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The irregularity factor: Mechanistic insights into beat-to-beat
irregularities in atrial fibrillation cycle length
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Vehpi Yildirim, PhD," Richard Hendriks, PhD,? Rudolf A. de Boer, MD, PhD,’
Hemanth Rammanah, MD, PhD,* Mathijs S. van Schie, PhD'

ABSTRACT

BACKGROUND Measures derived from the atrial fibrillation (AF) cycle length (AFCL) are used to identify regions crucial for AF
maintenance or predict (ablation) treatment outcomes. However, mechanisms underlying beat-to-beat irregularities in AFCL
are unknown.

OBJECTIVE We aimed to (1) investigate beat-to-beat changes in AFCL (A-AFCL) by relating temporal variation in AFCL with
quantified beat-to-beat changes in activation patterns and conduction times (A-CTs) and (2) test whether the irregularity factor
(IF) (standard deviation of the A-AFCL histogram) is indicative of the complexity of activation patterns.

METHODS Mapping was performed in 24 patients with long-standing persistent AF (LSPAF) and a reference group (n = 25,
patients with induced [acute] AF). At the mapping area center, A-AFCL was calculated by subtracting each AFCL from the pre-
ceding AFCL and related to causes of A-CT (CTy — CTn.1y) of fibrillation waves from the electrode array border toward the
mapping area center.

RESULTS The IF was larger during LSPAF (52 = 17 vs 25 * 10; P < .001) than during acute AF. A-CTs were also larger (25 = 8 ms
vs 19 = 7 ms; P = .005) and caused by beat-to-beat changes in conduction velocity (36 = 6 cm/s vs 29 = 6 cm/s; P = .001) and
beat-to-beat changes in direction (94° = 13° vs 64° £ 22°; P < .001); beat-to-beat changes in path length (13 £ 4 mmvs 14 + 3
mm; P = .333) were comparable. The IF correlated with conduction block [probability (p) = 0.887], lines of conduction block
lengths (p = 0.900), number of fibrillation waves (p = 0.889), and prevalence of focal waves (p = 0.609) (P < .001 for all).

CONCLUSION The IF indicates the underlying complexity of activation patterns, is higher during LSPAF than during acute AF,
and is comparable throughout the atria during LSPAF. It is a novel, easy-to-calculate, objective electrical biomarker, which can
be used for, for example, guiding patient-tailored treatment independently of the AF mechanisms.

KEYWORDS atrial fibrillation; biomarker; cardiac surgery; diagnostic tool; mapping; mechanisms
(Heart Rhythm 2026;23:2195-2204) © 2026 Heart Rhythm Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The hallmark of the most common arrhythmia atrial fibrilla- The AFCL assessed during catheter ablation procedures
tion (AF) is the spatiotemporal irregularity in the AF cycle has been proposed as a measure to, for example, identify re-
length (AFCL)." AFCL, defined as the interval between suc- gions crucial for AF maintenance or predict treatment out-
cessive fibrillation waves, is determined by the action poten- comes.>* If AF depends on a single discharging source,
tial duration (refractory period) and an excitable period. irregularities in AFCL may occur as a result of variation in
Variation in excitable periods, in turn, gives rise to interval-  the excitation frequency of the source itself.” In case of fibril-
dependent changes in action potential duration and conduc- latory conduction in the presence of source(s) or multiple
tion velocity (CV).? wavelets, irregularities in AFCL can also be explained by
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beat-to-beat changes in conduction of fibrillation waves.®
Beat-to-beat changes in conduction of fibrillation waves
resultin variable excitable periods because of different “wait-
ing times” for the next fibrillation wave to arrive.

Both experimental and clinical mapping studies have
demonstrated that AF persistence is associated with an in-
crease in spatiotemporal irregularity in AFCL.”® However,
the exact mechanism underlying beat-to-beat irregularities
has never been investigated.

