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Abstract
Background—Differences in atrial fibrillation (AF) cycle length (CL) between the left (LA) and
right (RA) atrium and coronary sinus (CS) may help separate paroxysmal from persistent AF and
identify patients most likely to respond to pulmonary vein isolation, though cannot be measured non-
invasively.

Methods and Results—We developed methods to estimate regional intra-atrial AF CL from the
surface electrocardiogram (ECG) in 30 patients with persistent and 10 patients with paroxysmal AF
prior to ablation. Intra-atrial AF CL was measured near the LA appendage, mid-CS and lateral RA.
In simultaneous filtered ECG AF CL was estimated using autocorrelation. The mean of ECG-derived
AF CL in leads V5, I and aVL was used to estimate LA CL, leads aVF, II and III for CS CL, and
V1, V2 and aVR for RA CL. ECG CL estimates for the LA, CS, and RA had R2>0.91 versus measured
CL (all p<0.001). Though magnitudes of left-vs.-right AF CL gradients were small in this series, the
ECG predicted the direction of gradients in 62% of measurements (p<0.05). When the gradient was
>10 ms, the direction was accurately predicted in 8 of 11 patients. The accuracy of AF CL estimates
was not adversely affected by AF type or LA dilatation (≤40 or > 40 mm). The ECG estimated AF-
CL showed high 5 min temporal stability (p<0.001 each chamber).

Conclusions—Left and right atrial AF CL, and their gradients, can be accurately determined from
the ECG using autocorrelation analysis. This approach may be a helpful guide prior to ablation
procedures.
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Introduction
Recent intracardiac mapping observations suggest that atrial fibrillation (AF) is supported by
several mechanisms. In particular, a shorter AF cycle length (CL) in the left compared with
the right atrium identifies patients with paroxysmal AF,1 and those with persistent AF most
likely to respond to pulmonary vein isolation,2 while lengthening of the AF CL in the coronary
sinus (CS) predicts favorable post-ablation outcomes.3 AF CL also lengthens preceding
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pharmacologic cardioversion to sinus rhythm.4 However, bedside electrocardiogram (ECG)
indices that measure regional intracardiac AF CL have not been developed.

Previous studies have used ECG lead V1 to estimate the right atrial AF CL, following spectral
dominant frequency analysis on QRS subtracted ECG.4 However, high-resolution atrial
mapping suggests that this method, applied to different ECG leads, does not estimate LA AF
CL.5 It is unclear if this results from technical limitations, a posterior displacement of an
enlarged LA away from precordial leads, or other factors. Conversely, we have recently
demonstrated that autocorrelation may increase the accuracy of spectral estimates of AF CL
when applied to the ECG6 or intracardiac signals.7

We hypothesized that the application of autocorrelation to multiple vectorially-selected ECG
leads to minimize the impact of anatomic variability, would estimate the regional AF CL non-
invasively. We tested our hypothesis in patients with paroxysmal and persistent AF prior to
ablation procedures.

Methods
Patient Recruitment

We studied 30 consecutive patients with paroxysmal (n=10) or persistent (n=20) AF referred
for catheter ablation at the San Diego Veterans Affairs Medical Center. The study protocol
was approved by the joint Institutional Review Board of the Veterans Affairs and University
of California Medical Center, San Diego, and all patients provided written informed consent
to participate.

Electrophysiologic Recordings
The patients underwent electrophysiologic studies in the post-absorptive state. Anti-arrhythmic
medications were discontinued for at least 5 half-lives, and amiodarone was withheld for 30
days. All patients were anticoagulated or had a normal trans-esophageal echocardiogram.

