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Abstract—The cycle length (CL) of atrial fibrillation (AF) may 
have clinical utility, yet reliable CL measurements typically 
require invasive electrophysiologic study (EPS). We 
hypothesized that autocorrelation analysis of the ECG 
accurately reflects intra-atrial CL in AF, and is more robust 
than spectral analysis from QRS-subtracted ECGs. Methods 
We studied 39 patients undergoing AF ablation.  For ECG 
leads V5, aVF and V1, an atrial sample was cross-correlated to 
its ECG at successive timepoints. Resulting waveforms were 
auto-correlated; the time of first maximum (>0) was identified 
as AF CL. For comparison, we subtracted mean QRS 
complexes from each ECG, then determined CL as the 
dominant frequency between 4-10 Hz. ECG CL estimates were 
compared to mean AF CL from the coronary sinus. Results 
ECGs in n=18 patients had QRS ectopy or aberrancy 
preventing QRS subtraction. In n=21 patients, auto-correlation 
(p<0.0002) and spectral (p<0.009) analyses predicted intra-
atrial AF CL. Auto-correlation better reflected intra-atrial CL 
(regression slope = 0.80, intercept 42 ms) than spectral analysis 
(slope 0.50, intercept 81 ms). In ECGs with QRS ectopy (n=18), 
autocorrelation remained predictive of AF CL (slope = 1.17, 
intercept 26 ms, r=0.87; p=0.001). Conclusion Intra-atrial CL 
in AF is accurately determined by autocorrelation analysis of 
the surface ECG. This approach may have wider clinical 
applicability than traditional ECG spectral analysis. 
 

Keywords—Atrial Fibrillation, Correlation, Cycle length, 
ECG, Electrophysiologic Study, Fourier Analysis. 
 

I.  INTRODUCTION 
 
 Atrial fibrillation (AF) is the most common arrhythmia 
in the United States, and is a significant cause of morbidity 
and mortality [1].  Mechanistically, AF is progressive and 
self-perpetuating [2], such that identification of early AF 
could enable ablation or pharmacologic interventions that 
may alter its natural history.  Recent work suggests that AF 
cycle length (CL) shortens with progression from 
paroxysmal AF to persistent AF [3, 4], and could identify 
patients with early disease. However, robust AF CL 
measurements currently require invasive mapping at 
electrophysiologic study (EPS). 
 We hypothesized that autocorrelation analysis of the 
surface ECG would accurately estimate AF CL.  Auto-
correlation extends our recently described algorithms [5, 6]  
that extract ECG atrial waveforms without QRS subtraction.  
Although QRS subtraction has been used repeatedly to 
provide AF CL estimates from single [7] and serial [8] 
ECGs, it introduces high-frequency artifacts that may alter 
the largest spectral peak (dominant frequency, DF) [9] and 

is confounded by QRS ectopy or aberrancy that are common 
in AF. Furthermore, identification of the single largest peak, 
to reflect predominant atrial frequency, may be challenging 
when spectra are broad-band or have multiple non-harmonic 
peaks of similar magnitude, as often observed in AF [7].  
Collectively, these factors may limit the utility and accuracy 
of ECG QRS-subtraction and spectral analysis for 
estimating AF CL. 
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 We set out to test our hypothesis by comparing ECG 
estimates of AF CL using a novel autocorrelation algorithm 
with results from traditional QRS-subtracted spectral 
analyses, referenced to the ‘gold standard’ of precise manual 
intracardiac AF CL measurements at electrophysiologic 
study (EPS). 
 

II.  METHODS 
 
A. Patient Population 
 We studied 39 patients (age 51+11 yrs; 5 female) 
presenting to the University of California (UCSD) and 
Veterans Affairs Medical Centers (VAMC), San Diego, for 
pulmonary vein isolation and/or linear ablation lesions for 
AF. This study was approved by the joint UCSD/VAMC 
Institutional Review Board, and all patients provided written 
informed consent. 
 
B. Electrophysiologic Study (EPS) 

Patients underwent EPS in the fasting sedated state, and 
had discontinued all anti-arrhythmic drugs (except 
amiodarone) for at least five half-lives.  Catheters were 
advanced transvenously to the coronary sinus (CS, 6F 
decapolar), His bundle and right atrial positions (6F 
quadrapolar).  A transeptal approach was used to provide 
access to the left atrium. Measurements for of AF this study 
were made prior to pulmonary vein isolation or linear left 
atrial compartmentalization [10]. 
 