The goals of the present study were therefore to (1) inves-
tigate beat-to-beat irregularities in AFCL by relating tempo-
ral variation in fibrillation intervals with quantified beat-to-
beat changes in patterns of activation and conduction times
(A-CTs) and (2) test whether the irregularity factor (IF), a novel
measure of beat-to-beatirregularities in AFCL, is indicative of
the complexity of the underlying arrhythmogenic substrate.

Methods
Database of fibrillation maps

Mapping data were derived from a database containing a
unique reference group, namely, 25 young patients with
Wollf-Parkinson-White syndrome [16 (64%)] men; mean age
32 = 11 years), sinus rhythm, and a normal left atrial (LA) size
of 39 + 6 mm, and 24 patients [14 (58%)] men; mean age 64
* 9 years) with structural heart disease and long-standing
persistent AF (LSPAF). In the first group, AF was induced by
programmed electrical stimulation from the right atrial (RA)
appendage. In the latter group, the LAs were dilated (antero-
posterior dimension 58 * 9 mm) and the left ventricular ejec-
tion fraction was 50% * 12% A detailed description of the
study population and mapping technology has been published
previously.>”"" This historical data set containing 6000 “beats”
was also selected because of the large mapping array enabling
detailed investigation of the activation patterns and the
reference group consisting of healthy subjects, which, at
present, no longer undergo open-chest surgery.

Sequential unipolar epicardial mapping of the RA and LA
was performed after sternotomy and before cardiopulmo-
nary bypass. The lateral walls of the RA and LA were mapped
with a spoon-shaped electrode containing 244 unipolar elec-
trodes (diameter 3.6 cm; inter-
electrode distance 2.25 mm).
For the LA posterior wall, a
smaller rectangular array of 8
X 8 electrodes was used
(interelectrode distance 2.5
mm). Fibrillation electrograms
were recorded with a custom-
made 256-channel mapping
system (bandwidth 0.5-500
Hz; sampling rate 1 kHz; reso-
lution 12 bits). In patients with
sinus rhythm at the onset of
the mapping procedure, par-
oxysms of AF were induced
by rapid atrial pacing.

Abbreviations

AF: Atrial fibrillation

AFCL: Atrial fibrillation cycle
length

CT: conduction time
CV: conduction velocity
IF: Irregularity Factor
LA: left atrium

LSPAF: long-standing persis-
tent atrial fibrillation

PV: pulmonary vein area
PL: length of the pathway
RA: right atrium

In total, 313 seconds of acute AF and 598 seconds of LSPAF
were analyzed, resulting in 6000 fibrillation maps, divided into
4 groups: RA free wall recorded during acute AF (n = 2226)
and RA free wall [right atrial free wall (RAFW), n = 1401], LA
lateral wall (n = 1854), and posterior atrium (PV, n = 1148) re-
corded during LSPAF.

Wave mapping using a custom-made software package
was used to construct fibrillation maps. This mapping
approach applies an algorithm that decomposes the com-
plex spatiotemporal activation during AF into its individual

elements (multiple fibrillation waves), as previously described
in detail. 71912

Assessment of AF regularity

At each electrode, fibrillation intervals were determined by
measuring the time between activation by consecutive fibril-
lation waves. An AFCL histogram of all electrodes was con-
structed from these fibrillation intervals to determine the
mean AFCL and spatiotemporal variation expressed as the
difference between the 90th and the 10th percentile.

To examine whether there were episodes of regular cycles
during AF, we calculated how often consecutive AF cycles
differed <10 ms from each other. The incidence of each of
these series of regular AF cycles was then determined for
every mapping site.

Beat-to-beat irregularity (beat-to-beat changes in AFCL
[4-AFCL]): The IF

Irregularities in AFCL were studied by computing beat-to-
beatinterval variation histograms by subtracting each fibrilla-
tion interval from the preceding interval (beat-to-beat
changes in AFCL [A-AFCL] = A-AFCLy) — AFCLn.1)). The de-
gree of irregularity in AFCL is expressed as the IF, which is the
standard deviation (SD) of the A-AFCL histogram.

