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ifferent characteristics of complex fractionated atrial
lectrograms in acute paroxysmal versus long-standing
ersistent atrial fibrillation

dward J. Ciaccio, PhD, Angelo B. Biviano, MD, William Whang, MD, Alok Gambhir, MD, PhD,
asan Garan, MD
rom the Department of Medicine, Division of Cardiology, Columbia University Medical Center, New York, New York.
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ACKGROUND Complex fractionated atrial electrograms (CFAEs)
ay represent a phenomenon associated with sources of atrial
brillation (AF) and are being used increasingly as targets of
atheter ablation. However, current methods have limited efficacy
or characterizing CFAEs important to substrate arrhythmogenicity
nd do not measure electrogram morphology.

BJECTIVE The purpose of this study was to develop a methodology
or quantifying the degree of morphologic heterogeneity in CFAE
eflections, and to determine whether there are differences in this
easurement between paroxysmal and persistent AF patients.

ETHODS Two successive bipolar CFAEs of length 8.4 seconds each
ere acquired during AF from two sites each at the ostia of the four
ulmonary veins (PVs) and from the anterior and posterior left atrial
ree wall in patients with paroxysmal AF (N � 10) and long-standing
ersistent AF (N � 10). Extrinsic and intrinsic features of electrogram
hape were used to characterize fractionation in CFAE sequences. The
xtrinsic parameters were the amplitude, upslope, downslope, and
idth of each deflection. The intrinsic parameter was the voltage
rofile as characterized by the sum of absolute values. These mea-
urements were compared to the mean interval between CFAE deflec-
ions, a standard fractionation indicator.

ESULTS The variability of intrinsic/extrinsic morphologic pa-
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uperior PV (P �.003), the posterior left atrial free wall, anterior
eft atrial free wall, left inferior PV, and right superior PV (P �.05
or most parameters), and the right inferior PV (not significant).
ean CFAE deflection intervals were longer at all locations in
aroxysmal AF but were significant only at the left superior PV and
osterior left atrial free wall (P �.05). Quantitative morphologic
arameters were not well correlated with dominant frequency
r2 �0.32); thus, our new measures are robust to changes in
ctivation rate.

ONCLUSION A novel method for quantifying CFAEs, independent
f activation rate, has been developed. The method demonstrates
reater significance in the difference between CFAE morphology in
aroxysmal and long-standing AF compared with mean interval
etween CFAE deflections. The differences identified suggest that
FAE morphology may evolve as AF persists.

EYWORDS Atrial fibrillation; Fractionation; Left atrium

BBREVIATIONS AF � atrial fibrillation; CFAE � complex frac-
ionated atrial electrogram; LIPV � left inferior pulmonary vein;
SPV � left superior pulmonary vein; RIPV � right inferior pul-
onary vein; RSPV � right superior pulmonary vein

Heart Rhythm 2010;7:1207–1215) © 2010 Heart Rhythm Society.

ameters was higher in paroxysmal than persistent AF at the left All rights reserved.
ntroduction
omplex fractionated atrial electrograms (CFAEs) have
een commonly recorded during atrial fibrillation (AF), but
heir underlying role in the mechanism of AF has not been
learly defined.1 Clinical studies have suggested that
FAEs may represent sources or sites necessary for main-

enance and perpetuation of AF.2,3 However, CFAEs re-
orded during acute AF in patients with clinical paroxysmal
F and those recorded during persistent long-standing AF
ay represent a different underlying phenomenon. Assum-

ng the presence of such possible differences in the genesis
f CFAE formation in paroxysmal versus long-standing AF,

ddress reprint requests and correspondence: Dr. Edward J. Ciaccio,
P804-Medicine, Columbia University, 180 Fort Washington Avenue,
ew York, New York 10032. E-mail address: ciaccio@columbia.edu.
e hypothesized that detectable and quantifiable differences
xist, specifically in signal shape, which may reflect differ-
nces in underlying mechanisms between these two types of
F. To detect such differences, we developed novel meth-
dologies for quantifying the degree of morphologic heter-
geneity in CFAE components that characterize the electro-
ram morphology of CFAEs. Our study shows that such
uantifiable and reproducible differences do indeed exist in
FAE patterns between acutely induced AF and persistent

ong-standing AF.

