in Figure 

5B with burst symbols and propagation arrows illustrating the above description.

Wave fronts from all breakthrough sites merged with and/or collided either with other wave 

fronts or a functional line of block. For example, in window 1, a breakthrough wave front 

located in the high RA propagated both in the direction of the mid RA free wall and to the 

right portion of BB. The mid RA wave front merged with a wave front from the area of the 

superior vena cava (SVC). This merged wave front collided with both a wave front from LA 

focal site b and a wave front from the border of the IVC. The wave front propagating to the 

right portion of BB merged with a wave front propagating from left-to-right on BB at 80ms. 

This merged wave front then continued to activate the right portion of BB, propagating 

around to the mid lateral RA free wall before it collided at 120ms with a wave front from the 

border of IVC.
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Focal QS Activation Mimicking Reentry

Occasionally focal QS activation generated a pivoting wave front around a functional line of 

block that initiated wannabe reentry. Figure 6 is a representative example of a repetitive 

wannabe reentry pattern initiated by an intermittent focus in the RA which occurred during 

recording time 12 - 12.6 secs (Site B in Figure 2, patient #12 in Table 2). The top panel of 

Figure 6 shows a zoomed in area of the activation maps of four consecutive beats during AF. 

The bottom panel of Figure 6 shows selected AEGs recorded simultaneously during AF 

from a focus (site c) and five nearby sites (a, b, d - f) around a functional line of block 

(dashed line). The wave front generated from the repetitive QS activation of the intermittent 

focal site c produced a repetitive wannabe reentrant activation. This occurred when 

propagation from the focus traveling along one side of a functional line of block pivoted 

around one end, but failed to complete the rotation when it collided with a wave front 

coming from the opposite direction which was also generated from the same focus. This 

activation sequence was repeated over a period of 2.5 seconds. Repetitive focal QS 

activation generating repetitive wannabe reentry was identified in 5/12 patients (see 

supplementary data, video 1 and Figure 2).

Discussion

Major Findings

In our high density simultaneous bi-atrial epicardial mapping study in 12 patients with 

persistent and LSP AF, we generated 32 seconds of classical activation sequence maps per 

patient from activation times that were determined by a comprehensive analysis of unipolar 

AEGs, bipolar AEGs, and activation of neighboring sites; and also characterized unipolar 

electrograms at the earliest activation sites. Our results demonstrated that 1) persistent and 

LSP AF were maintained by activation wave fronts emanating from both foci and/or 

breakthrough sites, and they likely acted as drivers; 2) foci were either sustained or 

intermittent, and had a characteristic QS morphology in the unipolar atrial electrogram; 3) 

intermittent foci were more common than sustained foci; 4) breakthrough sites were all 

intermittent (random or nonrandom), were characterized by rS or RS morphology of the 

unipolar atrial electrograms, were present in all patients, and, in one patient, were the only 

source of wave fronts observed; 5) nonrandom breakthrough behaved like intermittent foci; 

6) the atrial activation patterns during persistent and LSP AF generated from foci and 

breakthrough sites were largely of collision and merging of wave fronts at continuously 

varying sites, with occasional fibrillatory conduction manifested by a functional line of 

block; 7) all wave fronts propagating on the atrial epicardium extinguished by collision or 

merging with other wave fronts, and sometimes by colliding with a functional line of block; 

8) focal QS activation occasionally generated repetitive wannabe reentrant activation 

patterns; 9) no reentrant circuits were demonstrated.

In Support of Focal Drivers

We recognize that because we did not perform ablation of the focal sites, we cannot state 

definitively that the focal sites were drivers. However, data from our study do support the 

likelihood that focal sites act as drivers: 1) the focal site was the earliest site activated 

compared to its neighbors; 2) the unipolar AEG at the earliest site manifested a QS 
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morphology; 3) wave fronts always emanated from the focal site; and 4) the focal site 

manifested repetitive QS activation. The same data were true for breakthrough sites, except 

they did not manifest a QS unipolar AEG morphology.

Previous Mapping Studies During Persistent and Long-Standing Persistent AF in Patients

Contact mapping—Using low resolution endocardial basket catheter mapping in 

paroxysmal and persistent AF, Narayan et al.11, 14 reported finding putative focal drivers 

and “rotors” with spatial stability. Our findings also demonstrated likely focal drivers, but, 

using classical activation sequence epicardial mapping, did not find any evidence of reentry 

of any type.

Over a period of two decades, several epicardial mapping studies were performed in patients 

with persistent and LSP AF.1-8, 10, 13 Those epicardial mapping studies analyzed by classical 

activation sequence mapping not only showed rapid and regular focal activation in the LA 

and/or RA,2, 3, 5, 6 but also repetitive activation patterns in the LA1, 4 suggestive of a driver. 