Variation in trajectories of fibrillation waves causing
4-AFCL

Variation in trajectories of fibrillation waves causing A-CT
(CTinyy — CTin-1)) were quantified and related with A-AFCL.
For this purpose, 9 electrodes located at the center of the cir-
cular mapping area were selected, as the distance from each
entrance point of a fibrillation wave in the circular mapping
area to the center electrode is approximately equivalent.
For this analysis, we used only the large 3.8 X 3.8 cm fibrilla-
tion maps obtained from the RA free wall.

In each wave map, fibrillation waves activating the center
electrode were identified. The moment of entrance of a fibril-
lation wave into the mapping area was defined as T = 0 ms.
The CT from the entry site of the mapping area toward the
center electrodes was measured. For each fibrillation wave,
the length of its trajectory and CV was determined as previ-
ously described in detail.®?

Causes of A-CT of fibrillation waves from the border of the
electrode array toward the center of the mapping area were
analyzed in each fibrillation map. Fibrillation maps were used
to assign a change in the relative activation time of the center
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area to one or more of the following phenomena: (1) alter-
ations in CVs, (2) direction of propagations (defined as a dif-
ference of >30° between entrances of successive fibrillatory
waves into the mapping area), and/or (3) changes in lengths
of the pathways of fibrillation waves toward the center elec-
trode (PL).

The IF as indicator of electropathology

In prior mapping studies, we determined in this same study
population the prevalence of conduction block, the length
of lines of conduction block, the number of fibrillation waves,
and prevalences of focal (“epicardial breakthrough”) waves.
To test whether the IF can be used as an electrical biomarker
of electropathology related to AF persistence, we correlated
the IF with these parameters.

Statistical analysis

All data were tested for normality. Normally distributed data
are expressed as mean * SD, whereas skewed data are pre-
sented as median (interquartile range). For normally distrib-
uted data, an independent Student t test was used to
determine differences in electrical properties between pa-
tients with acute AF and those with LSPAF, whereas nonpara-
metric tests including Mann-Whitney U tests were used in
case of skewed data. A x? test was used to compare data in
>2 categories. Correlations between electrical parameters
were tested using the Pearson test or Spearman p test. A P
value <.05 was considered statistically significant.

Results

The left panel of Figure 1 shows the mean AFCL for each
patient individually in the 4 different patient groups. The
AFCL at the RA wall in the patients with acute AF ranged
from 124 to 205 ms; and in the patients with LSPAF, from
116 to 236 ms; fibrillation intervals during LSPAF were
longer (178 = 30 ms vs 159 = 25 ms; P = .019). Neither
minimum AFCL nor the 5th percentile (P) of the AFCL his-
togram differed between patients with acute AF and
LSPAF (PO: 85 [68-99] ms vs 80 [69-99] ms, P = .170; P5:
121 [102-148] ms vs 109 [98-117] ms, P = .193). During
LSPAF, fibrillation intervals recorded at the RA, LA, and
pulmonary veins (PV) were comparable (AFCL: RA: 178 =+
30ms; LA: 168 £ 27 ms; PV: 172 = 31 ms; P = .523). There
were no differences in mean AFCL between patients who
did or did not use of antiarrhythmic drugs (174 * 29 ms
vs 180 = 32 ms; P = .719). Spatiotemporal variation in
AFCL during LSPAF was significantly higher than during
acute AF (P90-P10: 100 = 32 ms vs 56 = 25 ms; P <
.0001). In patients with LSPAF, there were no regional dif-
ferences in spatiotemporal variation in AFCL (P90-P10: RA:
100 = 32 ms; LA: 99 = 50 ms; PV: 126 = 39 ms; P = .119).

Temporal irregularity in fibrillation intervals

Prevalences of series of regular episodes during acute AF and
LSPAF are demonstrated in the right panel of Figure 1. In all 4

groups, regular episodes consisting of >5 consecutive AF cy-
cles differing <10 ms from preceding cycles were rare,
though regular episodes occurred more frequently during
acute AF at the RA (acute AF: 3.21%; LSPAF: RA: 0.88%,
LA: 2.02%, PV: 1.36%,; P < .001).