ethods
linical data and electrophysiologic procedure
trial electrograms manifesting CFAEs were recorded in a

eries of 20 patients referred to the Columbia University
edical Center for catheter ablation of AF. Ten patients had

history of paroxysmal AF, and 10 had long-standing

. doi:10.1016/j.hrthm.2010.06.018

mailto:ciaccio@columbia.edu
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1208 Heart Rhythm, Vol 7, No 9, September 2010
ersistent AF. None of the patients had been treated with
miodarone, and all other antiarrhythmic drugs had been
iscontinued for at least five half-lives before the day of the
rocedure. Other clinical and echocardiographic parameters
re listed in Table 1. Multipolar electrode catheters were
laced in the right atrium and coronary sinus, and a steer-
ble 3.5-mm externally irrigated radiofrequency ablation
atheter (Biosense Webster, Inc., Diamond Bar, CA, USA)
as placed in the left atrium via transseptal puncture. Com-
lete left atrial electroanatomic mapping was performed
uring AF to identify CFAE sites. In all patients with
linical long-standing AF, the underlying cardiac rhythm
as AF in the cardiac electrophysiology laboratory, and as
est as we could ascertain from all available records, AF had
een present without interruption for 1 to 9 years (Table 1).
n patients with paroxysmal AF, the frequency of episodes
aried from 3 to 7 per year, and the baseline cardiac rhythm
as sinus in all 10. Acute AF was repeatedly induced in the

aboratory by rapid right atrial or coronary sinus pacing,
ntil at least one AF episode lasted longer than 10 minutes.
lectrically induced AF was allowed to persist for at least
0 minutes prior to any data collection. Bipolar CFAE
ecordings were obtained over an approximately 30-second
eriod, and CFAE recording sites were marked on the three-
imensional CARTO maps (Biosense Webster). Recording
ites manifesting CFAE for shorter periods of time were not
sed for analysis in this study. CFAE was defined as high-
requency (cycle length �100 ms) signals with multiple
�3) positive or negative deflections or continuous electri-
al activity with no obvious isoelectric baseline.4 Only sig-
als that were identified by two cardiac electrophysiologists
o be CFAEs using these criteria were included in the
nalysis. One cardiac electrophysiologist recorded the data
n the cardiac electrophysiology laboratory. The second
lectrophysiologist who validated the CFAEs and selected
he recording segments to be analyzed was blinded to pa-
ient identity, type of AF, and recording site. CFAE record-
ngs over 16.8 seconds in duration were obtained from two
ites in each patient at each of the ostia of the pulmonary
eins (left superior pulmonary vein [LSPV], left inferior
ulmonary vein [LIPV], right superior pulmonary vein
RSPV], right inferior pulmonary vein [RIPV]) and from
he posterior and anterior left atrial free wall. The PV sites
ere less than 1 cm outside the ostia, determined by mul-

iple criteria including three-dimensional CARTO software
nd intracardiac ultrasound. From each of these recordings,
wo consecutive 8.4-second CFAE sequences (8,192 sample
oints at 977-Hz sampling rate) were extracted and ana-
yzed to assess the reproducibility and short-time temporal
tability of our fractionation measures. A total of 480 CFAE
equences (2 consecutive sequences � 2 sites � 6 anatomic
ocations � 20 patients), each of 8.4-second duration, were
ncluded in the analysis. All electrogram recordings were
btained at the same gain during sustained AF prior to any

blation. To ensure sufficient electrode contact, the elec-
 Ta
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1209Ciaccio et al CFAEs in Paroxysmal versus Long-Standing Atrial Fibrillation
rode tip icon on the three-dimensional CARTO map, fluo-
oscopic location, and impedance data were assessed at each
ecording site.

