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Abstract

Background—The complexity of ablation for atrial macro-reentry (AFL) varies significantly
depending upon the circuit location. Presently, surface ECG analysis poorly separates left from right
atypical AFL and from some cases of typical AFL, delaying diagnosis until invasive study.

Objective—To differentiate and localize the intra-atrial circuits of left atypical AFL, right atypical,
and typical AFL using quantitative ECG analysis.

Methods—We studied 66 patients (54 M, age 59+14 years) with typical (n=35), reverse typical
(n=4) and atypical (n=27) AFL. For each, we generated filtered atrial waveforms from ECG leads
V5 (X-axis), aVF (Y) and V1 (Z) by correlating a 120 ms F-wave sample to successive ECG regions.
Atrial spatial loops were plotted for 3 orthogonal planes (frontal, XY=V5/aVF; sagittal, YZ=aVF/
V1; axial, XZ=V5/V1), then cross-correlated to measure spatial regularity (‘coherence’: range —1 to
1).

Results—Mean coherence was greatest in the XY plane (p<1073 vs XZ or YZ). Atypical AFL
showed lower coherence than typical AFL in XY (p<1073), YZ (p<107%) and XZ (p<10~5) planes.
Atypical left AFL could be separated from atypical right AFL by lower XY coherence (p=0.02); for
this plane coherence < 0.69 detected atypical left AFL with 84% specificity and 75% sensitivity. F-
wave amplitude did not separate typical, atypical right or atypical left AFL (p=NS).

Conclusions—Atypical AFL shows lower spatial coherence than typical AFL, particularly in
sagittal and axial planes. Coherence in the Cartesian frontal plane separated left and right atypical
AFL. Such analyses may be used to plan ablation strategy from the bedside.
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Introduction

Methods

Many approaches can be used to localize the circuits of typical and atypical (non-subeustachian
isthmus-dependent) atrial flutter (AFL) at invasive electrophysiology study (1). Potentially,
diagnosing atypical AFL from the surface ECG could identify the need for high-resolution
mapping, and identifying left AFL circuits a priori could help plan the need for transseptal
cannulation. However, the characteristic F-waves of typical and reverse typical AFL (1) alter
with leftatrial (LA) enlargement, heart failure (2) or prior ablation (3). Moreover, in the absence
of typical F-waves, AFL localization is imprecise (4,5), and many atypical AFL circuits can
mimic ‘typical’ F-waves (4). Even features such as F-wave polarity may be misleading since,
for example, positive F-waves in V1 occur both in typical AFL in the right atrium (RA) (1)
and with atypical AFL in the LA (6,7). For left-sided atypical AFL, F-waves may have lower
amplitude (5), but this has not been tested as a means of localizing the circuit from the ECG.

We hypothesized that identifying planes of reproducible atrial activation may separate atypical
left AFL, atypical right AFL and typical AFL. Although macro-reentry in AFL is precisely
timed (8), we (9,10) and others (11) have quantified subtle timing variability with distance
from the circuit. We reasoned that it should be possible to construct functional ECG loops to
locate an AFL circuit based upon the plane of greatest spatiotemporal regularity, versus planes
of greater variability, irrespective of F-wave shape (12).

We tested our hypothesis by analyzing planes of greatest atrial spatiotemporal regularity
(quantified as ‘coherence’) for 66 patients referred for AFL ablation compared to the actual
AFL circuit location from precise intra-atrial mapping prior to successful ablation.

We studied 66 consecutive patients (54 males, average age 59+14) referred for catheter ablation
at University of California (UCSD) and Veterans’ Affairs (VAMC) Medical Centers, San
Diego. The study was approved by the joint UCSD/VAMC Institutional Review Board. For
this pilot study, we excluded patients with prior ablation for atrial fibrillation. All patients had
been anti-coagulated or lacked thrombus on transesophageal echocardiography, and most had
failed one or more anti-arrhythmic medications (Table 1). Separate analyses have been reported
previously in a subset of these patients (9).

Diagnosis at Electrophysiologic Study (EPS)

Electrophysiology study (EPS) was performed in the fasted state, at least 5 half-lives after
discontinuing all anti-arrhythmic medications. A 6F decapolar catheter was advanced to the
coronary sinus (CS) via the right internal jugular vein, and 6F quadrapolar catheters were
advanced to the His bundle and right atrium (RA) via femoral veins. Trans-septal cannulation
was used to map AFL in the left atrium (LA).