Beat-to-beat irregularity in fibrillation intervals

Beat-to-beat irregularity (A-AFCL) in all successive fibrillation
intervals recorded at each mapping site in the 4 different
groups is plotted in the left panel of Figure 2. The IF (SD of
the histogram) during LSPAF at the RAFW was 48 ms, which
was remarkably higher than the IF during acute AF (27 ms; P <
.001). Within the LSPAF group, there were no significant dif-
ferences between the IF at the RA (48 ms), LA (42 ms), or PV
(53 ms) (P = .430). The IF for each individual patient is plotted
in the right panel of Figure 2. Despite considerable interindi-
vidual variation in fibrillation intervals in both the acute AF
and LSPAF groups, A-AFCL in patients with LSPAF was
longer and more irregular.

Beat-to-beat variations in trajectories of fibrillation
waves

Figure 3 shows typical RA successive wave maps of 3 consec-
utive fibrillation waves demonstrating the impact of A-CT
caused by beat-to-beat changes in CV (A-CV) (upper panel)
and propagation direction (A-direction) (lower panel) on
AFCL. In the upper panel, time between the first-to-second
and the second-to-third fibrillation wave entering the map-
ping area and activating the center is 214 and 208 ms,
respectively (“source interval”; AFCL of the corresponding
source interval [AFCL]). In every beat, the fibrillation wave
enters the mapping array at nearly the same site (“linked
fibrillation waves”) propagating with only moderate alter-
ations in CVs. This results in successive CTs to one of the cen-
ter electrodes of 38, 25, and 32 ms, respectively.
Consequently, AFCL at the center electrode (AFCL.) (defined
as AFCL; + [A-CT = CTny - CTn-1))) equals 201 and 215 ms,
respectively.

In the lower panel of Figure 3, 3 consecutive fibrillation
waves activating a part of the center area entering the map-
ping array from 3 different directions, particularly between
the second and the third beat, arrive with source intervals
of 173 and 157 ms. The subsequent changes in propagation
direction of these fibrillation waves caused variations in CT of
successively 36, 25, and 49 ms, giving rise to an AFCL, of 162
and 181 ms. Hence, in these 2 examples, slowing of conduc-
tion of either linked fibrillation waves and/or alterations in
propagation direction caused prolongation of AFCL..

Spatial variations in trajectories of fibrillation waves can
also be the result of lengthening or shortening of the distance
toward the center of the mapping area caused by lines of
conduction block or focal waves, respectively. Typical fibrilla-
tion maps demonstrating the relation between these phe-
nomena and variations in AFCL are shown in Figure 4.

The successive wave maps in the upper panel of Figure 4
show that the center of the RA free wall is activated by a
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Figure 1

Left panel: The 10th percentile of atrial fibrillation cycle length (AFCL), mean AFCL, and the 90th percentile of AFCL plotted for every individual patient in each of the
4 patient groups. Right panel: Histograms demonstrating relative prevalences of regular atrial fibrillation (AF) episodes of variable length. See text for additional
explanation. LA = left atrium; LSPAF = long-standing persistent atrial fibrillation; PV = pulmonary veins; RA = right atrium.

fibrillation wave entering the mapping area from the lower
right corner in all 3 successive beats. In the first beat, the
fibrillation wave propagates toward the center in 38 ms.
Due to curving of its trajectory, the conduction time increases
to 48 ms in the second beat. The long line of conduction
block in the third beat causes further lengthening of the tra-
jectory of the fibrillation wave activating the center area,
thereby prolonging the conduction time up to 66 ms. As a
result, AFCL. prolongs from 159 to 166 ms.

In the lower panel of Figure 4, the first fibrillation wave
enters the mapping area from the right and conducts in 46
ms toward the center area. An epicardial breakthrough
then arises in the middle of the mapping area. As the dis-
tance from the breakthrough origin to the center area is
smaller, the CT is shortened by 21 ms. The following
fibrillation wave enters the mapping area again from its
border, resulting in an increase in CT and hence
prolongation of AFCL by 50 ms. However, as the focal
wave does not emerge at the border of the mapping
area, the true A-CT across a distance of 1.8 cm cannot
be calculated.

