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Abstract
Atrial fibrillation (AF), which is the main cause of stroke, is the most common sustained
arrhythmia afflicting about 2.3 million Americans. Clinical treatment and management of AF
would benefit from a non-invasive and global assessment of the arrhythmia; however that avenue
seems currently limited in part by our poor understanding of the arrhythmia itself. Experimental
studies of AF in the isolated sheep heart demonstrated that high-frequency sources in the posterior
wall of the left atrium drive the fibrillatory activity throughout both atria. Motivated by those
results and by a growing body of work investigating how measurements of the cycle length of
activity in patients during AF can contribute to its treatment, we focused our analysis on the
dispersion of dominant frequency (DF) of the activity during AF in humans. Using
electroanatomic mapping and Fourier methods we generated three-dimensional, intra-cardiac DF
maps of the atria in patients prior to AF ablation procedures and identified relatively small high
DF (HDF) sites. In patients with paroxysmal AF, the HDF sites are often localized to the posterior
left atrium near the ostia of the pulmonary veins. In contrast, patients with permanent AF
demonstrate HDF sites that are more often localized to either atria than the posterior left atrium-
PV junction. In our study ablation at HDF sites resulted in significant slowing of the arrhythmia
and termination of sustained AF in 87% of patients with paroxysmal AF. Furthermore, we found
that abolishing by ablation a preexisting left atrium to right atrium DF gradients predicted long
term freedom of AF in both paroxysmal and persistent AF patients. Overall, the analysis of
intracardiac electrical recordings in the frequency domain has greatly enhanced our understanding
of its underlying mechanisms and may contribute to monitoring drug effects and guide ablation
procedures aiming at its termination. On the other hand, current body surface mapping methods
have also suggested better correlations between surface AF frequency and intracardiac local DFs
as compared to spatiotemporal activation patterns. Therefore, a further study of the correlation of
spectral observables obtained from the atria and from the surface ECG during AF seems to have
the potential to advance our ability to diagnose and discern mechanisms of AF non-invasively.

Introduction
About 2.3 million people in the United States are currently afflicted with Atrial Fibrillation
(AF), the most common sustained cardiac arrhythmia in humans, and many more cases are
predicted in the near future.1 Antiarrhythmic drugs are only partially effective in treating
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AF, and have the potential for serious side effects, including life-threatening pro-arrhythmia.
On the other hand, it has recently been demonstrated that paroxysmal AF in patients is
initiated by focal triggers localized usually to one of the pulmonary veins (PVs)2 and can be
cured by a catheter-based ablation procedure.3 However, in persistent AF, the prevailing
theory is that multiple random wavelets of activation coexist to create a chaotic cardiac
rhythm,4 and therapy is more challenging.5 Current studies of AF in humans rely in large on
intracardiac electrical mapping to provide excitation data in the patients during the ablation
procedure and are mostly consisting of sequential local, or across small regions, recordings
limited to the time of the procedure. Arguably, the short and long term study and
management of AF would benefit from a non-invasive and global assessment of the
arrhythmia, as proposed by many investigators of the surface ECG,6,7 however that avenue
seems currently limited in part by our poor understanding of the arrhythmia itself.

To enhance our understanding of AF early studies on regional differences in activation cycle
length during AF8,9 were followed by an increased interest in the analysis of the frequency
spectrum as a measure of the activation rate in animal models.10–13 Furthermore, works
demonstrating how measurements of AF cycle length in patients can contribute to its
treatment,14,15 motivated my collaborators and me to translate experimental knowledge and
methods into analysis of human AF in the frequency domain.16 As suggested by our recent
studies,16–18 high-resolution analysis of the Fourier power spectrum with its dominant
frequency (DF) offers the unique opportunity of being able to correlate systematically the
spatial distribution of excitation frequency with cardiac anatomy and ablation procedures
and to provide mechanistic insight into different types of AF. Thus, the central goal of this
paper is to provide an intracardiac perspective into the continuing efforts toward the
development of surface ECG tools based on our current understanding of the spatiotemporal
and frequency patterns of atrial excitation waves during AF in animals models and humans.

