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In search of a driver for atrial fibrillation

Lianne N. van Staveren, MD," Yannick J.H.J. Taverne, MD, PhD,? Richard Hendriks, PhD,*
Natasja M.S. de Groot, MD, PhD'-

ABSTRACT

BACKGROUND Short atrial fibrillation cycle lengths (AFCLs) and regular activation patterns are associated with drivers of atrial
fibrillation, although the relation with underlying patterns of activation is incompletely understood. Previous studies used auto-
mated assessment of electrograms to determine fast and regular fibrillatory rates.

OBJECTIVE We investigated the relation among AFCL, temporal variation in AFCL, and the occurrence of driver-like patterns of
activation using high-density local activation time mapping.

METHODS High-density epicardial mapping of the right atrium and left atrial ventricular groove including Bachmann'’s bundle
was performed in 71 patients admitted for elective cardiac surgery. Recording sites with the shortest median AFCL or the smallest
standard deviation of AFCL were identified. Patterns of activation included focal or rotational activation, smooth propagation,
propagation with conduction block (CB), collision, and remnant activity.

RESULTS There was a higher number of fibrillation waves with CB (81% [interquartile range (IQR) 76%-85%] vs 74% [68%—7 6%;
P < .001) and fractionated potentials (22% [12%—-37%] vs 12% [9%—15%]; P < .001) at shortest median AFCL than at other
recording sites. Smallest standard deviation sites harbored more smoothly propagating waves (33% [24%-54%] vs 17% [11%—
25%]; P < .001) and a higher proportion of single potentials (76% [60%-89%] vs 59% [54%-65%]; P < .001). Both highly regular
and fastest reactivated sites did not correspond to the origin of (repetitive) focal fibrillation waves.

CONCLUSION During extensive mapping, the fastest or most regularly activated areas are characterized by CB and smoothly
propagating fibrillation waves instead of repetitive occurrence of focal or rotational activation patterns. This study rejects the
concept of detecting drivers by identifying the fastest or most regularly activated recording sites.

KEYWORDS Atrial fibrillation; Mapping; Drivers; Atrial fibrillation cycle length; Irregularity
(Heart Rhythm 2025;22:978-e989) © 2025 Heart Rhythm Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

The mechanisms underlying persistent atrial fibrillation (AF)
remain incompletely understood, resulting in only moderate
success rates of ablation therapy (Supplementary Table 1).’
Consequently, there is increasing interest in the concept of
substrate-based ablation therapies for the more persistent
types of AF.? In endocardial, epicardial, or noncontact map-
ping approaches, so-called focal and rotational drivers of AF
have been identified using complex fractionated atrial electro-
grams,3 dominant frequencies and organization indexes,*
phase singularities,”® and/or QS morphology with frequency

gradients.” However, clinical mapping studies targeting either
complex fractionated atrial electrograms® or dominant fre-
quencies” have not improved arrhythmia-free survival. In addi-
tion, it was demonstrated that phase singularities are not
specific to driver-like pattems of activation but are often found
near lines of conduction block (CB)."® These results indicate
that either the mapping approaches are not sensitive or spe-
cific enough to detect drivers or the existence or importance
of these driver-like patterns of activation is overestimated.
Focal or rotational drivers may give rise to fast and regular
activity close to the driver’s origin that degrades into irregular
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activity—or fibrillatory conduction—further from the source.
Therefore, substrate-based ablation is often focused on pa-
rameters that reflect the spatiotemporal dispersion of fibrilla-
tory rate."’ In addition, several small-scale, limited-density
endocardial mapping studies identified repetitive patterns
of focal and rotational activation in patients with AF and sug-
gested that these sites represent driver-like activity and can
be detected by identifying the most regularly activated areas
using local activation time (LAT) mapping.'*"® To further
explore the relation between spatiotemporal dispersion of
fibrillation cycle length and patterns of activation, we used
high-density LAT epicardial mapping to study driver-like acti-
vation patterns and their repetitiveness. To this end, we inves-
tigated whether areas of short AF cycle length (AFCL) and
temporal variation in fibrillation intervals assessed at a high-
resolution scale can be used to identify focal or rotational ac-
tivity driving the fibrillatory process in patients with different
AF subtypes.

Methods
Study population

The study population consisted of adult patients scheduled
for elective cardiac surgery for the correction of ischemic,
valvular, or congenital heart disease. Patients with a history
of AF were eligible for inclusion. Exclusion criteria included
previous ablative therapy or cardiac surgery, the presence
of accessory atrioventricular pathways, radiation therapy of
the chest, atrial pacing, severely impaired left ventricular func-
tion (ejection fraction <30%), an estimated glomerular filtra-
tion rate of <30 mL/min, and recent treatment with
amiodarone. This study was approved by the Medical Ethical
Committee at the Erasmus Medical Center in Rotterdam, The
Netherlands (MEC-2010-054 and MEC-2014-393). The
research reported in this paper adhered to guidelines as spec-
ified in the Declaration of Helsinki as revised in 2013.