Using femoral venous access, a duo-decapolar catheter was placed along the lateral right atrium
and in the CS. Left atrial (LA) recordings were made near the ostium of the LA appendage,
using a 64-pole basket (Constellation, Boston Scientific, Natick, MA) advanced via transseptal
puncture through an SL1 sheath to the left atrium. The 12-lead surface ECG was recorded
simultaneously. During AF, electrograms were recorded for 5 min on a physiologic recorder
(Bard, Billerica, MA), filtered at 0.05 – 100 Hz (ECG) and 30-500 Hz (intracardiac) and
digitized at 1 kHz. Data was exported at 16-bit resolution to custom software written in Labview
(National Instruments, Austin, TX). The research protocol was completed prior to the ablation
procedure.

ECG Estimates of Fibrillatory Cycle Length
AF CL was estimated from each ECG lead, using autocorrelation, as previously described.6,
7

Vectorial ECG Analysis
We defined regional ECG lead groups to represent the intra-atrial AF CL. We reasoned, a
priori, that leads I, V5 and aVL reflect LA activity, and used the mean of their autocorrelation
derived CL to estimate the LA AF CL. We similarly reasoned that leads II, III and aVF reflect
the inferior atrial surface, i.e. CS activity, and used their mean for comparison. Finally, we
used the mean of leads V1, V2, and aVR to estimate the RA AF CL.
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Intracardiac Fibrillatory cycle length
Intracardiac AF CL was measured manually. We counted 20 consecutive cycles (over 4-5 Sec)
and excluded continuous fractionated electrograms and intervals ≤70 ms.7, 8 Measurements
were repeated by 2 investigators for a subset of 25 intervals, with an interobserver correlation
outcome of R2 = 0.99, slope = 0.99 and intercept (error) of 1.4 ms.

We measured lateral LA AF CL using basket electrodes near the LA appendage. For CS
measurements, the mid-CS bipole was selected, and for RA measurements we used the high
right atrial electrodes. Electrode positions were verified fluoroscopically referenced to
nonfluoroscopic clinical mapping (NavX, St Jude Medical, Sylmar, California).

Statistical Analysis
Continuous data, presented as means ± standard deviation, were compared using the two-tailed
t-test. Comparisons of ECG estimates to intra-atrial regional AF CL, and interobserver
measurements, were quantified using the Pearson correlation coefficient. The predictive value
of the AF CL gradient was examined using the chi-square test. Significance was assessed at a
two-tailed alpha level of 0.05.

Results
Baseline characteristics of the patient population are summarized in table I.

Regional Intra-Atrial AF Cycle Length
By manual counts, the intra-atrial AF CL was 176 ± 34 ms in the lateral LA, 177 ± 35 ms in
the CS, and 183 ± 33 ms in the lateral RA. The CL was shorter in patients with persistent than
in patients with paroxysmal AF in the lateral LA (162 ± 16 versus 206 ± 41 ms, p<0.001), CS
(160 ± 14 versus 207 ± 43 ms, p<0.001) and lateral RA (170 ± 19 versus 206 ± 42 ms, p<0.02).
These results are summarized in table I.

Regional AF Cycle Length Estimates from the Surface ECG
Our ECG method provided accurate estimates of regional intra-atrial AF CL. This is illustrated
in figure 1, in a patient with a left-to-right atrial rate gradient (i.e. right atrial AF CL – LA AF
CL = 18 ms). Referenced to the gold standard intracardiac CL the left-ECG leads (X-vector)
differed by 4 ms (177 vs. 173 ms), inferior-ECG (Y-vector) leads by 1 ms (173 ms vs. 172
ms), and the right-ECG leads (Z-vector) CL by 2 ms (189 ms vs. 191 ms).

For the entire population, the ECG estimates closely approximated the instantaneous AF CL
in LA (figure 2: slope 1.10, intercept −12.5 ms, p<0.001), CS (figure 2: slope = 0.99, intercept
= 3.5 ms, p<0.001) and RA (figure 2: slope = 1.08, intercept = −18.9 ms, p<0.001).