Using standard settings, all signals were filtered in hard-
are at acquisition to remove baseline drift and high-fre-
uency noise (first-order filter passband 30–500 Hz). The
lectrograms were then sampled at 977 Hz and stored.
lthough the low-pass corner of 500 Hz is slightly greater

han the Nyquist frequency, to prevent further distortion,
oftware filters were not used at the inputs. The digitized
ignals were analyzed using computer programs developed
y the authors. Retrospective analysis of electrograms was
pproved by the Institutional Review Board at Columbia
niversity Medical Center. Because our analysis was ret-

ospective, it did not affect catheter ablation treatment of the
atients, which was performed based on the clinical proto-
ols used in our laboratory and determined by the attending
lectrophysiologist. Specifically, CFAEs recorded in pa-
ients with paroxysmal AF were not used to guide catheter
blation, and CFAEs were not recorded or reassessed after

Figure 1 Phase plot descriptions. Left panels: Simulated signals varying
ompletion of PV isolation. u
uantification of CFAE morphology
n previous studies, signal morphology has been character-
zed based on the following extrinsic features, or parame-
ers, of signal shape5,6:

. Amplitude (scaling along y-axis)

. Time duration (scaling along x-axis)

. Baseline level (shifting along y-axis)

. Phase lag (shifting along x-axis)

These features are called extrinsic because when signals
uch as electrograms from successive cardiac cycles are
ormalized for them, the Cartesian coordinate systems be-
ome coincident so that they can be plotted in the same
eature space. Once normalized, any remaining differences
etween the signals are termed intrinsic.5,6 Conditions ex-
ected to mostly affect extrinsic morphologic features in-
lude the surface area and volume of local tissue that is
ctivating (affecting electrogram amplitude), the conduction
elocity (affecting time duration of deflections), the angle
nd timing of the oncoming wavefront (affecting phase,

litude over time. Right panels: Corresponding phase plots for these signals.
pstroke and downstroke of deflections), and the influence
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1210 Heart Rhythm, Vol 7, No 9, September 2010
f electrical activity on the positive versus negative pole of
he bipolar recording electrode (affecting baseline level).
onditions expected to mostly affect intrinsic morphologic

eatures include microscopic spatial heterogeneity of re-
odeling, tissue fibrosis, and refractory period.
Because extrinsic parameters 1–4 are scalar quantities

i.e., they are single values), they are useful for comparing
lectrograms while minimizing measurement complexity.

e previously calculated extrinsic parameters 3 and 4 for
lectrograms obtained during nonfibrillating rhythms by
egmenting according to cardiac cycle.6 However, CFAE
cquired during fibrillation cannot be segmented by cardiac
ycle. Instead, individual signal deflections in CFAE ob-
ained during AF were characterized using the phase plot
ethod from nonlinear dynamics. Phase plots are graphs of

i�1 versus yi, where y is a discrete sample point in the
igitized signal. Each signal deflection forms a loop, or
rbit, in phase space. Figure 1 is an illustrative example of
his process, using simulated signals and their phase dia-
rams. The triangle wave (A) is repetitive, and its phase plot
B) consists of multiple overlapping loops. The phase dia-
ram is a plot of yi�1 versus yi for all y. The periodic signal
n Figure 1A is sampled in discrete time as shown. Point 1
n panel A with value –3 and point 2 with value –2 are
lotted in (yi, yi�1) space as the point 1–2 in panel B. This
s repeated for subsequent points in the signal. When the
eriodic signal completes one period (12–1 in panel A), it
hen begins a new period (panel A) and a new loop in the