Mapping procedure

High-resolution epicardial mapping was performed in all pa-
tients before cardioplegic ar-
rest.'* A bipolar electrode
was temporarily connected to
the terminal crest, and a steel
wire was attached to the
sternum as an indifferent elec-
trode. Mapping arrays con-
tained an electrode grid of
128 electrodes (n = 13, elec-
trode spacing 2 mm, electrode
diameter 0.65 mm) or 192 elec-
trodes (n = 58, electrode
spacing 2 mm, electrode diam-
eter 0.45 mm). The surgeon
followed a predefined map-
SDmin: smallest standard de- .
viation ping scheme to map the
epicardial surface of the right
atrium (RA), anterior left atrio-

Abbreviations

AF: atrial fibrillation

AFCL: atrial fibrillation cycle
length

CB: conduction block
LAT: local activation time

LAVG: left atrioventricular
groove

MAFCL,in: shortest median
atrial fibrillation cycle length

SD AFCL: standard deviation
of recorded fibrillation inter-
vals

U-EGM: unipolar electrogram

ventricular groove (LAVG), pulmonary vein (PV) area, and
Bachmann’s bundle (BB)."”® Anatomic nomenclature was
used conforming to recommendations by Anderson and col-
leagues.'® At each mapping location, 10 seconds of atrial uni-
polar electrograms (U-EGM) was recorded together with lead |
of the surface electrocardiogram at a sampling frequency of
1000 Hz. Signals were amplified (gain 1000), filtered (band-
width 0.5-400 Hz), analog-to-digital converted (16 bits),
stored on a hard disk, and analyzed offline. When AF was
not spontaneously present, it was induced by 10-second pac-
ing bursts at the high RA.

Data analysis

LATs, defined as the moment of the steepest negative
deflection of the unipolar potential, were automatically iden-
tified and annotated using customized software.’® The min-
imum thresholds for annotation included a peak-to-peak
amplitude and slope exceeding >0.03 mV and —0.05 mV/
ms, respectively. As previously defined, a refractory period
of 50 ms was implemented to avoid overdetection of LATs
owing to the presence of fractionated potentials.'” Two
experienced investigators manually removed erroneous an-
notations owing to baseline drift, noise, artifacts, or ventric-
ular far field activity. Isochronal maps and wave trajectories
of fibrillation waves were reconstructed in color-coded
maps using LAT."® Fibrillation intervals, defined as the time
between 2 consecutive LATs, were also manually checked
for accuracy if they were shorter than 100 ms or exceeded
the median fibrillation interval by 1.5-fold. Long intervals
were accepted if (1) an unambiguous isoelectric line sepa-
rated consecutive potentials or (2) the long interval was
embedded in an isolated area surrounded by electrodes,
which were activated during this interval. Long intervals at
the borders of the mapping array were automatically
excluded from analysis to avoid false-positive long intervals
owing to a temporary loss of contact.

Analysis of fibrillatory rate and AFCL variability

Histograms were constructed consisting of all recorded fibril-
lation intervals. The median AFCL (mAFCL) was calculated for
each electrode to determine local fibrillation rates. Temporal
variability in fibrillation intervals was defined as the standard
deviation (SD) of all fibrillation intervals recorded (SD AFCL)
at each individual electrode. To identify repetitive focal or
rotational activity, patterns of activation were assessed at
recording sites (electrodes) that harbored (1) the shortest
mAFCL (mAFCL,;.) and/or (2) the smallest SD (SD;,) AFCL
of a studied region when calculated from 10-second seg-
ments of U-EGM.

Classifying patterns of activation

Each LAT was assigned to a specific pattern of activation
including the origin of a focal fibrillation wave, rotational
pattern of activation, smoothly propagating fibrillation waves,
fibrillation wave with inter- or intrawave CB, collision of wave-
fronts, and remnant activity. Remnant activity was defined as
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fibrillation waves that were traceable across fewer than 4 elec-
trodes. Therefore, all other patterns of activation required
fibrillation waves propagating toward at least 3 other elec-
trodes. Driver-like activation consisted of a recurrent pattern
of focal or re-entrant activation. The origin of a focal fibrillation
wave was defined as LATs completely surrounded by activa-
tions later in time."? In addition, to correct for discontinuous
conduction from nearby electrodes, a time delay of at least
40 ms was required between the focal activation starting point
and previous adjacent activations, consistent with other map-
ping studies.'®"?

Re-entrant activation is defined as continuous repetitive
propagation of a wavefront that returns to its origin to reacti-
vate its own pa‘thway.20 Repetitive re-entry requires at least 2
subsequent instances of full rotation conforming to definitions
applied in previous clinical work.” Thus, one fibrillation wave
must activate at least 1 recording site 3 times during consec-
utive activations before the activation pattern is regarded as 2
completed circuits.

Re-entrant fibrillation independently
confirmed by reassessment of the activation maps by 2 expe-
rienced investigators.

