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KEY POINTS

� Atrial fibrillation (AF) maintenance in experiments and certain groups of patients depends on local-
ized reentrant sources with fibrillatory conduction to the remainder of the atria.

� AF can be eliminated by directly ablating AF-driving sources or “rotors” that exhibit high-frequency,
periodic activity.

� The RADAR-AF randomized clinical trial demonstrated that in paroxysmal AF patients, selective
ablation of highest frequency sites responsible for AF maintenance is as effective as circumferential
pulmonary vein isolation, and decreased ablation risks.

� Body surface potential map (BSPM) dominant frequency estimation allows the global identification
of high-frequency sources driving AF before and during the electrophysiology laboratory procedure
for ablation.

� Phase maps of highest dominant frequency–filtered BSPM recordings allow prior and real-time
noninvasive localization of atrial reentries during AF, enabling further physiologically based rationale
for personalized AF ablation procedures.
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INTRODUCTION

Atrial fibrillation (AF) is the most common
arrhythmia seen in clinical practice and is associ-
ated with increased risk of stroke, heart failure,
and death.1 Although antiarrhythmic drugs have
limited efficacy, the demonstration of AF triggers
in the atrial sleeves of the pulmonary veins (PVs)
has led to a significant improvement in therapy.2,3

Several ablative strategies have been developed
with the objective of creating circumferential le-
sions around the PV ostia.4 Empiric circumferential
pulmonary vein isolation (CPVI) is effective in w70
to 80% of patients with paroxysmal AF and has
become therapy of choice for drug-refractory AF
in these patients.5 However, results still remain
suboptimal because of the presence of non-PV
sources maintaining AF.4,6,7 Moreover, the suc-
cess rate of CPVI in the more prevalent persistent
and long-lasting AF populations is significantly
lower and extensive substrate-based ablation stra-
tegies have been used with conflicting results.8,9

Experimental and clinical data from the authors’
laboratory support the hypothesis that both acute
and persistent AF in the sheep and some groups of
human patients is not a random phenomenon.
Studies analyzing the spatiotemporal organization
of waves and dominant frequency (DF) in the
isolated sheep heart demonstrate that AF mainte-
nance in this model depends on localized reen-
trant sources in the left atrium (LA) and fibrillatory
conduction in its periphery.10–15 As a natural
consequence of these studies, the authors trans-
lated the analysis on the organization of DF to
human AF and found that AF reentrant sources
are localized primarily to the PVs and LA posterior
wall in the case of paroxysmal AF but elsewhere in
the case of persistent AF.16–20 Several of these
observational studies showed that AF could be
eliminated by directly ablating AF-driving sources
or “rotors” that exhibit high-frequency, periodic
activity, based on either electrogram (EGM) visual
analysis, DF analysis, or panoramic endocardial
mapping.2,17–19,21–25 Recently, the first random-
ized clinical trial, RADAR-AF, demonstrated that,
in paroxysmal AF patients selective ablation of
sites responsible for AF maintenance is as effec-
tive as CPVI and decreased ablation risks.26 These
results demonstrate that an ablation procedure
based on a more target-specific strategy aimed
at eliminating high-frequency sites responsible
for AF maintenance is efficacious and is safer
than empirically isolating all the PVs.
Therefore, it would be arguably desirable to non-

invasively identify the location of the sources
responsible for AF maintenance before the pro-
cedure to design the ideal ablation strategy for

each individual AF patient as well as to be able
to perform a panoramic real-time localization of
sources during the procedure.27,28 Although the
highest-frequency sources in paroxysmal AF are
most commonly located in the junction of the LA
with the PVs, they have also been identified
elsewhere in the atria and may shift in time. Recent
studies by the authors’ group have shown that
panoramic, global, atrial noninvasive frequency
analysis is feasible in AF patients and may allow
the identification of high-frequency sources before
the arrival at the electrophysiology laboratory for
ablation. Body surface map (BSPM) replicates
the endocardial distribution of DFs and can iden-
tify small areas containing the high-frequency
sources that result in fibrillatory conduction to
the reminder of the atria and may decrease the
time required for the search and elimination of
the highest DF (HDF) site.29 Moreover, the authors
recently showed that phase maps of surface
potentials during AF after HDF filtering allowed
the observation of driving reentrant patterns
(“rotors”) with spatiotemporal stability for greater
than 70% of the AF time.30 Thus, as shown in the
following sections, the ability of BSPM to detect
sites driving AF may enable a noninvasive person-
alized diagnosis and treatment of patients with AF.

THE NONINVASIVE MAPPING SYSTEM

In the authors’ studies, AF patients wore a custom-
made, adjustable vest with 64 electrodes covering
the entire torso surface (Fig. 1) during the ablation
procedure.17,29,30 The vest included recording
electrodes on the anterior (N 5 28), posterior
(N 5 34), and lateral sides (N 5 2) of the torso. In
addition, 3 limb leads were recorded and used to
generate the Wilson terminal. The BSPM vest
was placed before the catheterization and
fastened anteriorly, allowing access to the pa-
tient’s chest in case external electrical cardiover-
sion was needed during the course of the study.
Surface unipolar electrocardiographic recordings
were obtained by using a commercial system for
bio-potential measurements (Active Two, Biosemi,
The Netherlands) at a sampling frequency of
2048 Hz and stored on hard disk for off-line
analyses.31 Ventricular activity was removed from
the unipolar recordings before analysis numeri-
cally or by application of adenosine.29

SPECTRAL ANALYSIS OF BODY SURFACE
POTENTIAL MAPPING

Previous studies have highlighted the major role of
maximal DF (DFmax) sources in the maintenance
of AF in animals and humans.14,17,32 Arguably,
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