igure 2 Schematic diagrams showing positive and negative rectangular
to D.
hase plot (which are overlapped, panel B). Peak amplitude d
a), upstroke (b), downstroke (c), and width (d) are labeled
or one cycle in panels A and B, with the width of a
eflection being represented as one complete orbit in panel
, analogous to shape parameter 2 above. An illustrative
xample of the influence of random noise added to a sim-
lated electrogram signal is shown in panels C–F. Each of
hree peak types in panel C overlap with other instances of
he same peak type as a distinct loop in the phase diagram
D). If random noise is added (E), the loops representing
ach particular type of deflection do not precisely overlap
F). Differences in the degree of overlap of the loops rep-
esent differences in the intrinsic morphology of each elec-
rogram deflection.

The phase plot loops can be quantitatively characterized,
o a first approximation, by the diagonal crossings and the
xtension of the limbs from the diagonal. For signals with
soelectric intervals between peaks such as those in Figure
, panels C–F, the diagonal crossing furthest from the origin
y1,y2) � (0,0) in the positive or negative direction for each
oop (Figure 1D) is representative of peak amplitude (�, �,
), analogous to parameter 1. The upslope and downslope of
ach deflection define the x-y position of the upstroke l1 and
ownstroke l2, analogous to parameters 3 and 4 (described
n greater detail in the Appendix). The extrinsic morphology
f CFAE was thus characterized by detecting all electro-
ram deflections and measuring peak amplitude, width, and
pslope and downslope of each deflection, as described in

with increasing disparity in amplitude but constant power and energy from
pulses
etail in the Online Supplement. The coefficient of variation
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1211Ciaccio et al CFAEs in Paroxysmal versus Long-Standing Atrial Fibrillation
SD/mean) in each CFAE sequence was tabulated for all
xtrinsic parameters.

Another method was devised to gauge intrinsic CFAE
orphology, the point-by-point structure of the signal after

ormalization to a common feature space.5,6 We chose to
uantify the voltage profile as a measure of intrinsic shape.
irst, all CFAE sequences were normalized along the y-axis
y adjusting them to mean zero and unity power, thereby
emoving y-axis extrinsic shape differences. Then the sum
f absolute values for all points was determined in each
ormalized CFAE sequence. This procedure can be ex-
ressed mathematically as follows. Suppose a sequence y
onsists of signal sample points with voltage levels of y1, y2,
. ., yN. The energy and power in y are given by Equations
and 2:

� � yi
2 (1)

� 1/N � yi
2 (2)

here N � 8,192 is the sequence length used in our study
8.4 seconds). The sequences all are set to mean zero and
nity power. Because the sequences are set to mean zero,

Figure 3 Signals and phase plots from paroxysmal (A
he power is also the signal variance; thus, the standard (
eviations of all sequences will be identical (squared stan-
ard deviation � variance). Now the sum of absolute values
s given by Equation 3:

● � � 1/N� �yi� (3)

o maximize |●|, the derivative is obtained and set to zero:

� d�y1� � d�y2� � . . . � d�yn� � � d�yi� (4)

here the summation order in Equation 4 is unimportant. A
olution to this equation occurs when the derivatives are all
ero, that is, |yi| are all the same value. This is illustrated
chematically in Figure 2, where the deflections have
een normalized to zero mean and 8 mv2 total energy.
he sum of absolute values |●| of the deflections are
hown for each sequence. The sum is greatest in panel A,
here the peaks are uniform in amplitude. As the peaks
ecome less uniform (B–D), the sum of absolute values
ecreases, even though the total energy is the same.
lthough the peaks are depicted as blocks with vertical

d long-standing persistent (C, D) atrial fibrillation (AF).
infinite) upslope and downslope, the sum of absolute
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1212 Heart Rhythm, Vol 7, No 9, September 2010
alues would similarly be reduced if the upstrokes and
ownstrokes were more gradual. Thus, CFAEs with uni-
orm sharp peaks have a higher sum of absolute values,
hereas CFAEs with meandering deflections have a