Smoothly propagating fibrillation waves refer to fibrillation
waves propagating toward at least 6 of 8 adjacent electrodes
with an interelectrode conduction time of <11 ms, consistent
with criteria used to distinguish normal or delayed activation
from lines of CB (conduction time >11 ms) in previous
studies.'®'? To prevent overestimation of the amount of CB
of a fibrillation wave, CB (conduction time >11 ms) occurred
in at least 2 directions to be considered as a fibrillation wave
with inter- or intrawave CB. Wavefront collision was recog-
nized when 2 fibrillation waves terminated at adjacent elec-
trodes with a conduction time of <2 ms. Repetitive focal
fibrillation waves were defined as a series of 2 or more consec-
utive focal fibrillation waves. The proportion of focal fibrilla-
tion waves was defined as the number of focal fibrillation
waves relative to the total number of fibrillation waves. To
avoid underdetection of focal fibrillation waves at mAFCL i,
or SDin sites owing to minor shifts of the wavefront origin
in relation to the mapping array, focal fibrillation waves occur-
ring at 1 of the 8 neighboring electrodes were also assigned to
the same series of focal fibrillation waves.

waves were

Assessing the degree of potential fractionation

The degree of potential fractionation in U-EGMs was assessed
at recording sites harboring mAFCLin, SDmin, and repetitive
focal or rotational activity to investigate the relation between
U-EGM morphology and the occurrence of different patterns
of activation. Potential complexity was determined by the
number of negative deflections; single potentials consisted
of 1 negative deflection, short and long double potentials
consisted of 2 negative deflections (<15 ms or >15 ms be-
tween deflections, respectively), and complex fractionated
potentials consisted of 3 or more negative deflections. The
number of fractionated potentials were calculated relative to
the total amount of U-EGM potentials recorded.

Statistical analysis

IBM SPSS Statistics for Windows version 25 (IBM Corp, Ar-
monk, NY) was used for the statistical analyses. Normally
distributed continuous data are reported as average * SD
and assessed using Student t test. Skewed data are reported
as median (interquartile range), and for comparison of the dis-
tribution of continuous data between 2 or more subcate-
gories, we used Kruskal-Wallis tests. In addition, we
performed chi-square tests to compare categorical data (ex-
pressed as proportions). Only patients in whom mapping
data of sufficient quality could be acquired from at least 3
atrial regions were included to identify predilection sites for
MAFCLin, SDmin, and the longest series of repetitive focal
fibrillation waves. Signed-rank tests were performed to
compare the occurrence of fractionated potentials and pat-
terns of activation at mAFCLin, SDmin, and sites harboring
maximum repetition of focal fibrillation waves with the occur-
rence of fractionated potentials and patterns of activation at
the remainder of the recording sites in the same patient. A
2-sided Pvalue of <.05 was considered statistically significant.
For comparison of fractionated potentials and patterns of acti-
vation, required P values for statistical significance were Bon-
ferroni adjusted (fractionated potentials P < .0125 [ie, 0.05/4
fractionation subtypes] and patterns of activation P < .008
[ie, 0.05/6 prespecified patterns of activation]).

Results
Study population

Patient characteristics are presented in Table 1. Patients (N =
71;age, 69 *+ 9 years) were predominantly male (n = 54 [75%))
and had a history of paroxysmal AF (n = 28), persistent AF (n =
26), or longstanding persistent AF (n = 17). Median time since
AF diagnosis was 1.64 years (0.59-7.13). In most patients
(67%), the LA was enlarged (left atrial volume index, 47 +
24 mL/m?). AF was spontaneously present at the start of the
mapping procedure in 46 patients (65%); in other patients,
AF was electrically induced.

Mapping database

In total, 93,240 recording sites were assessed, including 1350
recording sites (1075-1514) per patient. Owing to low signal-
to-noise ratio or artifacts, 15% = 8% of the recording sites
were excluded from the analysis. mAFCL was 106 ms (range,
79-241 ms), and median SD was 35 ms (range, 8-60 ms).

Localizing AF drivers: Short fibrillation intervals

The distribution of mMAFCL throughout the right and left atria
including Bachmann's bundle in 4 different patients with AF is
presented in Figure 1. As can be seen in these mAFCL maps,
the mAFCL,;, sites are not always confined to a circumscribed
area but may be dispersed across multiple regions. Record-
ings from each mAFCL,,;, site—the fastest activated site indi-
cated by a dotted circle—illustrate unipolar AF potential
morphology encountered at these sites. Please note that re-
cordings from these mAFCL,;, sites display mainly fraction-
ated potentials.
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Table 1 Baseline characteristics of the study population (N = 71)

Patient characteristics

Age, y 69 =9
Gender (female), n (%) 18 (25)
Risk factors
- BMI, kg/m? 28+5
- Diabetes mellitus, n (%) 19/70 (27)
- Hypertension, n (%) 43/70 (61)
Underlying heart disease
-IHD 7 (10)
-VHD 45 (63)
-VHD + IHD 9 (13)
-CHD 10 (14)
History of myocardial infarction, n (%) 9(13)
AF subtype, n (%)
- Paroxysmal 27 (39)
- Persistent 26 (36)
- Longstanding persistent 18 (23)
Time since AF diagnosis, y 1.64[0.59-7.13]
LA enlargement, n (%)
- Not dilated 23/67 (34)
- Mildly dilated 8/67 (12)
- Moderately dilated 6/67 (9)
- Severely dilated 30/67 (45)
LAVI, mL/m? 47 * 24
LV function, n (%)
- Normal 54 (76)
- Mild impairment 15 (21)
- Moderate impairment 2 )
Antiarrhythmic drugs, n (%)
-Class | 2(3)
-Class Il 48 (68)
- Class llI 7 (10)
- Class IV 1(1)
- Digoxin 13(18)
Procedural characteristics
AF at start of procedure, n (%)
Mapping array, n (%) 46 (65)
192 electrodes 58 (82)
128 electrodes 13 (18)

Values are presented as number (%) and mean = standard deviation or numbers
in brackets is interquartile range.