Typical (subeustachian isthmus-dependent) AFL (1) was diagnosed by counter-clockwise
activation around the tricuspid annulus (clockwise in reverse typical), and concealed
entrainment during pacing from the cavotricuspid isthmus (CTI). Diagnosis was further
confirmed by the inability to re-induce AFL after creating bi-directional block across the CTI
by ablation. Atypical (non-subeustachian dependent) AFL was diagnosed by a distinct
activation pattern, concealed entrainment at sites of earliest activation or double potentials, and
successful ablation outside the CTI. Mapping and ablation of atypical AFL was assisted by
electroanatomic mapping (Carto™, Biosense-Webster, CA) in 16 cases. Atrial fibrillation (AF)
was excluded by 1:1 capture of all atrial sites and successful ablation without atrial
compartmentalization at non-pulmonary venous sites (1). When multiple AFL circuits were
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present, the ECGs and simultaneous intra-cardiac electrograms of the rhythm that was
categorically entrained, localized and ablated were used for this study.

Acquisition of ECG Data

Standard surface ECGs recordings of 10-second duration of the index arrhythmia were obtained
at EPS from a digital physiologic recording system (Bard Inc., Billerica, MA, USA). This
system uses analog bandpass filters, passing signals between 0.05 and 100 Hz, with digitization
at 1kHz to 16-bit resolution.

ECG Analysis: Derivation of Correlation Time Series

The method for deriving the correlation time series has been described (7,9). Briefly, we wrote
software in Labview (National Instruments, TX) that automatically selects a 120 ms F-wave
template. This template was compared to 120 ms segments from the parent ECG at successive
time-points (every 1 ms) and the Pearson correlation was computed for each. The resulting
correlation time series depicts atrial activity (15), unlike QRS subtraction that cannot be applied
to AFL because of the consistent timing between F waves and QRS complexes (13). This
process was repeated for each ECG lead.

ECG Analysis: Atrial Spatial and Temporal Coherence

We used simultaneous correlation series in orthogonal leads to plot atrial spatiotemporal loops
in the Cartesian XY (V5/aVF), YZ (aVF/V1) and XZ (V5/V1) planes. Loops are more
reproducible in typical than atypical AFL (9). To quantify reproducibility, we defined
spatiotemporal ‘coherence’ for loops (range —1 to 1) as the Pearson cross-correlation, shown
below in {1},

N N N
N AiB)-) A ) Bi
i=1

i=1 i=1
N N 2 N N o2
\J[NZA?‘(ZA") N B=() B |
i=1 i=1 i=1 i=1

where N = the total time series length, A = the atrial waveform for one axis, B = the atrial
waveform for a different axis, and i delineates successive time points. To optimally identify
all AFL circuit locations, we computed coherence in the Cartesian frontal (XY), sagittal (YZ)
and axial (XZ) planes, and also the 30° ‘left rotated” planes (XY: aVL/Il; YZ: I/V1; XZ: aVL/
V1), and 30° ‘right-rotated” planes (XY: aVR/III; YZ: 11I/V1; XZ: aVR/V1).

r =

{3

F-wave Amplitudes

We measured peak-to-peak F-wave amplitudes wave in the Cartesian axes, excluding F-waves
that overlapped the T-wave or were noisy. We evaluated whether smaller F-waves (for
example, in LA AFL (5)) may explain lower coherence (regularity), and vice versa, by
computing the product of F-wave amplitudes for both axes of each Cartesian plane. This
product was compared to the coherence value for that plane.

Statistical Analysis

Central tendency of continuous data was estimated as mean + standard deviation (SD), using
the Bonferroni correction for multiple comparisons. To localize left atypical, right atypical and
typical AFL, we generated receiver-operator-curves (ROC) of spatiotemporal coherence for
each plane.
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Results

Based upon the location of concealed entrainment and successful ablation, 39 patients had
typical AFL (including 4 reverse typical), and 27 had atypical AFL (19 right-sided, 8 left-
sided). Their clinical characteristics are shown in Table 1.

Spatiotemporal Loops in Typical Versus Atypical AFL

Figure 1 shows representative spatiotemporal loops of atrial activity for a patient with typical
and atypical AFL. Loop trajectories in typical AFL lie closer to the line of identity (e.g. X=Y),
reflecting higher coherence (fig. 1A). By contrast, loop trajectories in atypical AFL show lower
coherence that reflects subtle timing variability distant to the reentry circuit (9-11) (fig. 1B).
Figure 2 shows an example of a patient whose ECG F-waves suggested typical AFL, but in
whom spatiotemporal loops were not coherent. Electroanatomic mapping confirmed atypical
AFL (lower loop reentry) that was successfully ablated.