Relationship between ECG Regional AF Cycle Length Estimates and Type of AF and Left
Atrial Diameter

There was no difference in the accuracy of ECG CL estimates for patients with paroxysmal
AF (all chamber error 8 ± 4 ms) or persistent AF (all chamber error 7 ± 6 ms; p=0.76). Regional
ECG AF CL estimates were similarly accurate, whether the LA diameter was ≤40 mm (all
chamber error 5±3 ms) or > 40 mm (8±6 ms, all chambers; p=0.32).

Vectorial ECG Analysis Reflects the AF Rate Gradients
ECG AF CL indices predicted the polarity (i.e. left-to-right, or right-to-left) of CL gradients
62% of the time (p <0.05). When the gradient was >10 ms, the direction was correctly predicted
in 8 of 11 patients (73%). However, due to the small magnitude of the intra-atrial gradients in
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the series, ECG estimates were overall less successful at identifying the magnitude of these
gradients (measured left-to-right gradient: 7.3 ± 11 ms, ECG estimate: −0.1 ± 8 ms).

Temporal Variability
The ECG estimates of AF CL were highly stable temporally, and correlated very closely among
periods separated by 1 min (correlation coefficients, r = 0.97, 0.95, and 0.96, for LA, CS and
RA estimates, respectively, n=29) and 5 min (r = 0.98, 0.98, and 0.99, n=15, figure 3).

Discussion
This study demonstrates that the ECG can be used to precisely estimate regional CL, and
therefore instantaneous rate-gradients during AF. Our time-domain autocorrelation, applied to
a priori vectorially-selected ECG leads, accurately estimated simultaneous intracardiac LA,
RA and CS AF CL. In contrast, prior studies of the spectral dominant frequency of QRS-
subtracted ECG leads estimated accurately the right atrial AF CL only. Moreover, our studies
suggest that the regional AF CL were temporally stable on the short term. Further studies should
examine whether the outcome of ablation procedures is improved when guided by measures
such as AF CL gradients instead of the clinical classification of “paroxysmal” versus
“persistent” AF.

Significance of Intra-Atrial AF Cycle Length Gradients
Numerous studies in animals9 and humans10 suggest that AF may be perpetuated by rapid
sources, resulting in a gradient from this ‘driver’ (short CL) to other sites (longer CL). Using
simultaneous bi-atrial mapping, Lazar et al. showed a left-to-right AF rate gradient (i.e. shorter
CL in LA than RA) in patients with paroxysmal AF, consistent with a LA or PV driver, but
not in patients with persistent AF who are more resistant to PV isolation.1 Although Sanders
et al.11 subsequently showed a similar gradient in persistent AF, these authors used sequential
point-by-point rather than simultaneous mapping, and therefore did not analyze instantaneous
gradients.

Comparison of Methods to assess AF Cycle length
To the best of our knowledge, there are no prior reports using the ECG to estimate LA, CS and
RA CL during AF. Although prior studies have reported ECG indices of RA AF CL, AF is
typically driven from the LA, such that RA CL alone is likely to be less useful in monitoring
therapy and cannot be used to estimate regional CL gradients. Most prior ECG studies began
by subtracting an averaged QRS waveform to reveal f-waves, and then analyzed the CL in the
frequency domain.4, 12 It is unclear why ECG spectral analyses of LA and CS AF CL have not
been reported. Perhaps because known pitfalls13 like sensitivity to noise interference,
instability of the signal over time, variable results when the same CL intervals are presented
in variable orders, and potential overestimation of rate by double counting.7 In addition, QRS
subtraction may leave a residual signal, and may eliminate signal components if transiently
synchronized to the QRS (e.g. atrial flutter). These effects may be exaggerated if the QRS
duration is prolonged. Autocorrelation analysis, on the other hand, obviates the need for QRS
subtraction and accurately estimates atrial CL in many arrhythmias, from the surface ECG6,
14 and intracardiac electrograms.15 Another strength of our method is that averaging
vectorially-selected leads corrects in part for varying lead placement in relation to anatomic
variability.