The mean AFCL at the 9 center electrodes in acute AF and
LSPAF was 152 * 35and 161 = 50 ms, respectively (P < .001),
and A-AFCL was 27 and 52 ms, respectively. The mean AFCL
did not correlate with IF [acute AF: probability (p) = —0.310, P
= .160; LSPAF: p = 0.459, P = .055].

Histograms in the upper panel of Figure 5 show relative
prevalences of all A-AFCLs and A-CTs measured at the 9 cen-
tral electrodes in patients with acute AF or LSPAF. Compared
to the acute AF group, beat-to-beat variations in trajectories
of fibrillation waves during LSPAF caused significantly larger
A-CTs (SD A-CT: 19 £ 7 ms vs 25 = 8 ms; P = .005).

Histograms in the middle and lower panels of Figure 5
show relative prevalences of A-CVs and beat-to-beat
changes in path length (A-PL), respectively; A-CVs of linked
fibrillation waves were significantly larger in the LSPAF group
(SD A-CVs: 36 = 6 cm/s vs 29 = 6 cm/s; P = .001). However,
there was no significant difference in A-PL during acute AF
and LSPAF (SD A-PL: 13 # 4 mm vs 14 = 3 mm; P = .333)
but A-directions of consecutive fibrillation waves propa-
gating toward the center were again larger in patients with
LSPAF (SD A-direction: 94° *= 13° vs 64° = 22°; P < .001).
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Left panel: Histograms demonstrating relative prevalences of beat-to-beat changes in atrial fibrillation cycle length (A-AFCL). The standard deviation of the A-AFCL
histogram represents the irregularity factor (IF). Right panel: The right atrial (RA) IF for each individual patient in the acute atrial fibrillation (AF) and long-standing
persistent atrial fibrillation (LSPAF) groups. LA = left atrium; PV = pulmonary veins.

Thus, both the phenomena of increased A-CVs and A-direc-
tions caused larger A-CTs during LSPAF.

A-AFCL correlated significantly with A-CT (p = 0.906; P <
.001) in patients with acute AF. However, in patients with
LSPAF, there was no correlation between A-AFCL and A-CT
(p = —0.092; P =.717). The IF at the center area was compa-
rable to that in the entire mapping area, significantly larger
during LSPAF than during acute AF (IF: 52 £ 17 ms vs 25 *
10 ms; P < .001).

The IF: Indicator of the arrhythmogenic substrate?

In order to determine whether the IF is a suitable electrical
biomarker for identification of the arrhythmogenic substrate
associated with LSPAF, we correlated the IF with the preva-
lence of conduction block, the length of lines of conduction
block, the number of fibrillation waves, and the prevalence
of focal waves as determined in prior mapping studies. As
demonstrated in Figure 6, the IF correlated significantly
with all parameters (prevalence of conduction block: p =
0.887, P < .001; length of lines of conduction block: p =
0.900, P < .001; number of fibrillation waves: p = 0.889, P
< .001; prevalence of focal waves: p = 0.609, P < .001).

Discussion

The key findings of this study are that (1) the IF, a novel, sim-
ple to determine measure of beat-to-beat irregularities in
AFCL, assessed during LSPAF in patients with cardiovascular

diseases is considerably higher than that assessed during
acute AF in young patients with normal atria, (2) the IF is a
good indicator of the complexity of the arrhythmogenic sub-
strate underlying AF and correlates with electrical properties
associated with AF persistence, and (3) the IF throughout the
atria during LSPAF is comparable. In addition, we
demonstrated the impact of the various beat-to-beat
changes in patterns of activation on irregularities in fibrilla-
tion intervals.

AFCL

In both the acute AF and LSPAF groups, marked interindi-
vidual differences in mean AFCL were found. This finding is
in line with prior studies that also reported on interindividual
differences in mean AFCL, even in patients with similar clin-
ical profiles."®'* The mean AFCL during LSPAF in our popu-
lation was longer than that during acute AF (178 ms vs 159
ms). This observation could not be explained by pharmaco-
logical therapy, as there was no difference in mean AFCL be-
tween patients who did or did not use antiarrhythmic drugs.