Spatiotemporal Coherence of Atypical Versus Typical AFL

Spatiotemporal loops had lower coherence for atypical than typical AFL in all planes (Fig. 3).
Figure 3A shows coherence for the Cartesian planes. For both groups, coherence was higher
in the XY plane (p<10~3 vs XZ or YZ). Notably, XY plane coherence was lower for atypical
than typical AFL (0.65+0.34 vs 0.85+0.10; p<10~3). This separation was more pronounced in
the YZ plane (atypical: 0.28+0.45 vs. typical: 0.72+0.18; p<10~5) and XZ plane (atypical: 0.28
+0.46 vs. typical: 0.73+0.21; p<107°). Coherence values for left and right rotated planes are
shown in Fig. 3B and 3C, with highest coherence in the XY plane for each. Cartesian and right-
rotated axes best identified the stereotypical right atrial activation in typical AFL from the
variability in atypical AFL (p<10~2 in each plane).

Left Atrial Compared to Right Atrial Atypical AFL

Atypical AFL plane coherence differed for left versus right atrial circuits (Fig. 4). Left atrial
atypical AFL showed lower coherence than right atrial atypical AFL in the Cartesian XY plane
(p=0.02), and left-rotated XZ plane (p=0.02). LA atypical AFL was most regular (greatest
coherence) in the left-rotated XY plane (aVL/Il; 0.66+0.19; p<0.01 vs aVL/V1, 1I/V1).

F-wave Amplitudes

Table 2 shows F-wave amplitudes for typical and atypical AFL in the Cartesian axes. Seven
patients with typical AFL were excluded because every F-wave overlay an ECG QRS or T-
wave. There was no significant difference between F-wave amplitudes for typical versus
atypical AFL in any Cartesian axis. Table 3 shows that F-wave amplitudes were lower for LA
than RA atypical AFL but, again, these differences were not statistically significant. Plane
coherence was not determined by F-wave amplitudes, since the product of F-wave amplitudes
in the axes of each Cartesian plane correlated poorly and non-significantly with the plane
coherence (XY:r=0.16; XY:r=0.21; XY: r =0.26; p=NS for each).

Receiver-Operator Curves (ROC)

We used ROC analysis to separate AFL circuit locations using ECG spatiotemporal coherence.
Figure 5 shows ROC analyses for Cartesian plane coherence to separate atypical from typical
AFL. Areas under each ROC curve are summarized in Table 4, ranging from 0.66-0.82 with
highest ROC areas for the Cartesian YZ and XZ planes, and the right-rotated YZ plane. In the
YZ plane, a coherence cutpoint < 0.47 successfully detected atypical AFL with 90% specificity
and 56% sensitivity. In the XZ plane, a coherence cutpoint < 0.53 successfully detected atypical
AFL with 87% specificity and 63% sensitivity.

Heart Rhythm. Author manuscript; available in PMC 2008 June 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kahn et al.

Page 5

Figure 6 shows ROC analyses for the separation of left atrial from right atrial atypical AFL.
As shown, left and right atrial atypical AFL were well-separated using the Cartesian XY plane
(ROC area = 0.83) and the left-rotated XZ plane (ROC area = 0.77). For the Cartesian XY
plane a coherence cutpoint < 0.69 detected LA flutter with 84% specificity and 75% sensitivity.

Discussion

This study shows that atrial macro-reentry may be characterized and localized using spatial
planes in which atrial activity is quantifiably most regular. ECG coherence was lower for
patients with atypical than typical AFL, particularly in the Cartesian and right-rotated axes that
likely best represent the stereotypical RA activation of (reverse) typical AFL. In our small
group of patients with atypical left atrial AFL, coherence in the Cartesian frontal and left-
rotated axial planes best separated them from atypical right atrial AFL. Further studies should
validate these results after linear ablation for atrial fibrillation, to refine localization beyond
simple left-right lateralization, and use intra-cardiac mapping to establish sites of likely
wavefront variability in macro-reentry.