Clinical Implications
Non-invasive ECG monitoring of regional AF CL has several potential applications. A CL
difference between LA and RA may indicate a favorable response to PV isolation alone, as
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suggested by intracardiac analysis,2 although this hypothesis should be tested prospectively.
As a corollary, the absence of such a gradient may indicate that more extensive ablation will
be necessary to eliminate AF. Another testable hypothesis is whether a lengthening of the AF
CL by pharmacologic therapy, in patients with or without prior ablation, predicts maintenance
of sinus rhythm.

Limitations
The main limitation of this study is our small population, in which few patients exhibited
significant left-vs.-right atrial CL gradients. A larger population will enable testing of the
hypothesis that patients in whom ECG AF CL is longer in the RA than LA may benefit from
PV isolation alone without more extensive ablation. Physiologically, the validity of ‘mean’
intraatrial AF CL is unclear given the AF CL irregularity, although we did confirm its temporal
reproducibility over minutes. Finally, our population showed a male predominance, reflecting
the Veterans Affairs population. Although no clear gender differences have been reported in
AF CL, future studies should include larger populations of both genders.

Conclusions
Autocorrelation analysis of vectorially-selected ECG leads accurately reflects regional LA,
CS, and RA cycle lengths during AF, and thus instantaneous rate gradients. This was confirmed
in patients with persistent and paroxysmal AF, with or without LA dilatation, and was
reproducible.
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Figure 1. Accurate ECG AF CL Estimates in a Patient with Left-to-Right AF Rate Gradient
Intracardiac electrograms and measured AF CL are shown for the LA, CS and RA.
Corresponding ECG lead-sets are shown (i.e. V5, I and aVL for the LA; aVF, II and III to
represent the CS; V1, V2 and aVR for the RA) with mean regional CL estimates. ECG estimates
differ from the measured intra-atrial AF CL by 1-4 ms.
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Figure 2.
Correlation Between ECG Estimates and Measured Intracardiac AF CL for (A) Left Atrium;
(B) Coronary sinus; and (C) Right atrium.
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Figure 3. Temporal Reproducibility of ECG AF CL Estimates
Regional estimates at time zero agreed very closely to the estimates at 1 and 5 min (not shown)
for LA, CS and RA.
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Table 1

Baseline Clinical Characteristics of study subgroups and overall population

Paroxysmal AF (n = 10) Persistent AF (n=20) All Patients (n=30)

Age, y 61 ± 8 61 ± 9 61 ± 9

Men/women 9/1 20/0 29/1

Left Atrial Diameter, mm 41 ± 5† 48 ± 5 45 ± 6

Left ventricular ejection Fraction, % 58 ± 8 54 ± 12 55 ± 10

Coronary artery disease, n 3 6 9

Hypertension, n 7 12 19

Diabetes, n 5 4 9

Medication Use, %

    Beta-adrenergic blocker 50 75 67

    ACE inhibitor/ARB 60 65 63

    Calcium-channel blocker 40 35 37

    Digoxin 40 35 37

    Class I anti-arrhythmic drugs 10 15 13

    Amiodarone 10 10 10

Left Atrial Cycle Length, ms

    Intra-Atrial 206 ± 41† 162 ± 16 176 ± 34

    Surface elecrtrocardiogram 216 ± 44 162 + 19 180 ± 38

Coronary Sinus Cycle Length, ms

    Intra-Atrial 207 ± 43† 160 ± 14 177 ± 35

    Surface ECG 214 ± 37 161 + 15 180 ± 36

Right Atrium Cycle Length, ms

    Intra-Atrial 206 ± 42* 170 ± 19 183 ± 33

    Surface ECG 209 ± 43 164 + 21 179 ± 37

Unless specified otherwise, values are means ± SD

ACE = angiotensin converting enzyme; ARB = angiotensin receptor blocker

†
p<0.005

*
p<0.02 vs. persistent AF
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