ower sum of absolute values. Because this method ac-
ounts for the voltage profile of all points in the sequence
nd is not a normalization procedure, it is a measure of
he signal structure itself and thus of the intrinsic shape.
lthough other measures could be devised to measure

ntrinsic electrogram shape, absolute value analysis has
he advantage of simplicity and of being a scalar quantity,
hich is readily comparable to other measures.
These quantifiers of fractionation were compared to a

tandard approach of calculating the mean interval between
FAE positive and negative deflections. All three quantifi-
rs (intrinsic and extrinsic CFAE shape, and mean deflec-
ion interval) were computer automated and thus were not
ubject to observer bias. To investigate whether extrinsic or
ntrinsic signal shape may be dependent upon the frequency

igure 4 Summary plots of the coefficient of variation (COV) for the
amplitude, upslope, downslope, and peak width) for paroxysmal and lon
nferior pulmonary vein; LSPV � left superior pulmonary vein; POST �
ight superior pulmonary vein.
f activation, the quantifiers were correlated to the dominant p
requency7 using the Pearson product moment statistical
unction. The fit of each curve to a straight line was done
sing linear regression analysis (SigmaPlot version 9.01,
004. Systat Software, Inc., Chicago, IL). Student’s un-
aired t-test was used to determine the significance be-
ween mean values (P �.05; MedCalc version 9.5.2.0,
008. MedCalc software, Mariakerke, Belgium).

esults
he CFAE signals shown in Figure 3 were acquired from

he ostium of the RSPV in a patient with paroxysmal AF
nd another patient with persistent AF. The signals ap-
ear similar on visual inspection, and neither shows a
lear isoelectric line. However, in the phase plots (right)
he orbits of the persistent AF signal extend further along
he diagonal and further away from the diagonal, indi-
ating larger peak amplitude and faster upstroke and
ownstroke. The largest peaks are numbered at left (pan-
ls A and C), and corresponding orbits are numbered in

ifferent complex fractionated atrial electrogram morphologic parameters
ing atrial fibrillation. ANT � anterior left atrial free wall; LIPV � left
or left atrial free wall; RIPV � right inferior pulmonary vein; RSPV �
four d
g-stand
posteri
hase diagrams at right (panels B and D). The peaks of
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1213Ciaccio et al CFAEs in Paroxysmal versus Long-Standing Atrial Fibrillation
he paroxysmal AF signal (panel A) form only two dis-
inctive loops extending along the diagonal (panel B).
his signal would be considered heterogeneous because

here is no evident repetitiveness to the deflections of the
ignal as manifested by the lack of distinctive, clearly
emarcated loops in the phase plot. However, there is a
ingle sharp peak that causes a large deviation from the
iagonal (arrow in panels A and B). In contrast, the
ersistent AF signal contains a number of distinctive
arge peaks of similar positive and negative amplitude
panel C). These particular deflections are manifested in
he phase plot as shown (panel D), with many individual
eflections being distinguishable. Some of these deflec-
ions have similar orbits, and there is additional repetitive
ower-amplitude detail (orbits looping around other
arger white spaces in panel D); therefore, the signal of
anel C would be considered to be more homogeneous
ompared with the signal of panel A.

ifferences in CFAE morphology in paroxysmal
nd persistent AF
igure 4 shows the summary plots for the coefficient of
ariation measurement for amplitude, upslope, downslope,
nd width (extrinsic morphology parameters) for CFAEs
ecorded at the ostia of the four PVs and at the posterior and
nterior left atrial free-wall sites for the first and the second
-second CFAE sequences. There was no significant differ-
nce in the average value of any of the parameters from the
rst 8-second recording period compared to the second
-second sequence, demonstrating the short-term temporal
eproducibility of these metrics at all recording sites. The
eak amplitude coefficient of variation was highest around
he ostium of the RIPV for both paroxysmal and long-
tanding AF, showing that the greatest dispersion in the