Pathophysiologic Meaning of Spatiotemporal Coherence in AFL

As used in this work, spatiotemporal coherence measures the extent to which atrial electrical
activity remains reproducible and in-phase for both axes of each plane. Reduced ECG
coherence therefore reflects temporal variations in one axis relative to its pair. This functional
approach differs significantly from vector plots of F-wave voltage, significantly reduces
respiratory and ECG noise and can analyze F-waves even if partially superimposed on QRS
or T-waves (14). Using precise intra-atrial mapping, we recently confirmed that reduced
spatiotemporal coherence in atypical versus typical AFL reflects a subtly greater cycle-to-cycle
variability in atrial timing and activation distant from the reentry circuit (9,10). Notably, our
observed coherence differences did not merely reflect F-wave amplitude differences between
groups.

Preference for Coherence in Frontal (XY) Planes

Planes where atrial activation shows most spatial and temporal regularity (coherence) may
indirectly reflect constraints to reentry. The higher frontal plane spatiotemporal coherence for
all forms of AFL may reflect the physical boundaries of the non-conducting tricuspid or mitral
annuli, or reentry around these structures. The tricuspid annulus is the anterior boundary for
reentry in (reverse) typical AFL and, not surprisingly, coherence is highest in the frontal plane
in this arrhythmia (Fig. 3). Right rotated axes showed similarly high coherence, consistent with
the stereotypical and highly regular RA activation in (reverse) typical AFL (1,8,9). Although
atypical AFL does not reenter around the tricuspid annulus, the physical constraint of this
structure likely explains the high frontal plane coherence in these patients (Fig. 3).

Accordingly, left and right atypical AFL showed differing planes of greatest regularity
(coherence). Most importantly, left-rotated axes best separated left atrial from right atrial
atypical AFL. Again, the non-conducting mitral annulus may explain the high front plane
coherence in left-rotated axes. In a larger group of atypical left atrial AFL, it may be possible
to define additional planes that identify posterior locations (such as near the pulmonary veins)
from septal or mitral annular locations (15). For right atrial atypical AFL Cartesian axes
remained optimal, that may reflect the poor value of planes based upon lead aVR due to its
distance from the heart.

Prior work on AFL Localization

Our work agrees with recent quantitative vectorcardiography in typical AFL (12). Other ECG
methods, such as vectorial localization for focal atrial tachycardias (6), are difficult to apply
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to AFL because continuous activation makes it difficult to identify F-wave onset. Moreover,
F-waves reflect complete bi-atrial activation rather than circuit location, and thus may be
misleading — witness the positive lead V1 F-waves in atypical left atrial AFL and typical (right)
AFL (1,5). Although F-wave amplitude may be smaller in atypical LA than RA AFL (5), this
criterion poorly separated these circuits in our study. Further studies should further improve
circuit localization, particularly after linear ablation for AF, and recent work using quantitative
ECG imaging to infer epicardial activation is particularly promising in this regard (16).

Limitations

This study has several limitations. First, the study size is modest, particularly for patients with
LA atypical AFL. Future studies should thus focus on atypical AFL following left-atrial surgery
and ablation for atrial fibrillation. Although such macro-reentry is usually left atrial (15), such
validation is necessary and may better detect subeustachian-isthmus-dependent AFL with
‘atypical’ F-waves in such patients (3). Second, our patients were all referred for ablation, and
therefore had persistent AFL. Progressive atrial remodeling in AFL (17,18), that is likely non-
uniform (19), could influence AFL activation and hence affect ECG spatiotemporal regularity.
Third, the use of clinical EPS to validate each diagnosis required the withholding of anti-
arrhythmic drugs as per the standard of care (to avoid suppressing the arrhythmia and
preventing its ablation). However, these results would certainly apply to patients in whom
drugs have been discontinued (e.g. after arrhythmia breakthrough). Studies on how anti-
arrhythmics may modulate intra-atrial timing variability (20) may help identify sites of
activation variability that may underlie transitions to atrial fibrillation.

Conclusion

Atrial macroreentry may be localized to the right or left atrium, and characterized as atypical
or typical by quantifying ECG spatiotemporal planes in which atrial activation is most regular
(coherent). These bedside approaches may assist the preprocedural planning of ablation, and
provide initial data for defining atrial sites of consistent wavelet regularity or variability.
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Glossary of Abbreviations

AFL

atrial flutter
LA

left atrium
RA

right atrium
ECG

electrocardiogram
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cavotricuspid isthmus
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Figure 1. Atrial Spatiotemporal Loops for (A) typical AFL and (B) atypical AFL
Coherence values were higher for typical than atypical AFL.
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Figure 2. ECG Spatiotemporal Loops for Lower Loop Reentry (RA Atypical AFL)

The ECG appearance suggests typical AFL (4) and ventricular pacing, yet spatiotemporal loops
in the Cartesian axes are inconsistent with typical AFL, with coherence values of 0.98 (XY),
0.38 (YZ) and 0.42 (XZ). Electroanatomic (Carto ") mapping revealed lower loop reentry that
was successfully ablated.
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Figure 3.