AF = atrial fibrillation; ARB = angiotensin receptor blockers; BMI = body mass
index; CHD = congenital heart disease; IHD = ischemic heart disease; LA = left
atrium; LAVI = left atrial volume index; VHD = valvular heart disease.

The distribution of MAFCL,i, for each patient separately is
presented in Figure 2; mAFCLy,;, ranged from 65 to 183 (me-
dian, 93) ms and was most frequently found in the pulmonary
veins region (pulmonary veins 47%, right atrium 22%, Bach-
manns bundle 14%, LAVG 22%; chi-square goodness of fit P
< .001). In only 1 patient (patient study identity 33), the
same mAFCL,,;, was located at 2 distinct regions: pulmonary
veins and Bachmanns bundle. However, mAFCL,i, sites were
small and covered 1 electrode (range, 1-3).

Localizing AF drivers: Regular activation

Figure 3 demonstrates the distribution of SD AFCL in the
same 4 patients as depicted in Figure 1. Areas of regular acti-
vation were detected at various atrial regions. Comparison of
the SD AFCL with corresponding AFCL maps reveals that
short mAFCL areas are irregularly activated and thus do not

correspond to the lowest SD areas. In the entire patient
group, fibrillation intervals at the fastest activated sites were
indeed irregular (SD AFCL at mAFCL,in, 46 ms [40-55]).

Figure 4 summarizes for each patient separately the SDyin
per atrial region to identify the most regularly activated areas.
In the entire patient population, the most regularly activated
sites had a median SD,;, of 10 ms (range, 1-15) and covered
4 electrodes (range, 1-59). The most regularly activated area
was most frequently located along the LAVG (LAVG 52%,
right atrium 27%, pulmonary veins 19%, Bachmanns bundle
13%; P < .001); in 7 patients, SD;, was found in 2 distinct
mapping regions.

Are short AFCL indicative of focal activation?

To determine whether the fastest activated sites harbor AF
drivers, underlying patterns of activation at these sites were
analyzed. The occurrence of the various patterns of activation
at the fastest activated and most regularly activated sites for
the entire patient group is presented in Table 2. Focal
patterns of activation did not occur more frequently at
mMAFCL,i, and SDi, sites than in the remainder of the atria
(at mAFCLpin, 2% [interquartile range (IQR) 1%-3%] vs
2% [2%-3%], P = .322; and at SDyin, 0% [0%-3%] vs 1%
[0%-2%], P = .105). Notably, none of these recording sites
represented the area with the largest proportion of focal fibril-
lation waves for the specific patients. The largest proportion
of focal fibrillation waves was 18% (12%—-24%), and mAFCL in
and SD,,i, were not located at these sites.

Both the numbers of fibrillation waves with CB and
remnant activity were increased at fastest activated sites
compared with other recording sites (CB, 81% [76%-85%] vs
74% [68%-76%], P < .001; remnant activity, 13% [7%-20%]
vs 7% [5%—10%], P < .001). Consequently, the number of
smoothly propagating fibrillation waves at fastest activated
sites was reduced (at mAFCL i, 3% [0%—7%] vs 17% [11%—
25%]; P < .001).

In contrast, at the most regularly activated domains, fibril-
lation waves were more frequently classified as smoothly
propagating fibrillation waves than at other recording sites
(at SDmin 33% [24%-54%] vs 17% [11%-25%]; P < .001),
whereas fibrillation waves with CB or remnant activity
occurred less often (CB, SDpin 64% [47%-73%)] vs 75%
[68%-79%], P < .001; and remnant activity, SDmin 1% [0%—
3%] vs 7% [5%—10%)], P < .001). Wavefront collision was rarely
observed at any of the recording sites (proportion of collision
at MAFCLin, SDmin, and other recording sites: all 0% [0%—
0%], both comparisons P < .001).

Electrogram complexity at rapidly or regularly activated
recording sites

As expected, electrogram complexity was increased at the
fastest activated sites. Compared with at other recording
sites, we found a larger proportion of long double potentials
(16% [119%-21%] vs 12% [10%-14%); P < .001) and fraction-
ated potentials (22% [12%-37%] vs 12% [9%-15%];, P <
.001) and a smaller proportion of single potentials (46%
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Distribution of mAFCL in 4 patients. Schematic representation of the atria depicting the mAFCL for each recording site separately. The relative shorter mAFCL for
each patient may be confined to a single region (lower left panel) but may also be dispersed throughout multiple atrial regions such (upper left panel). The fastest
activated recording sites—with the shortest mAFCL—are indicated by dotted circles. Samples of electrogram recordings from each fastest activated site are dis-
played (duration 2 seconds), illustrating that recordings from these fastest activated sites display mainly fractionated potentials. AFCL = atrial fibrillation cycle length;
IVC = inferior caval vein; mAFCL = median atrial fibrillation cycle length; PV = pulmonary vein; SVC = superior caval vein.