C. ECG Autocorrelation Analysis 
 ECG analyses were performed using software written in 
Labview (National Instruments, TX).  For each of pseudo-
orthogonal leads V5 (X-axis), aVF (Y) and V1 (Z) in AF, a 
120 ms atrial sample was selected automatically in software, 
avoiding isoelectric ECG segments (fig. 1). Each sample 
was cross-correlated to its parent ECG at successive time-
points using the Pearson coefficient on M pairs of data (Ak+i, 
Bj+i), where Ak+i and Bj+i are corresponding points of the 
sample and native ECG, and M is their duration: 
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where rj is the coefficient at the  jth timepoint; j ranges from 
the first ECG point to Q-M, (0 < j < Q-M), Q being the last 
ECG point. k ranges from L to L+M (0<L<Q-M).  
Repeating this operation for all ECG timepoints results in 
correlation-time series (shown for atrial flutter in fig. 1, 
lower panel) that represent filtered atrial signals without 
QRS subtraction.   
 

 
Fig. 1.  Derivation of Filtered Atrial Waveform Without QRS Subtraction. 

  
 Filtered atrial waveforms corresponding to each ECG 
lead were then auto-correlated (i.e. correlated to themselves 
at increasing time shifts). This process is a repetition of 
equation (1), where M=L (ECG duration), M=L-1, M=L-2, 
…., M=2 for correlations at time points j=0, 1, …., L-2.  The 
resulting autocorrelation function is shown in figure 2 for a 
case of AF.  The first timepoint producing a correlation 
maximum (>0) represents the time at which the shifted ECG 
is ‘in-phase’ with the unshifted ECG, and was designated 
the AF CL (fig. 2). 

 
Fig. 2.  Estimation of AF CL From ECG Using Autocorrelation. 

 

C. ECG QRS-Subtraction Analysis 
 For comparison, QRS subtraction was also performed, 
using previously described methods [7].  Briefly, ECGs 
were filtered in the 2-30 Hz bandwidth, then QRS 
complexes were identified using the absolute spatial vector 
velocity [6].  For each lead, original QRS complexes were 
replaced by the mean QRS of beats in the correponding bin.  
QRS-subtracted ECGs were then analyzed by fast Fourier 
transform (8192 points).  The largest spectral amplitude in 
the bandwidth 4-10 Hz was assigned as dominant frequency 
(DF), and its reciprocal represented the AF CL. 
 
D. Intracardiac Measurements 
 The intra-atrial CL of AF was measured simultaneously 
with analyzed ECG segments as the mean of 20 atrial 
electrograms at the mid-coronary sinus electrode.  AF cycles 
were excluded if < 100 ms (corresponding to 10 Hz), and 
AF cycles < 30 ms were considered as one fractionated 
electrogram [11].  Atrial electrograms were also excluded if 
contaminated by ventricular signals or other ‘noise’.  
Measurements were made using digital calipers at 100 
mm/sec scale, and compared to ECG estimates of CL. 
 

III.  RESULTS 
 

A.  ECG Measurements Reflect Intra-Atrial AF CL 
 ECGs in n=18 patients showed QRS ectopy and/or 
aberrancy that precluded QRS subtraction. In the remaining 
21 patients, ECG auto-correlation (p<0.0002) and spectral 
(p<0.009) analyses predicted intra-atrial CL (fig 3). 
Averaging CL estimates for the 3 pseudo-orthogonal ECG 
axes, autocorrelation better tracked AF CL (regression slope 
= 0.80, intercept 42 ms) than QRS-subtracted spectral DF 
(slope 0.50, intercept 82 ms), as shown in fig. 3. 

 
Fig. 3.  ECG Autocorrelation vs Spectral AF CL Estimates – All Leads. 

 
B. ECG Spatial Preference 
 The Z-axis (lead V1) best reflected AF CL (measured at 
CS) for autocorrelation (slope 1.02, intercept –8.9 ms) and 
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spectral DF analysis (slope 0.65, intercept 55 ms) as shown 
in fig. 4. 

 
Fig. 4.  ECG Autocorrelation vs Spectral AF CL Estimates – Lead V1. 

 
C. AF CL Estimates In ECGs with QRS ectopy 
 Eighteen ECGs showed QRS ectopy or QRS aberrancy 
(e.g. Ashmann beats) that prevented accurate QRS 
averaging or subtraction.  In these ECGs, autocorrelation 
remained predictive of AF CL (fig 5: lead V1 slope = 1.11, 
intercept 26 ms, r=0.87; p=0.001). 