Greater Spatiotemporal Coherence for Typical (light bars) versus Atypical (dark bars)
AFL in (A) Cartesian (X=V1; Y=aVF; Z=V1); (B) Left-Rotated (X=aVL; Y=II; Z=V1); (C)
Right-rotated (X=aVR,; Y=IIl; Z=V1) axes. In addition, coherence values were significantly

higher for XY than other planes for both types of AFL using all coordinate sets. Standard error
of the mean is indicated above each bar.
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Figure 4.

Spatiotemporal Coherence for Atypical AFL located in the Right Atrium (light bars) and
Left Atrium (dark bars) for (A) Cartesian; (B) Left-Rotated; and (C) Right-Rotated axes. LA
and RA atypical AFL were optimally separated by coherence in the Left rotated XZ and

Cartesian XY planes (p<0.05 for each). Standard error of the mean is indicated above each bar.
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Receiver-operator-curves for diagnosing Atypical from Typical AFL using spatial
coherence in the Cartesian XY, YZ and XZ planes. Arrows indicate the locations of cutpoints:
for the YZ plane, coherence < 0.47 detected atypical AFL with 90% specificity and 56%
sensitivity and for XZ plane, coherence < 0.53 detected atypical AFL with 87% specificity and

63% sensitivity.
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Figure 6.

Receiver-Operator-Curves for diagnosing atypical AFL in Left Atrium (versus Right
Atrium), show that spatial coherence in the Cartesian XY and Left-Rotated XZ planes provide
ROC areas of 0.83 and 0.77 respectively. Arrows indicate the locations of cutpoints: for the
Cartesian XY plane, coherence < 0.69 detected LA flutter with 84% specificity and 75%
sensitivity and for left-rotated XZ plane, coherence < 0.13 detected LA flutter with 89%

specificity and 63% sensitivity.
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Clinical Characteristics

Table 1
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Typical (n=39) Atypical (n=27) p
Agelyears 59 + 14 58 + 15 NS
AFL CL/ms 247 +31 284 +48 <0.01
Ventricular CL/ms 618 £ 201 655 + 220 NS
Atrio:Ventricular ratio 25+0.8 2307 NS
LA diameter/mm 39+9 44 +7 NS
LVEF/% 58 £ 17 55+12 NS
NYHA Class > I 0 3 NS
Prior Cardiac Surgery 6 12 <0.01
Medications .
Anti-arrhythmic 22 9 NS
Rate-slowing 25 12 NS
Hypertension 18 8 NS
Diabetes Mellitus 7 4 NS

Key: CL, Cycle length; LA, Left atrial; LVEF, Left ventricular ejection fraction; NYHA, New York Heart Association Heart Failure Class;

*
Therapy with class | or class 111 agents;

7"Therapy with B-blocker or calcium antagonists.

Heart Rhythm. Author manuscript; available in PMC 2008 June 14.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Kahn et al.

Peak-to-Peak F-wave Amplitudes

Table 2
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AXis Typical (nzgz)* Atypical (n=27) P Value
X (V5) 0.18 £ 0.09 mV 0.15+0.08 mV 0.18
Y (aVF) 0.29£0.14 mV 0.24+0.13 mV 0.18
X (V1) 0.20+0.08 mV 0.21+0.12 mVv 0.68

*
7 patients were excluded because the F-waves completely overlay QRS/T-waves
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Table 3

Peak-to-Peak F-wave Amplitudes for Atypical AFL
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Axis Right-sided (n=15) Left-sided (n=8) P Value
X (V5) 0.17 £0.08 mV 0.11 £ 0.09 mV 0.11
Y (avF) 0.27 £0.12 mV 0.19+0.15 mV 0.18
X (V1) 024+011mV 0.17 £0.12 mV 0.18
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Table 4

Area Under ROC Curves: Spatiotemporal Coherence for Atypical AFL
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Plane Cartesian Left-Rotated Right-Rotated
XY 0.72+0.07 0.66 + 0.07 0.76 + 0.06
Yz 0.81+0.06 0.72+0.07 0.81+0.06
Xz 0.82 £ 0.06 0.68 +0.07 0.79 +0.06
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