[35%-58%] vs 60% [56%-65%]; P < .001) and short double po-
tentials (10% [6%—14%] vs 15% [14%-17%]; P < .001).

Atthe most regularly activated sites, especially the propor-
tion of single potentials was higher than at other recording
sites (76% [60%—89%)] vs 59% [54%—65%]; P < .001). Conse-
quently, there was a reduced frequency of long double poten-
tials (3% [1%-7%] vs 12% [10%-14%];, P < .001) and
fractionated potentials (2% [1%-7%] vs 12% [9%-15%]; P <
.001). The proportions of short double potentials did not differ
(16% [7%-23%] vs 16% [14%-18%]; P = .076).

In search of repetitive focal activation

In each patient, we identified the areas with the highest propor-
tion of focal fibrillation waves. The highest proportion of focal
fibrillation waves ranged from 8% to 89% (median, 19%) and
was most frequently located at the right atrium or LAVG (right
atrium 49%, LAVG 44%, Bachmanns bundle 16%, pulmonary
veins 10%; P = .001). These percentages correspond to a me-
dian of 10 focal fibrillation waves (range, 3-50) occurring at the
same recording site for 10 seconds, although they were not al-
ways consecutive. The median total number of fibrillation
waves at these recording sites was 60 (range, 51-71).

We additionally calculated the repetitiveness of all focal
fibrillation waves; the histogram in Figure 5 shows the
maximum number of repetitive focal fibrillation waves for
each patient. The longest series of consecutive focal

fibrillation waves ranged from 2 to 28 (median, 3) and
occurred most frequently along the LAVG and RA (LAVG
57%, right atrium 57%, Bachmanns bundle 21%, pulmonary
veins 21%; P < .001). A maximum series of 3 or less consecu-
tive focal waves were frequently recorded in multiple regions
(maximum 3 distinct regions) in each patient. A series of at
least 4 consecutive focal fibrillation waves (N = 25) were de-
tected at the right atrium (n = 8), LAVG (n = 14), Bachmanns
bundle (n = 1), or pulmonary veins (n = 1) and in 1 case at 2
regions (4 repetitions at both right atrium and LAVG). The
longest series of focal fibrillation waves did not differ in length
among AF subtypes (maximum number of consecutive focal
waves, paroxysmal AF 3 [2-14], persistent AF 3 [2-28], long-
standing persistent AF 4 [2-18]; P = .42).

In none of the 63 patients, the longest series of repetitive
focal fibrillation waves was recorded at the fastest activated
site. In 2 patients (4%), the longest series of repetitive focal
fibrillation waves were located in an SD,,, area. In 1 of these
patients, the maximum number of 2 consecutive focal fibrilla-
tion waves was located in the SD,;, area (SD, 13 ms) along the
LAVG covering 8 electrodes, although, in the same patient,
repetitions of 2 focal fibrillation waves were also detected at
the Bachmanns bundle, pulmonary veins, and right atrium.
In the other patient, 5 consecutive focal fibrillation waves
were detected along the LAVG, in an SD,;, area (SD, 10 ms)
that covered 59 electrodes.
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Figure 2
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Spatial distribution of MAFCL . Table summarizing the shortest mAFCL (mAFCL,;,) per atrial region, for each patient separately, color coded to indicate the dis-
tribution of MAFCL,y;, across the mapped regions, ranging from the longest (white) to shortest (dark red) mAFCL,;. As depicted in the histogram and bar chart, the
MAFCL,i, ranges from 65 to 183 ms (median, 93 ms) and is most frequently located at the PV area (PV 48%, BB 14%, LA 22%, RA 22%). BB = Bachman's bundle; LAVG
= left atrial ventricular groove; mAFCL = median atrial fibrillation cycle length; PID = patient study identity; PV = pulmonary vein; RA = right atrium; SD AFCL =
standard deviation of atrial fibrillation cycle length; X = adequate signal-to-noise ratio for annotations was present in <3 distinct atrial regions; therefore, the patientis

excluded from the mAFCL,,;, analysis.
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Distribution of SD AFCL in 4 patients. Schematic representation of the atria depicting the SD AFCL for each recording site separately, for the same 4 patients as
depicted in Figure 1. Areas of regular activation may be found in a single or multiple atrial regions. Dotted circles indicate the smallest standard deviation site. Sam-
ples of EGM recordings from each smallest standard deviation site are displayed for each patient (duration 2 seconds). These EGMs mainly consist of single potentials
and are not located at the same site or even mapping region as the corresponding shortest median AFCL in Figure 1. IVC = inferior caval vein; PV = pulmonary veins,
SD AFCL = standard deviation of atrial fibrillation cycle length; SVC = superior caval vein.

mAFCL at sites of maximum repetition was 156 ms and
ranged from 86 to 245 ms, which was not shorter than mAFCL
at the remaining recording sites (155 [110-243] ms; uncorrec-
ted P = .042). SD AFCL ranged from 7 to 67 ms (median, 27
ms) and was smaller than at other recording sites (SD, 36
[range, 14-57] ms; P < .001).