igure 5 Plots of mean sum of absolute values measured in complex
ractionated atrial electrograms recorded from different anatomic sites.
NT � anterior left atrial free wall; LIPV � left inferior pulmonary vein;
SPV � left superior pulmonary vein; POST � posterior left atrial free
all; RIPV � right inferior pulmonary vein; RSPV � right superior
ulmonary vein.
FAE component peak amplitude occurred in this anatomic *
egion for both types of AF (upper left panel). For long-
tanding persistent AF, the peak amplitude coefficient of
ariation around the ostium of the RIPV was significantly
igher compared to the mean value of the other PVs (P �
008) and was significantly higher compared to the posterior
nd anterior left atrial free wall amplitude coefficients of
ariation (P �.001). The width coefficient of variation was
t a minimum at the RSPV ostium indicating the least
mount of dispersion in CFAE component width at this
natomic region (lower right panel). Compared to the other
eins, the coefficient of variation of the width of CFAE
eflections at the RSPV was significantly shorter in parox-
smal (P �.001) as well as long-standing AF (P � .005).

In Figure 5, the summary plot for the absolute value
unction measurement (intrinsic signal shape) is shown for
he same CFAE signals and recording locations as shown in
igure 4. The short-term reproducibility was high for this
arameter, as it was for the extrinsic shape measures. In
igure 5, the ordinate axis is inverted so that greater frac-

ionation dispersion (increased variability in the peak volt-
ge levels of CFAE deflections) is upward along the ordi-
ate axis. The sum of absolute values was minimal at the
IPV ostium for persistent long-standing AF and minimal
t the LSPV ostium for paroxysmal AF, where minima are
oward the top in the graph. As with the coefficient of
ariation measurements of Figure 4, at each anatomic loca-
ion, paroxysmal CFAEs have greater disparity compared
ith persistent CFAE signals as expressed by the lesser sum
f absolute values (toward top in graph).

Both extrinsic (Figure 4) and intrinsic (Figure 5) shape
easurements had greater variability in paroxysmal com-

ared with persistent AF. Thus, CFAE deflections tended to
e more nonuniform and heterogeneous during acutely in-
uced AF in patients with clinical paroxysmal AF compared
ith long-standing persistent AF. The significance of these
ifferences for both extrinsic and intrinsic parameters is
epicted in Table 2. For the coefficient of variation of

able 2 Significant differences in fractionation parameters for
aroxysmal versus persistent atrial fibrillation

arameter LSPV LIPV RSPV RIPV ANT POS

mp-1st 8s �� — * — — �
psl-1st_8s ** * * — * *
nsl-1st_8s ** * * — * *
id-1st_8s ** — * * * *
mp-2nd_8s ** — * — — *
psl-2nd_8s ** * * — * *
nsl-2nd_8s ** ** — — — **
id-2nd_8s ** * — * ** **
bs-1st_8s * — * — — —
bs-2nd_8s * — * — — —

1st, 2nd � values during first and second 8-second recording period,
espectively; abs � absolute value; amp � peak amplitude; ANT � anterior
eft atrial free wall; dnsl � downslope; LIPV � left inferior pulmonary vein;
SPV � left superior pulmonary vein; POST � posterior left atrial free wall;
IPV � right inferior pulmonary vein; RSPV � right superior pulmonary
ein; upsl � upslope; wid � width.