Activity in the left and right atria during AF in the sheep model
The notion that the spatio-temporal complexity of wave propagation during AF reflects in
the local activation rate dispersion led us to determine the DF throughout both left and right
atria (LA and RA, respectively) during acute fibrillation in isolated sheep hearts; high
resolution optical mapping revealed them to be organized in discrete domains.11 Most
notably, during the arrhythmia the activation frequencies in certain areas of the LA were
consistently faster than any other areas.10–12 In search for the mechanism underlying such
frequency distribution in space, a subsequent study demonstrated the manner in which
interatrial pathways mediate fibrillatory conduction and the establishment of frequency
gradients between the LA and RA13 along Bachmann’s bundle (BB) and the inferoposterior
interatrial pathway (ipp) that underlies the coronary sinus, both of which are well-known
routes of interatrial electrical communication.19,20 Propagation along these pathways was
organized and occurred from left to right along the decrease in DF values. Quantification of
this finding revealed that wave fronts propagated from left to right in 81% and 80% of the
analyzed activations along BB and ipp, respectively. Conversely, right-to-left propagation
occurred in a significantly smaller percentage of cases.13 As suggested by other studies,
repetitive and fast activation may also originate from the septum21 or the pulmonary veins
(PVs).2,21 Altogether, the data support the contention that AF results from rapidly
successive wave fronts emanating from fast sources localized in the LA.10,12,13,22 The wave
fronts propagating through both atria interact with anatomic and/or functional obstacles,
leading to fragmentation and wavelet formation.23,24
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The spatial distribution of DFs during AF in patients
Several recent studies have characterized the spatial distribution of DF during AF in
patients.17,25,26 Using the CARTO electroanatomic mapping system, Sanders et al17

sequentially acquired 5-sec long endocardial bipolar recordings from about 120 points
throughout both atria and the coronary sinus (CS) in 32 patients during sustained AF. The
recorded signals were rectified27 and 3–15 Hz bandpass filtered. Then FFT was used to
determine the DF of each of 120 segments lasting 4.096 sec with a resolution of 0.24 Hz.28

Figure 1 shows four sample bipolar electrograms with their respective power spectra
acquired from endocardial sites in the LA and RA of a patient with paroxysmal AF of
spontaneous onset.17 On the left are typical AF recordings with variable amplitudes and
inter-beat intervals, which do not enable accurate cycle length analysis, particularly in the
top recording. However, the spectra on the right show relatively narrow bands in the 3–15
Hz range with distinct peaks of DFs approximately corresponding to the activation rate and
the inverse of the average cycle length in the electrograms28,29

Electrograms that were collected from multiple sites in patients during AF had their
corresponding DFs superimposed on the atrial geometry to generate color DF maps,17 as
illustrated in Figure 2. On each DF map, those sites that demonstrated frequency activity
20% or higher than the surrounding atrial tissue were defined as high DF (HDF) sites. In this
study most HDF sites involved a single point, but in some the HDF site extended over 2–3
adjacent points. Figure 2A reproduces left anterior oblique (left) and postero-anterior (right)
views17 of the same map showing fibrillatory activity at mean DF of ~4.8 Hz in the
paroxysmal AF patient whose electrograms are shown in Figure 1. While frequency in the
majority of the atria and CS was relatively slow (≤5 Hz), the posterior wall of the LA was
activated at faster rates (7–8 Hz), with notable HDF sites at each of the PVs. In this patient,
focal radiofrequency ablation applied to the HDF site near the right inferior PV (RIPV)
effectively terminated AF. Figure 2B shows a DF map from another patient with permanent
AF. Compared with the patient with paroxysmal AF, this patient not only had a higher
frequency at the maximal HDF site (13.7 Hz), but also both atria demonstrated higher global
frequency of activity and in addition, many of the HDF sites were located in the atria rather
in the PV region.17,18 It has been concluded that in patients, paroxysmal AF is characterized
by the hierarchical spatial distribution of DFs where the LA and PVs were always the fastest
regions. By contrast, in persistent AF, a more uniform distribution of higher DF values was
observed, where the highest DFs could not be found primarily in the PV region.17,18,26,30