At recording sites with maximum repetition, electrogram
complexity differed slightly from other recording sites, given
that they contained a larger proportion of short double poten-
tials (19% [14%—25%] vs 16% [14%—18%]; P < .001).

Interestingly, re-entrant activation was not detected in any
of the AF recordings.

Discussion

In this study, we investigated patterns of activation underlying
high fibrillatory rates and regularly activated atrial areas on a
high-resolution scale by performing elaborate mapping of
both atria including Bachmanns bundle in patients with
different AF subtypes. Recording sites harboring the highest
fibrillatory rates were often located at the pulmonary vein
area and showed a relatively high cycle length irregularity.
At these sites, fibrillation waves with CB occurred as the
most frequent pattern of activation, corresponding to higher
proportions of electrogram fractionation. In contrast, the
most regularly activated areas predominantly occurred along

the LAVG and corresponded to relatively high numbers of
smoothly propagating waves and single potentials. We de-
tected a series of at least 2 consecutive focal fibrillation waves
in all patients, but zero occurrences of rotational activity. The
right atrium and LAVG were the most prominent predilection
sites for a series of repetitive focal fibrillation waves. These
predilection sites for focal activation patterns were not identi-
fied by locating the mAFCL,;, or the SD,,;, AFCL. These find-
ings do not support the concept of targeting recording sites
based on the mAFCL,,,;, or the most regular activation alone.

Gold standard mapping technique

The rationale for identifying fast and regular activation is
derived from the hypothesis that AF is driven by temporally
stable drivers such as ectopic foci or rotational activity. These
drivers should give rise to fast and regular local activation
nearby or at the origin of fibrillation waves, degrading into
irregular fibrillatory activity in atrial regions more distal from
the driver. In previous studies, short AFCL and AFCL regularity
were typically inferred from automated algorithms designed
to facilitate the assessment of numerous electrograms.*’-??
These algorithms perform variably with respect to frequency
assessment in rhythms with increased interval irregularity
and electrogram fractionation.’® In addition, there is poor cor-
relation between the organization index of a frequency
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Figure 4

PID | RA | BB |LAVG| PV PID | RA | BB |LAVG| PV
1 X X X X 51 10 15 13
2 36 29 52 11 11
3 32 53 16 12
4 18 54 18 23
5 16 15 25 55 20 27
6 13 16 36 14 10
7 49 57 15 17
8 16 15 58 13 g
9 19 59
10 12 7 60 2 20
11 18 20 61 X X X
12 18 62 28 |17
14 20 64 20 10
] 17 28 66 16 | 16 | 13
L) 7 5 67 X X X X
= 4 68 15 13
= i1 12 69 13 13
20 17 17
21 23 17 15 ?,(1) ? g =
22 17 13
23 14
24 35 | .
25 26 19 | 16% SDmin
26 19 23
27 9 12
28 18
29 18 17 13
30 17 14
31 X X X X
32 17 14
33 14 12
34 21 15 0%
35 13 11 13 0 5 10 15
36 12 11 SD AFCL (ms)
37 15 22
38 19 15 Location of SDmin
39 16 22
o 23 = 520p
41 27
42 20 13
ﬁ ff }.5 2 :;{1 27%
45 13 | 30 19%
46 36 13%
47 24
48 19 18 .
49 15 0%
50 X X X X RA BB LAVG PV

Spatial distribution of SDpi,. Table summarizing the shortest SD i, per atrial region, for each patient separately, to identify the most regularly activated areas. The
histogram and bar chart, respectively, show that SD i, ranges from 1 to 15 ms (median, 9 ms) and is most frequently located along the LAVG (LAVG 52%, BB 13%, PV
19%, RA 27%). In 7 patients, 2 distinct regions both displayed the most regularly activated sites. Areas harboring the most regularly activated areas do not correspond
to areas harboring the fastest activated sites displayed in Figure 2. PID = patient study identity; PV = pulmonary veins; RA = right atrium; SD AFCL = standard de-
viation of atrial fibrillation cycle length; SD, = smallest standard deviation of AFCL in the entire atria; X = adequate signal-to-noise ratio for annotations was present
in <3 distinct atrial regions; therefore, the patient is excluded from the SD,y;, analysis.
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Table 2 Patterns of activation at recording sites of interest

Recording site Focal (%) Smooth (%) CB (%) Collision (%) Remnant (%)
MAFCLnin 2 [1-3] 3[0-7] 81 [76-85] 0 [0-0] 13 [7-20]
SDmin 0[0=-3] 33 [24-54] 64 [47-73] 0 [0-0] 1[0-3]
Other recording sites 1[0-2] 17 [11-25] 74 [68-76] 0 [0-0] 7 [5-10]

CB = fibrillation waves with inter- or intrawave conduction block; Focal = fibrillation waves with focal pattern of activation; mAFCL;, = recording site with the short-
est median atrial fibrillation cycle length in the atria; SDin, = recording site with the smallest standard deviation of atrial fibrillation cycle length in the atria; Smooth =

smoothly propagating fibrillation waves.

distribution used to quantify AFCL irregularity and the SD of
manually computed AFCL.** Unique for this field of study is
that we used direct and manually checked measures of
AFCL and AFCL regularity during elaborate mapping on a
high-scale spatial resolution and thereby avoided issues
inherent to automated signal processing.