It is generally assumed that LSPAF induces shortening of
the refractory period and reversal of rate adaptation, result-
ing in the well-known concept of “AF begets AF.”®"> Short-
ening of atrial refractoriness decreases atrial wavelength, and
when the wavelength becomes shorter, the atria can contain
more wavelets and AF becomes more persistent. Because of
the increased number of circulating wavelets, intervals be-
tween activations by consecutive fibrillatory waves become
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Figure 3

3 successive right atrial color-coded wave maps from the middle of the right atrium constructed during acute atrial fibrillation demonstrating the effect of changes in
conduction velocity (upper panel) and propagation direction (lower panel) on the atrial fibrillation cycle length in the 9 center electrodes, encircled by the white
dashed lines. Individual fibrillation waves are represented by different colors according to their sequence of appearance (color scale at the bottom), and arrows
indicate their main trajectories. The thick-lined trajectories belong to fibrillation waves activating one or more of the center electrodes. Sites of focal waves are indi-
cated by white asterisks and their trajectories by white arrows. AFCL. = atrial fibrillation cycle length at one of the center electrodes; AFCL = atrial fibrillation cycle
length of the corresponding source interval; CT = conduction time from the border of the mapping array to one of the center electrodes; A-CT= beat-to-beat
changes in conduction time from the border of the mapping array to one of the center electrodes.

shorter, thereby decreasing the excitable period. Compara-
ble to prior studies,'® we also used the 5th percentile or
the minimum of AFCL as an estimation for the refractory
period during AF but we did not find a difference in atrial
refractoriness during acute AF and LSPAF. Absence of a dif-
ference in the “shortest” fibrillation interval between patients
with acute AF and those with LSPAF could be explained by
the fact that the 5th percentile or minimum AFCL does not
equal the refractory period and that an excitable period to
a variable degree is present.Prolongation of AFCL has been
attributed to atrial dilatation and heart failure'*"’

Long fibrillation intervals despite shortening of atrial
refractoriness by electrical remodeling in patients with LSPAF
can be explained by the higher prevalence of multiple areas
of conduction block compared to patients with acute AF.
Areas of conduction block either increase A-CT by curving
of the fibrillation waves trajectories and subsequently slowing
of conduction or by lengthening of their pathways, causing a
longer waiting time for atrial myocytes to be activated by the
next fibrillatory wave.

There were also no differences in AFCL between the RA
and LA mapping sites during LSPAF. This finding is consistent
with prior studies demonstrating the absence of a left-to-
right gradient in patients with persistent AF and advanced
structural remodeling.'®#°

Series of regular episodes

It is assumed that episodes of regular AFCL represent repet-
itive atrial activation patterns that may play a role in the initi-
ation and perpetuation of AF and may therefore be suitable
target sites for ablation.”’"?® However, the occurrence of
series of regular episodes was rare in all our patients
despite the fact that our mapping arrays covered large
parts of the RA and LA. If a stationary driver was present, it
would have been disclosed as an area with a short AFCL
driving the fibrillatory process or by continuous linking of
fibrillation waves. Also, we most likely would have
encountered it at least once. Yet, a nonstationary driver
with fibrillatory conduction cannot be excluded.

Mechanisms underlying irregularities in AFCL

This study provides novel insight into the relation between A-
CT and A-AFCL. A-CT indicates the degree to which A-AFCL
are caused by changes in conduction of fibrillation waves
within 1.8 cm of the mapping area propagating toward the
center electrodes. We assumed that the electrophysiological
properties of atrial tissue outside the mapping area are com-
parable with tissue beneath the mapping array. This assump-
tion is supported by the observation that in all patients,
source intervals did not differ from center fibrillation intervals.
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Figure 4