 
Fig. 5.  ECG Autocorrelation AF CL Estimates – ECGs with Ectopy 

 
IV. DISCUSSION 

 
 This study shows that ECG autocorrelation analysis 
accurately reflects AF CL at least as accurately as traditional 
spectral analysis from QRS-subtracted ECGs, referenced to 
the gold standard of invasive EPS.  Furthermore, ECG 
autocorrelation was successfully applied to ECGs with QRS 
ectopy and aberrancy that are frequently encountered in AF 
yet complicate QRS subtraction. 
 QRS filtering of the ECG was performed by the use of 
our sliding correlation algorithm.  This method eliminates 
high-frequency step discontinuities from QRS subtraction, 

that may contribute to alterations in AF spectra between 
subtracted and original spectra [9].  Moreover, sliding 
correlation eliminates the need to identify QRS complexes.  
In the present study, this allowed analysis of ECGs with 
ventricular aberrancy and ectopy without special 
accommodation (fig. 5). In contrast, QRS-subtraction is less 
accurate when ECGs contain QRS ectopy, since fewer 
instances of each QRS morphology reduces the accuracy of 
averaging and exaggerates subtraction artifact.  Finally, 
scaling that is inherent in correlation analysis minimizes 
amplitude differences between atrial, QRS and T-waveforms 
that may, from prior studies, enhance the accuracy of 
spectral analysis [6, 12]. 
 AF cycle length estimates in this work were performed 
using autocorrelation rather than spectral decomposition. 
Autocorrelation analysis is based on a model in which AF 
electrograms show time-domain repeatability, so that a time-
shift corresponding to average AF CL brings the shifted and 
original ECG ‘in-phase’ (correlation maximum > 0).  Recent 
studies have confirmed that AF does indeed show 
stationarity for periods of minutes [3, 13] to hours [8].  From 
a technical standpoint, the assumption of repeatability is also 
implicit in Fourier analysis (the Dirichlet continuity 
conditions).  Logistically, autocorrelation enables AF CL to 
be determined from easily identifiable and distinct 
correlation maxima (fig. 2), whereas selection of a DF may 
be challenging when spectra are broadband with multiple 
non-harmonic peaks, as commonly seen in AF [7].  This 
may contribute to the greater observed accuracy of 
autocorrelation in this study.  It is unclear why our spectral 
analyses were somewhat less predictive of intra-atrial AF 
CL than previous studies (r=0.7 to 0.9) [7], since we closely 
followed published methods.  Notably, some instances of 
published AF spectra show well-defined peaks that may 
indicate periods of greater AF organization [14].  ECG CL 
estimates may be more accurate in organized AF and atrial 
flutter [12].  These discrepancies require further evaluation. 
 Accurate determination of AF CL is increasingly central 
to current concepts of AF.  Clinically, electrical remodeling 
causes AF CL to shorten as AF progresses [15].  Moreover, 
the clinical syndrome of paroxysmal AF (whose episodes 
self-terminate) may show longer CL than persistent AF 
(whose episodes require cardioversion) [3, 4].  This suggests 
that AF CL estimates from the 12-lead ECG could be used 
to guide decisions toward ablation or medical management.  
Mechanistically, one recent study suggested stationarity of 
ECG AF spectra for periods of up to 24 hours in each 
studied patient [8].  However, ECG dominant spectral peak 
in that study varied by 0.1-0.9 Hz from a mean of 6.3+0.9 
Hz [8].  This translates into CL variations that have potential 
clinical significance in any given individual (on the order of 
25 ms).  By more accurately estimating AF CL from the 
ECG, autocorrelation may allow tracking of CL changes 
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related to diurnal variation [8], respiration and autonomic 
tone [16], medications [7] or other factors.  Further studies 
are required to test these hypotheses prospectively. 
 Limitations of this pilot study largely relate to its small 
sample size, and we are currently extending this work in a 
larger patient group.  Moreover, we examined patients with 
poorly controlled AF referred to ablation.  It is unclear 
whether our results apply to very early AF, such as induced 
AF during EPS.  Such AF has previously been studied in 
patients with the Wolff-Parkinson White syndrome [17], and 
atrial flutter [18].  An additional technical limitation of this 
study is that AF electrograms were measured from the 
coronary sinus, rather than directly from multiple atrial sites. 
Finally, the physiologic significance of ‘mean’ intra-atrial 
AF CL is unclear, given AF cycle irregularity, although this 
metric is increasingly used [11].  In particular, it is unclear 
whether to include short intervals (CL < 100 ms) [11] or 
consider them as fractionated electrograms [19].  We used 
criteria from the former study in this work. 
 

V.  CONCLUSION 
 

 Atrial CL in AF is more accurately determined from the 
ECG by autocorrelation than spectral analysis. Notably, this 
approach may have wider clinical applicability than spectral 
analysis of QRS-subtracted ECGs that are limited by QRS 
aberrancy and ectopy. 
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