Perspective on rotational activity

Atrial regions activated at short or regular cycle lengths were
assessed in this study to investigate the relation among activa-
tion frequencies, AFCL regularity, and repetitive patterns of
activation reflecting the AF substrate. Neither mAFCL,;, nor

SDnin was found at the core of re-entry circuits or at the origin
of repetitive focal fibrillation waves.

There is ongoing debate with respect to the prevalence of
rotors and foci in human AF, given that the occurrence and
stability of these activation patterns vary strongly among
different mapping approaches.” Previous high-density epicar-
dial mapping studies typically also either failed to demon-
strate  re-entry'®'”  or reported transient rotational
wavefronts in a small minority of [.:>atien*cs.13'25'26 However,
in a small patient population of 10 patients with longstanding
persistent AF, Walters and colleagues®’ repetitively recorded
10 seconds of AF over a total period of 10 minutes and de-
tected transient rotors in 9 of 10 patients with a median

Focal waves No.
A Number of patients B 30
30 - ) 25
Median: 3
20
25 15
10
20 5
0
15
No.
30
10 ’s
20
5 15
10
0 S
0 5 10 15 20 25 30 .

No. of focal waves in longest repetitive series

Figure 5

Repetitive focal patterns of activation. A: Histogram summarizing for the entire patient group the maximum length of a series of repetitive focal fibrillation waves. In all
patients, at least 1 series of >2 consecutive focal fibrillation waves was detected; the median number of consecutive focal fibrillation waves in the longest series of
focal fibrillation waves was only 3. In 1 patient, the maximum number of repetitive focal fibrillation waves was 28. B: Schematic overview of the occurrence of focal
fibrillation waves throughout the atria in 1 exemplary patient. For each recording site separately, the total number of focal fibrillation waves occurring during 10 sec-
onds is depicted in color code. In this case, focal fibrillation waves occurred at all mapping locations and frequently occurred more than once at the same recording
site. However, the highest incidence of focal fibrillation waves occurred at the LA appendage. C: Schematic overview of the atria showing only the longest series of
consecutive focal fibrillation waves for each recording site, for the same patient as in panel B. Recording sites are marked with a star if the longest series of focal
fibrillation waves was at least 2. The star size is related to the number of focal fibrillation waves in the longest series. In this patient, the longest series of consecutive
focal fibrillation waves was 14 (located at the LA appendage), length of all other maximum series ranged from 2 to 5 consecutive focal fibrillation waves. However,
most focal fibrillation waves occurred as isolated events, even though the incidence of focal waves during the entire recording may be more than 1 at the correspond-
ing recording sites in panel B.
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duration of 3 rotations. Although we focused on detecting
temporally stable rotors and focal patterns of activation by
identifying the sites that were fastest activated and most regu-
larly activated, we investigated all patterns of activation at
>90,000 recording sites during 10 seconds and could not
confirm a single case of stable or transiently rotating fibrilla-
tion waves. Besides the use of bipolar recordings, the meth-
odology of Walters and colleagues®” is highly similar to the
methodology applied in our current study, and it remains un-
clear why the outcomes of both studies are contradictory.
Given that they reported an average re-entrant core covering
4 = 3 bipoles (interelectrode distance, 2.5 mm), it seems un-
likely that our mapping arrays were too small to capture a rota-
tional core at least once in the entire population.

Endocardial mapping studies with lower spatial resolution
that investigated rotors and foci through detecting dominant
frequencies, phase singularities, or undisclosed algorithms7
reported multiple temporally stable rotors and focal activation
patterns in most patients.”” In contrast, panoramic, noncon-
tact mapping studies typically report that foci and rotors are
all transient in nature. Neither of these outcomes was
confirmed in our current study.

However, something the mapping techniques do have in
common is the predilection site for rotor detection at the
LA. Likewise, we frequently detected focal activation patterns
along the LAVG. It is possible that similar activation patterns
have been interpreted differently owing to differences in
spatial recording resolutions. For example, as previously ex-
plained in detail by Berenfeld,”® it is possible that focal pat-
terns of activation assessed with low spatial resolution may
lead to false-positive rotational activity, given that focal waves
appearing in between widely spaced electrodes may reach
the surrounding recording sites at different times, hence giv-
ing the impression of wavefront rotation.

Why do repetitive focal fibrillation waves occur?