3 consecutive color-coded right atrial wave maps constructed during long-standing persistent atrial fibrillation demonstrating the effect of a line of conduction block
(upper panel) and focal waves (lower panel) on the atrial fibrillation cycle length in the 9 center electrodes, encircled by the white dashed lines. Individual fibrillation
waves are represented by different colors according to their sequence of appearance (color scale at the bottom), and arrows indicate their main trajectories. The
thick-lined trajectories belong to fibrillation waves activating one or more of the center electrodes. Sites of focal waves are indicated by white asterisks and their
trajectories by white arrows. AFCL. = atrial fibrillation cycle length at one of the center electrodes; AFCL, = atrial fibrillation cycle length of the corresponding
source interval; CT = conduction time from the border of the mapping array to one of the center electrodes; A-CT= beat-to-beat changes in conduction time

from the border of the mapping array to one of the center electrodes.

In patients with LSPAF, slowing of conduction and A-di-
rection caused larger A-CT than in patients with acute AF,
which can be attributed to the higher degree of nonuniform
anisotropic conduction caused by AF-induced structural re-
modeling.®""

In patients with acute AF, an increase in A-AFCL can be ex-
plained by an increase in A-CT caused by A-CV, A-direction,
or increased pathway length toward the center electrodes
caused by lines of conduction block. However, the effects
of these different phenomena on beat-to-beat changes in
AFCL. (A-AFCL) may be counteracted by beat-to-beat
changes in AFCL,. For example, a fibrillation wave entering
the mapping area with a short “source” interval may conduct
considerably slower to the center electrodes, thereby “regu-
larizing” AFCL. and reducing A-AFCL..

In patients with LSPAF, we did not find a relation be-
tween A-AFCL. and A-CT. The absence of this correlation
could be attributed to the high prevalence of focal fibrilla-
tion waves during LSPAF. The contribution of focal waves
to A-CT and A-AFCL could not be accurately calculated
because the source is outside the view of the mapping array
and thus the true CT and hence also the A-CT across a dis-
tance of 1.8 cm could not be calculated. A focal wave may
preexcite the center electrodes, thereby shortening AFCL..
However, when conduction of the focal wave toward the

centeris slow or when the expanding wavefront encounters
a long line of conduction block around which it must turn,
shortening of AFCL is diminished or may even be pro-
longed. Focal waves therefore give rise to a variable de-
gree of preexcitation and thus a large A-AFCL.

The IF: An easy-to-measure electrical biomarker?

We previously demonstrated that by comparing fibrillation
maps obtained from patients with acute AF and LSPAF, AF
persistence was characterized by a high prevalence of con-
duction, block, long lines of conduction block, increased tis-
sue anisotropy, and a high number of fibrillation waves,
particularly of focal fibrillation waves.”"" The IF correlated
significantly with all these parameters suggesting that the
IF is a suitable indicator of the complexity of the
arrhythmogenic substrate underlying AF. Hence, the IF
could serve as an objective electrical biomarker to “stage”
AF according to the complexity of the activation patterns.
The IF can be easily determined without the necessity of
high-resolution activation maps and in contrast to AFCL
directly reflects the complexity of patterns of activation.
Also, the IF in the RA and LA were comparable. We also
demonstrated by performing simultaneously mapping of
the RA endo- and epicardium that there is no difference in
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Figure 5

Histograms demonstrating relative incidences of all beat-to-beat changes in conduction time (A-CT) during acute atrial fibrillation (AF) (left panel) and long-standing
persistent AF (right panel) plotted on the top of histograms demonstrating relative prevalences of beat-to-beat changes in AF cycle length (upper panel), relative
prevalences of beat-to-beat changes in conduction velocity (A-CV) and beat-to-beat changes in path length (A-PL) (middle panels), and changes in propagation

direction (A-direction) (lower panel).