However, they did not further characterize the putative driver. Other studies analyzed by DF 

analysis showed rapid and regular activation patterns that were also considered to be 

evidence of a driver.7, 8 However, high density sequential area epicardial mapping by de 

Groot et al.10 in patients with LSP AF demonstrated neither focal drivers nor reentry. They 

primarily found epicardial breakthrough sites, but also some intermittent focal activity 

(0.8%). They introduced a third mechanism based on breakthrough activation which is 

independent of both focal and ordered reentrant activity, and called it the “double layer 

hypothesis.” In another recent study, sequential, epicardial mapping of portions of the LA 

and RA by Kalman's group13 in patients with persistent and LSP AF, intermittent foci (≤ 2 

beats) and intermittent reentry (≥ 2 rotations) were identified, but neither sustained focal nor 

sustained reentrant activation were found. Notably, these latter two sequential (RA and LA) 

epicardial mapping studies covered less than 20% (total covered area in the two studies: 5.65 

cm2 or 6.75 cm2) of the atria per recording. In our study, we simultaneously recorded from 

an area of 92.85 cm2 with bi-atrial, high density, epicardial mapping during persistent and 

LSP AF in patients, and all our data were recorded and analyzed over a duration of 32 

continuous secs.

In sum, when comparing our study with other epicardial mapping studies, our finding of 

intermittent focal and breakthrough activation during AF concurs, in whole or in part, with 

the findings of others.2, 3, 5, 6, 10, 13 However, importantly, our data further characterize both 

the sites from which the wave fronts emanate, and the nature of the atrial activation patterns 

(largely collision and merging of wave fronts) during persistent and LSP AF. Finally, we did 

not find any reentrant circuits.

Non-contact mapping—Recently, a noninvasive mapping study by Rudy's group9 

showed that in paroxysmal and persistent AF patients, the most common activation pattern 

consisted of multiple (2 – 5) concurrent wavelets (92%), with simultaneous focal activation 

from areas near the pulmonary veins (69%) and non-pulmonary veins (62%). Reentry was 

seen rarely, and was rarely sustained > 1 rotation. Also, in a noninvasive mapping study in 

patients with persistent and LSP AF, Haissaguerre et al.12 identified driver mechanisms, of 
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which 80.5% were reentries, and 19.5% were focal breakthroughs. Their maps showed 

incessantly changing beat-to-beat wave fronts, and varying spatiotemporal behavior of 

driver activities. Reentries were not sustained (median, 2.6 rotations lasting 449 ± 89 ms), 

meandered substantially, but recurred repetitively in the same region.

In comparison with our study, we found both sustained and intermittent types of foci, as well 

as nonrandom and random breakthrough sites. No reentry was demonstrated, but 

occasionally, repetitive focal QS activation generated repetitive wannabe reentry. Also, it is 

interesting that the focus-initiated wannabe reentry we described has some similarity to their 

noninvasive mapping study in which focal activation initiated reentry. Of course, wannabe 

reentry is not actual reentry.

Implications

Our data describe a new paradigm for the mechanism that maintains persistent and LSP AF. 

Understanding mechanism presents opportunities for new potential approaches to the 

treatment of persistent and LSP AF, especially for ablation. The results to date of ablation in 

persistent and LSP AF have been far from optimal, and the current approach to ablation 

remains largely empiric because we have not understood well enough the mechanism(s) 

maintaining persistent and LSP AF. Study of the mechanism(s) maintaining AF has been 

limited by the difficulty in mapping this complex arrhythmia. The data from our study 

should provide opportunities for a targeted, rather than an empiric approach to ablation.

Study Limitation

Because our mapping studies were only performed in patients with persistent and LSP AF, 

the findings cannot be assumed to apply to patients with paroxysmal AF. Additionally, the 

fact that our study patients all had valvular heart disease might make this patient population 

unique when considering AF mechanism(s), despite the fact that they also had other 

comorbidities often found in AF patients.

AEGs from the endocardium, including from the atrial septum, were not obtained, 

precluding identification and characterization of the source of the epicardial breakthroughs 

(and perhaps also further characterizing foci). We did not record from the PVs, but our LA 

recording array was in close proximity to them.

A unipolar QS electrogram might not identify the exact location of a focus because the 

impulse may originate from an area close by from which conduction does not generate 

enough of a signal to be appreciated in the unipolar atrial electrogram. The same may also 

apply to activation from a sub-epicardial reentrant circuit. Although we characterized some 

foci as continuous over the 32 secs of analysis, we do not know if ultimately, they became 

intermittent. Additional studies beyond the capability of mapping studies will be required to 

find the exact mechanism of the foci and breakthrough sites.