P �.05; **P �.001 ; — � not significant.
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xtrinsic parameters (peak amplitude, upslope and down-
lope, peak width), the greatest significance of the differ-
nces occurred at the LSPV, followed by the posterior left
trial free wall and RSPV, anterior left atrial free wall, and
IPV, and finally by the RIPV, where only the coefficient of
ariation of the width parameter was significantly different.
or the intrinsic parameter (sum of absolute values), signif-

cant differences occurred only at the LSPV and RSPV
stial recording sites. The significance of the differences for
ean CFAE deflection intervals in paroxysmal versus per-

istent AF are depicted in Table 3, with actual values also
hown. As in Table 2, the LSPV and POS locations have the
ost significant difference, but these are only moderately

ignificant (P �.05). Thus, the extrinsic parameters have
reater resolving capacity based on AF type (Table 2) com-
ared with the traditional measure used to characterize
FAE (Table 3).

orrelation between frequency of activation and
FAE morphology
possible effect of atrial tissue activation rate on dispersion

n CFAE parameters was investigated. Both extrinsic and
ntrinsic morphology measurements were not well corre-
ated to dominant frequency (mean absolute value of r2:
.19, maximum: 0.32); therefore, these measures are robust
o patient-to-patient differences in activation rate (see On-
ine Supplement for more details).

iscussion
his study compared the degree of heterogeneity of CFAE
omponents recorded during acutely induced AF in patients
ith paroxysmal AF and those recorded during long-stand-

ng AF. The methods used for quantifying CFAE complex-
ty included the coefficient of variation function based on
onlinear dynamic theory, using the elements of the phase
lot to describe the syntactic structure of the signal (extrin-
ic morphology), and the sum of absolute values, which
ompares all of the individual sample points of the signal
fter normalizing for power (intrinsic morphology). Our
esults show that significant differences exist in CFAE pat-
erns, especially in those recorded at the LSPV and posterior
eft atrial free wall, between acutely induced and long-
tanding persistent AF, and that these are not likely to be
ue solely to differences in the frequency of local atrial

able 3 Means and significant differences in deflection interva

arameter LSPV LIPV RSPV

N-1st_8s 17.02_18.72 17.81_18.37 17.7
N-2nd_8s 16.83_18.79 17.70_18.94 17.8
ig-1st_8s * — —
ig-2nd_8s * — —

MN � mean value of complex fractionated atrial electrogram deflectio
In each column, left side is persistent atrial fibrillation and right side

P �.05; — not significant.
issue activation. i
lectrogram fractionation and AF substrate
he extrinsic and intrinsic shape measurements that we
evised in this study do not count the number of peaks
er unit time; rather, they measure the variation in peak
hape and include all peaks in the calculation. Therefore,
ispersion of fractionation is calculated in terms of rep-
tition. Heterogeneity in fractionation in this sense is a
ack of repetition in the activation pattern as manifested
n peak shape. Repetition and periodicity, no matter on
ow small a level, result in a low fractionation score (low
orphometric coefficient of variation and high sum of

bsolute values). Such differences in the pattern of frac-
ionation in turn may reflect the differences in pathophys-
ology of one type of AF versus another. The pathogen-
sis of long-standing AF involves complex, time-varying
lterations at the cellular and tissue levels. Electrogram
ractionation may occur in regions of low atrial voltage,
hortened refractory periods, and decreased conduction
elocity, resulting in microreentry. One then would ex-
ect more homogenous and repeating CFAE patterns.
owever, even in the absence of such structural changes,
FAEs may be observed due to irregular activation pat-

erns that are recorded in acute experimental preparations
nd in patients with paroxysmal AF, who lack structural
eart disease and have sinus rhythm most of the time.
avebreaks and changes in the direction of activation as
result of changing refractoriness in the tissue surround-

ng rotors or high-frequency activation areas may cause
ncreasingly fractionated electrogram morphology in oth-
rwise normal tissue architecture. One then would expect
ore heterogeneous and nonrepeating CFAE patterns.