The high DF sites and maintenance of AF
AF mapping studies have recognized the presence of temporally and spatially periodic
activity12,31–33 emanating from the PV region with regularity,10 suggesting that these
structures may have a role in maintaining AF,12 by harboring either localized short cycle
length reentrant sources and/or focal automatic activity.22,34 Sequential ablation of sites
showing the shortest cycle length has been associated with a progressive slowing of AF
frequency culminating in termination in 75% of patients with paroxysmal AF.15

Using a blind correlation between atrial DF distribution and ablation, without any attempt at
identifying potentially arrhythmogenic sites at the time of the procedure, Sanders et al17

found that ablation at PVs harboring HDF sites resulted in an increase in AF CL (≥5 ms)
within the CS in 89% of cases. The latter was true in patients with either paroxysmal or
permanent AF. However, eventual arrhythmia termination occurred during ablation in 15
(88%) out of 17 patients with paroxysmal but none with permanent AF (p<0.0001). In 13
(87%) of the 15 paroxysmal AF patients arrhythmia termination was associated with
ablation at a HDF site; 11 localized to a PV and 2 to the LA roof and the fossa ovalis. A
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more recent study by Atienza et al35 using a real-time mapping of DF allows targeting
specifically HDF sites and further demonstrates that abolishing by ablation a preexisting
LA-to-RA DF gradients predicted long term freedom of AF in both paroxysmal and
persistent AF patients. In persistent AF patients, Yoshida et al36 recently demonstrated that
isolation of the PV region eliminated high DF components and transform the fibrillation to
tachycardia with a slower frequency. Interestingly, for reasons which are not entirely clear
the frequency of the emerging tachycardia waves had a significantly high power during the
preceding fibrillation.36 The aforementioned data, together with those of previous studies by
Atienza et al18 and Lazar et al,37 clearly indicate that the HDF sites play a role in the
maintenance of AF in a significant number of patients.

Activation frequency and driver mechanisms
Overall, it seems that the dynamic nature of AF keeps the spatio-temporal variability of the
DF within a limit that allows consistent identification of HDF sites as discrete AF drivers
despite mapping limitations. However, to this date, whether such sites are automatic,
triggered or reentrant and whether changes in the driver activity would alter spatial
frequency gradients, remains unresolved. Identifying rotors as drivers of AF directly in
patients is very difficult with the existing mapping techniques.38,39 Yet, the ACh dose
dependent acceleration of rotor frequency40 offered an idea that enabled translating animal
experiments to the patients and gave us the opportunity to obtain evidence, albeit indirect,
for the presence of rotors as drivers through pharmacologic means. Translation was made
possible also by the fact that adenosine, which is widely used in the clinic, is known to
activate the same Kir3.x subfamily of inward rectifier potassium channels as ACh.41–43 By
increasing K+ conductance in the atrium, both ACh and adenosine hyperpolarize the cell
membrane, abbreviate the action potential duration and the refractory period, and inhibit
spontaneous pacemaker discharge as well as early and delayed depolarizations.41,42 On the
other hand they both accelerate reentrant activity.40 In a recent study18 Atienza et al18

analyzed the effect of adenosine on the activation rate in specific regions at the junction of
the PV and the LA (PV-LAJ), the roof of the RA and the CS. That study found that
adenosine infusion increased frequency primarily at sites that activated at the highest rate at
baseline. In paroxysmal AF patients, adenosine increased activation frequency in the PV–
LAJ. In persistent AF patients, the highest-frequency sources accelerated by adenosine were
located in either atria but not at PV sites. Thus, the response to adenosine is consistent with
reentrant drivers maintaining AF that have different locations in paroxysmal compared with
persistent AF patients.18