AFCL between both sites. We also demonstrated that the
electrical properties (eg, number of fibrillation waves, preva-
lence of focal waves, conduction abnormalities, degree of
anisotropy, and potential morphology such as degree of frac-
tionation and unipolar voltages) of the endo- and epicardium
are comparable between both layers. Hence, the epicardial
IF will not differ from the endocardial IF. However, because
of areas of electrical endo-epicardial asynchrony in patients
with persistent types of AF, localized endo-epicardial differ-
ences in the IF may occur. Although the outcomes of this
study are promising, additional studies are required to

demonstrate the clinical relevance of the IF. In a following
study, the predictive value of the IF for AF recurrences after
pulmonary vein isolation will be determined. If the IF is
indeed a suitable electrical biomarker, it can be used to guide
patient-tailored (ablation) therapy by, for example, stratifying
patients to pulmonary vein isolation only or additional abla-
tion approaches in case of a high IF.

Study limitations

We used a historical data set, so clinical data are limited and
blood- or tissue-based biomarkers are not available. Our
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Figure 6

Irregularity Factor

Scatter plots demonstrating the relation between the irregularity factor and a high prevalence of longitudinal dissociation in conduction (upper left panel), long lines
of conduction block (CB) (upper right panel), a high number of fibrillation waves (lower left panel), and a high prevalence of focal waves (lower right panel).

measurements were performed during cardiac surgery in
specific patient groups, and the value has not been investi-
gated in patients with AF and without structural heart dis-
ease. However, based on data from the literature, there is
no reason to assume that the relation between activation pat-
terns and A-AFCL is different in patients with LSPAF and
without structural heart disease. Also, only the RA was map-
ped in patients with induced AF.

Competency in medical knowledge

The hallmark of the most common arrhythmia AF is the
spatiotemporal irregularity in AFCL. However, the exact
mechanism underlying beat-to-beat irregularities in AFCL
have so far not been understood. This study was the first to
(1) investigate the nature of beat-to-beat irregularities in
AFCL by relating temporal variation in fibrillation intervals
with quantified beat-to-beat changes in patterns of activation
and (2) test whether the IF, a novel measure of beat-to-beat
irregularities in AFCL, is indicative of the complexity of the
underlying arrhythmogenic substrate. Beat-to-beat irregular-
ities in AFCL are caused by A-CV, propagation direction of
fibrillation waves, shortening or lengthening of the path
length of fibrillation waves by focal waves and lines of con-
duction block, respectively. The IF is a novel, easy-to-
calculate, objective electrical biomarker of the complexity
of the arrhythmogenic substrate that can be used for person-
alized AF therapy.

Translational outlook

The IF derived from beat-to-beat irregularities in AFCL is a
strong indicator of the complexity of the activation patterns

during AF and may therefore be a suitable novel electrical
biomarker of the “stage” of AF. In patients with LSPAF, the
IFs in the RA and LA are comparable. The IF is the SD of the
A-AFCL histogram and can therefore be easily calculated
from fibrillation electrograms only. Consequently, any
mapping technology can be used for calculation of the IF
during a period as short as 10 seconds. The next step is
to demonstrate that the IF determined before AF ablation
therapy is a predictor of treatment outcome, for example,
AF recurrences after pulmonary vein isolation. Subse-
quently, it has to be determined whether the IF can be
used to provide patient-tailored (ablation) therapy by, for
example, stratifying patients to pulmonary vein isolation
only or additional substrate-based ablation approaches.
For example, a low IF indicates a limited arrhythmogenic
substrate and hence pulmonary vein isolation could suffice.
In contrast, an intermediate IF could indicate that a
substrate-based approach is beneficial, whereas a high IF
indicates that the arrhythmogenic substrate is too exten-
sively present and additional ablation procedures may
therefore not be successful. Instead, rate control should
be chosen.

Conclusion

Beat-to-beatirregularities in AFCL are caused by A-CV, prop-
agation direction of fibrillation waves, shortening or length-
ening of the pathlength of fibrillation waves by focal waves
and lines of conduction block, respectively. The IF, a measure
of beat-to-beat differences in AFCL, assessed during LSPAF
in patients with coronary and/or valvular heart disease, is
considerably higher than that assessed during acute AF in
young patients with normal atria. The IF is indicative of the
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complexity of patterns of activation during AF, irrespective of
the AF mechanism, and may therefore be a suitable novel
electrical biomarker of the “stage” of AF and to guide
personalized AF therapy.
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