linical implications
t has previously been shown that ectopic beats preceding
he onset of paroxysmal AF originate commonly in the
Vs.8 In this seminal study, 94% of the triggers were found

n the PVs, and 48% of these triggers occurred in the LSPV,
6% in the RSPV, 17% in the LIPV, and only 9% in the
IPV.8 The site-specific prevalence for these ectopic foci
pproximately parallel the significant differences in mor-
hologic parameters in paroxysmal versus persistent AF
atients in our study. The greatest difference in electrogram
orphology occurred at the ostia of the LSPV (Table 2). By

omparison, only two morphologic parameters were signif-

aroxysmal versus persistent atrial fibrillation

RIPV ANT POS

7 16.81_18.58 19.06_22.06 18.16_20.99
8 16.77_18.08 19.23_21.49 18.32_20.95

— * *
— — *

al in milliseconds; sig � significance. Other abbreviations as in Table 2.
xysmal atrial fibrillation.
ls for p

5_17.6
9_17.5

n interv
is paro
cantly different at the RIPV (Table 2). If the drivers of
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aroxysmal AF originate most frequently in or at the ostium
f the LSPV, then one would expect the greatest changes in
lectrogram morphology as caused by nearby wavebreaks to
ccur around the LSPV ostia and the least around the RIPV
stia. Table 2 shows that this is exactly the case for acute
F compared to long-standing AF, where the extent of

emodeling is likely to be relatively large. Another location
dentified by our methods as manifesting high heterogeneity
n CFAE components was the posterior left atrial wall. In
revious studies, the data for the role of the left atrial
osterior wall in harboring AF triggers is more experimental
han clinical.9

Targeting CFAEs as an ablation strategy aims to re-
ove the substrate for AF, assuming that CFAEs repre-

ent electrical phenomena closely associated with ar-
hythmogenic substrate.3 Modest short-term efficacy has
een achieved by catheter ablation of persistent AF
uided by CFAE sites, but only after a second ablation
rocedure in �40% of patients.10 Even less clear is
hether targeting of CFAEs in paroxysmal AF has any

dditional effect on long-term results.3 If CFAEs associ-
ted with greater morphologic variability as observed in
atients with paroxysmal AF in our study represent
avebreak sites at the periphery of the sources,9 one
ould expect them to be less effective as ablation targets.

n contrast, if CFAEs with low morphologic variability
epresent electrophysiologic phenomenon occurring within
he arrhythmogenic sites, such as microreentry, they would
e more suitable targets for ablation. In either case, accurate
uantification of signal morphology is a rational first step in
ocating such candidate areas, and our results show the
easibility of such distinction. (Discussion is continued in
he Online Supplement.)

ppendix
uppose that a CFAE signal deflection has an upstroke that
onotonically increases and a downstroke that monotoni-

ally decreases along the y-axis. The slope, or derivative, of
he upstroke and downstroke determines the distance from
iagonal to right and left orbital limbs in the phase plot
Figure 1, panels C and D, l1 and l2). The upstroke and
ownstroke components can each be described mathemati-
ally as Equation A1:

(x) � � (dy/dx) dx � � (�y/�x)�x � c2

� �y�c2 (A1)
here y is amplitude (voltage), x is sample number, dy/dx
s slope (derivative), and c2 is the reference point. Suppos-
ng a monotonic change in upstroke and in downstroke, it is
lso valid to write Equation A2:

(y) �� (dx/dy) dy � � (�x/�y)�y � c1

� �x � c1 (A2)

From Equations A1 and A2, the position of both upstroke
nd downstroke can each be described as the sum of incre-
ental changes �x and �y, referenced to fiduciary point

c1,c2), which is taken as the peak amplitude location. If, to
first approximation, both upslope and downslope are con-

tants, then

� (dx/dy)(y 	 c2) � c1 (A3)

� (dy/dx)(x 	 c1) � c2 (A4)

here (x,y) is the position of the upstroke or downstroke.
upposing upslope, downslope, and peak amplitude are
easured, then for both upstroke and downstroke the x

osition is pinned by the y position and vice versa.

ppendix
upplementary data
upplementary data associated with this article can be
ound, in the online version, at doi: 10.1016/j.hrthm.
010.06.018.
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