Although understanding the mechanism of both random and nonrandom breakthrough 

activation is still uncertain, they clearly play a role in the collision and merging of wave 

fronts that largely characterized atrial activation in our study. We cannot rule out the 
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possibility that breakthrough activation was the result of reentry, including sub-epicardial 

reentry and/or foci originating at a distance from the breakthrough site.

Finally, mapping studies alone are not the gold standard for definitely proving that drivers 

maintain AF. Recalling the admonition of Mines,19 in order to say definitively that AF is 

due to multiple drivers, the gold standard is first to identify the putative drivers, and then 

prove that with their disappearance, the AF stops. However, because all analyses were 

performed offline, this was not possible.

Conclusions

In our high density, simultaneous, bi-atrial, epicardial mapping study in patients with 

persistent and LSP AF, activation from foci and/or breakthrough sites, from which wave 

fronts emanated, was an important mechanism in the maintenance of AF. These wave fronts 

collided and merged continuously at multiple and variable sites. Although occasional 

wannabe reentry was seen, no reentry was demonstrated. These data identify a new 

paradigm for persistent and LSP AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Locations of the epicardial recording arrays covering a total area of 92.85 cm2. BB, 

Bachmann's bundle; RA, right atrium; RAA, right atrial appendage; LA, left atrium; LAA, 

left atrial appendage; SVC, superior vena cava; IVC, inferior vena cava; LPVs, left 

pulmonary veins; RPVs, right pulmonary veins. See text for discussion.
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Figure 2. 
Data from a representative example of AF due to activation from multiple foci and 

breakthrough sites of different CLs (from patient #12). Top Panel (A): Summary of the 

location of foci and breakthrough sites seen in activation sequence maps during 32 seconds 

of analysis. Foci are denoted by burst symbols ( ). Breakthrough activation is denoted by 

open or closed delta symbols (Δ identifies a nonrandom breakthrough site; ▲ identifies a 

random breakthrough site). See text for discussion. Bottom Panel (B): Temporal behavior 

of focal QS activation with a time bar indicating focal QS activation from selected sites A - 

D during the analyzed 32 seconds (patient #12). The time bar illustrates the time course of 

active (solid) and inactive (hatched) focal QS activation from selected focal sites (see text 

for discussion). BB, Bachmann's bundle; RA, right atrium; RAA, right atrial appendage; 

LA, left atrium; LAA, left atrial appendage; SVC, superior vena cava; IVC, inferior vena 

cava; LPVs, left pulmonary veins; RPVs, right pulmonary veins.
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Figure 3. 
A representative example (patient #12) of focal QS morphology. Selected bipolar AEGs 

along with each unipolar component of the bipolar AEG from the one sustained focus and 

three intermittent foci during QS activation previously shown in the time bar activation 

summary in Figure 2 (A is shown during 0.6 – 1.5 secs recording period, B is shown during 

4.2 – 5.1 secs recording period, C is shown during 20 – 20.9 secs recording period, D is 

shown during 27 – 27.9 secs recording period). The power spectrum is shown to the right of 

the traces in each panel with the dominant frequency for the DF analysis during the longest 

continuous activation duration (A: 32 secs recording period, B: 4.4 secs recording period, C: 

4.3 secs recording period, and D: 2 secs recording period in Figure 2).
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Figure 4. 
A representative example of both unipolar AEGs showing a QS morphology during 32 

continuous seconds of sustained focal activation from a site in patient # 6 (Table 2).
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Figure 5. 
A representative example of AF associated with multiple foci of different CLs. A: 
Activation sequence maps during 7 consecutive 140 ms windows, and a schematic (upper 

left panel) identifying the locations of recording sites a - i. Foci are denoted by burst 

symbols ( ). Breakthrough activation is denoted by open or closed delta symbols (Δ 

identifies a nonrandom breakthrough site; ▲ identifies a random breakthrough site). The 

black arrows indicate activation wave fronts. Black areas identify areas not activated during 

each 140 ms window. Dashed lines indicate a functional line of block. See text for 

discussion. B: Bipolar AEGs from selected sites a through i (locations identified on the 

schematic in panel A) during each time frame, i.e., each 140ms windows. The alternating 

dark and light gray columns represent each activation window in panel A. See text for 

discussion.
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Figure 6. 
A representative example of a repetitive focal QS activation generating repetitive wannabe 

reentry. Top panel: A zoomed in area of the activation maps of four consecutive beats 

during AF. Bottom panel: Selected AEGs recorded simultaneously during AF from a focus 

(site c) and five nearby sites (a, b, d - f) around a functional line of block (dashed line). See 

text for discussion.
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