Surface ECG and frequency analysis
Intracardiac mapping and Fourier methods generated whole-atrial DF maps in patients
undergoing AF ablation procedures and identified relatively small HDF sites. Surface ECG
analysis that captures that information would potentially be relevant to the guidance into AF
mechanisms as well as its pharmaceutical and ablative therapies. To what extent one should
expect to be able to determine the distribution and role of the HDF sites in AF maintenance
in population using surface ECG at large? To address that question, consideration should be
given to the relatively low resolution and small fields of currently available mapping
systems, with the substantial temporal limitation imposed by the need to sequentially acquire
the electrograms to generate the wide area intracardiac DF maps. At the same time, a study
using surface mapping with multiple electrodes across the body upper torso has described
surface activity during atrial arrhythmias.44 Despite the smoothing effect of the torso and
relatively low atrial signal, activation maps were constructed showing inter-patient
variability but short term reproducibility during AF.44 The paucity of invasive data in that
study nevertheless prevents a direct correlation of the activation maps with actual atrial
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sequences of excitation. Another approach used a high density surface mapping in
combination with individual torso-heart reconstruction and the inverse solution to generate
activation maps on the atrial epicardium.45 The method, named ECGi has been validated in
a few cases of atrial flutter and tachycardia,46,47 Based on these studies it is not clear yet
whether the body surface mapping will provide the details relevant to the complex
spatiotemporal patterns of activation that underlie AF in patients.

On the other hand surface frequency analysis during AF found that surface frequency
mapping is feasible with global ECG frequencies ranging between 4 and 8 Hz, values
similar to average DF values of local activity obtained by intracardiac bipolars.17,25,35 Using
the standard 12 lead ECG configuration, recent studies analyzed the vectorial representation
of surface potentials and showed a correlation between its loop morphology and stability to
the AF frequency as measured on the surface.48,49 Notably though is the fact taht the
physiologic meaning of a single vector representation of the atrial activation during
fibrillation remains to be studied. Indeed, while the degree of wavefront consistency
provided insights into the temporal variability of the activation order, this aspect was not
reflected by the body surface parameters in another study.50 However, the same study found
that AF frequency on the surface was able to distinguish between recordings with different
degrees of intra-atrial signal organization.50 Other studies also found high correlations
between surface dominant frequency and intracardiac DFs at the left and right atria49 and the
coronary sinus.51 Because the relationship between the spatiotemporal patterns of activation
and the local DF during AF at the intracardiac level is not fully understood, it remains a
challenge to utilize efficiently the surface ECG for a mechanistic AF diagnosis or
management. Nevertheless, the fact that various studies linked the spectral content of the AF
to either its underlying mechanisms17,18 or prediction of long term freedom of AF35,51

makes the frequency analysis of the surface ECG a rational approach to achieve that
important goal.
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Figure 1.
Bipolar electrograms and corresponding power spectra obtained from 4 points in a patient
with spontaneous paroxysmal AF. Each site shows distinct DF. Panel A clearly
demonstrates the utility of spectral analysis. The bipolar recording shows low amplitude
complex signals that make accurate determination of frequency of activation difficult. The
power spectrum clearly demonstrates the DF at 8.1 Hz. The DF map of this patient is shown
in Figure 2A. Panel A is from the site of maximal DF at the RIPV; Panels B and C are from
other HDF sites in the right superior and left superior PVs; and Panel D is from the posterior
RA. Reproduced from Sanders et al, Circulation. 2005;112:789–797.17
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Figure 2.
Dominant frequency maps of human AF. A, DF map in a patient with paroxysmal AF (6
hours). Note HDF sites in each of the PVs. Ablation sequence in this patient was LSPV,
LIPV RSPV and RIPV (site of AF termination); AF CL increased by 10 ms, 25 ms, 9 ms
and 75 ms, respectively, before termination. B, DF map in a patient with permanent AF (24
months). The maximal DF and atrial frequency are higher than the patient in panel A. In
addition, many of the HDF sites are located outside the PVs. Ablation sequence in this
patient was RIPV, RSPV, LSPV and LIPV; AFCL increased by 5 ms, 2 ms, 0 ms and 5 ms
respectively. The electrogram of the site of maximal DF in the LA and RA is presented
showing significant fractionation. LSPV, left superior PV; LIPV, left inferior PV; RSPV,
right superior PV; RIPV, right inferior PV; SVC, superior vena cava; MA, mitral annulus;
TA, tricuspid annulus. Color-bar, scale in Hz. Reproduced from Sanders et al, Circulation.
2005;112:789–797.17
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