The focal patterns of activation as detected in our study pop-
ulation may be explained by various underlying mechanisms;
however, owing to the study design, itis not possible to deter-
mine the exact cause. In a recent study, Hermans and col-
leagues'® propose a method on how to select from all
recordings the most regular repetitive focal and rotational
activation patterns—repetitive defined as >2 repetitions or ro-
tations, respectively. From biatrial AF recordings in 13 pa-
tients (Penta Ray catheter, LAT mapping), the relatively most
regular driver-like activation patterns were identified in 10
sites in 7 patients, although only in 1 patient was a significant
entrainment of these repetitive activation patterns observed.
It was proposed that these focal activation patterns may be
attributed to an AF driver, although causality could not be
demonstrated. However, it is not always clear how focal fibril-
lation waves acting as drivers, should be distinguished from
focal fibrillation waves emerging after a fibrillation wave
crosses intramural connections. Although no official
consensus exists on the definition of repetitive focal fibrilla-
tion waves, a minimum of 2 consecutive focal waves has

been used to identify driver-like activation and consequently
target these sites during ablation of AF in previous clinical
studies.”’ In all our patients, repetitive focal fibrillation waves
meeting this criterion were detected at least once. It seems
unlikely that an atrial site displaying only 2 focal fibrillation
waves during the entire recording plays a pivotal role in AF
persistence, unless multiple dispersed foci are active during
the same period and only a low number of repetitions per
site is necessary to maintain the fibrillatory process. In this
study, the maximum total number of focal fibrillation waves
occurring at 1 recording site was 10 (3-50) for each patient,
indicating a high probability of recurrence of focal activation
patterns within 10 seconds even though they may not occur
as a continuous series.

As in this high-density mapping study, neither the
recording sites with the maximum number of repetitive focal
fibrillation waves nor the maximum proportion of focal fibrilla-
tion waves were identified at sites with the shortest AFCL or
the lowest SD; it is unlikely that these focal waves were driving
the fibrillatory process. Therefore, focal fibrillation waves pre-
sent within this study population appear more consistent with
endoepicardial breakthrough waves.

These breakthrough sites may be anatomically deter-
mined. In an experimental study, researchers found that con-
duction from the pulmonary veins across the ligament of
Marshall led to focal patterns of activation at the LA epicar-
dium.?” This would explain why we found atrial areas that
were more regularly activated than atrial tissue showing repet-
itive focal patterns of activation. Owing to the inherent
anatomic variation of the pericardial reflection at the LA and
pulmonary veins, it is unlikely that our mapping array covers
the full extent of pulmonary muscular sleeves. Therefore,
ectopic activity arising from the pulmonary veins muscular
sleeve may not have been recognized as focal fibrillation
waves because they were bound to be located out of sight
or intersecting the border of the mapping array. If ectopic
sources were indeed located in the pulmonary veins muscular
sleeves, linking of fibrillation waves appearing from the pul-
monary veins regions should have occurred. We did not
observe this; however, we also did not systematically quantify
the degree of linking of fibrillation waves throughout the atria.

Impact of the refractory period on the detection of AF
drivers

We did not find any evidence for repetitive rotational patterns
of activation in the entire study population. Rotational activa-
tion may have been missed if the center of the re-entrant cir-
cuit exceeded the dimensions of our mapping array or if re-
entry occurred within 50 ms, owing to the blanking period
applied during automated data processing. However, there
is no evidence that reexcitation of cardiomyocytes can occur
within 50 ms,"” and therefore, refractory periods shorter
than 50 ms are not implemented in any mapping study pub-
lished so far, except for during studies where the degree of
fractionation rather than fibrillation rate is investigated.®® In
a previous epicardial mapping study, it was reported that
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87% of transient rotational activity occurred in areas with
AFCL shorter than 100 ms, where they also applied a refrac-
tory period of 50 ms for electrogram annotations.?’

Limitations

It is not possible to determine the exact cause of the focal
fibrillation waves detected in this study population from
sequential epicardial mapping, given that global coverage
is not possible and the full trajectory of fibrillation waves can
therefore not be observed. The arrhythmogenic substrate of
our patient group does not necessarily represent the AF sub-
strate in patients without structural heart disease. However,
the occurrence of focal and re-entrant activation was also re-
ported in patients with permanent AF admitted for surgical
correction of mitral valve disease, suggesting that patients
with and without structural heart disease at least partly share
AF substrate characteristics.®’ In this study, differences be-
tween epicardial and endocardial recordings were not inves-
tigated. However, in a previous work, we demonstrated that
patterns of activation occurring within a specific period are
comparable between the endocardial and epicardial layers'?;
therefore, patterns of epicardial activation are also translat-
able to the endocardium.

Conclusion

During extensive mapping, the fastest or most regularly acti-
vated areas are characterized by CB and smoothly propa-
gating waves instead of repetitive occurrence of focal or
rotational patterns of activation. The findings of our study
have a direct impact on clinical practice, given that rotors
are usually detected by identifying the fastest or most regu-
larly activated recording sites. However, these sites do not
correspond to repetitive occurrence of focal or rotational pat-
terns of activation. This observation indicates the necessity of
other parameters that accurately identify driver sites. It is
generally assumed that CB areas play an important role in
initiation and perpetuation of AF.*? Recently, it has been
demonstrated that the number of functional CB areas is a pre-
dictor of AF recurrences after PV isolation. Given that the fast-
est activated sites in our study harbored CB areas, it could
indicate that the mAFCL,,;, is an indicator of potential target
sites for substrate-based AF ablation approaches. Future
studies will have to demonstrate whether CB areas are indeed
true AF perpetuators and hence suitable target sites for anti-
arrhythmic therapy.

Appendix

Supplementary data

Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2025.
05.024.
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