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Abstract 

Reentrant drivers or mother rotors have been defined 
as a mechanism responsible of atrial fibrillation (AF) 
maintenance whose ablation can terminate the 
fibrillatory episodes. This study presents a novel non-
invasive approach to identify atrial reentrant patterns.  

High-density surface potential recordings were 
obtained from 14 AF patients and singularity points (SP) 
were located in the torso phase maps after band-pass 
filtering at the highest dominant frequency. An atrial-
torso computer model was used to investigate the effect of 
the band-pass filtering on the electric potential signal. 

Stable SPs were found during 73.1±16.8% of time after 
band-pass filtering vs. 8.3±5.7% on raw signals. Surface 
SPs representing atrial rotors were detected at specific 
torso areas related with their atrial location. 

Phase analysis after band-pass filtering can detect 
atrial drivers, helping to plan the best therapy strategies.  

1. Introduction

Novel recording techniques have demonstrated that 
functional reentries, or mother rotors, can be the 
responsible of the maintenance of fibrillatory processes 
during atrial fibrillation (AF), and their ablation can 
terminate the arrhythmia [1-3]. The identification of the 
fibrillatory mechanisms in each patient may help in 
planning the best pharmacological therapy or ablation 
strategy to deliver to that individual patient. 

Previous studies have found a correlation between the 
dominant frequency (DF) distribution along the atria and 
the position of the atrial rotors [2-3]. Besides, it has 
recently been shown that non-invasive mapping allows 
the identification of these high DF atrial sources during 
human AF by using surface recordings [4]. Thus, the aim 
of this study is to investigate the potential use of surface 
mapping recordings for the detection of atrial drivers 
prior to the invasive interventions. 

2. Methods

2.1. Patients 

Surface electrocardiograms (ECG) from 14 
paroxysmal and persistent AF patients were recorded 
using a grid of 67 electrodes on a vest covering the torso 
(Figure 1). Ventricular activation was removed by 
administration of a central venous bolus of adenosine (12-
18 mg) and 4-seconds segments of surface ECGs 
surrounding the longest RR interval were used for the 
analysis. Surface potentials were baseline-subtracted and 
low-pass filtered at 30 Hz [5]. Power spectral density of 
all signals was computed to determine the local DFs and 
their distribution on the body surface [4]. 

Intracardiac electrograms (EGMs) were 
simultaneously obtained from both atria during the 
procedure by using catheters introduced via the right 
femoral vein. Power spectral density of EGMs was 
computed to determine the DF of each atrium. Surface 
ECGs were then filtered at the highest DF (HDF) found 
on the torso surface or at the highest DF found at either 
left atrium EGMs (LA-HDF) or right atrium EGMs (RA-
HDF) by using a 2 Hz bandwidth band-pass filter.  

Figure 1. Schematic geometrical configuration of the 
surface electrodes relative to the torso. Electrodes at 
locations corresponding to the standard ECG precordial 
leads are denoted as black circles. 
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2.2. Mathematical models 

Due to the difficulty in obtaining simultaneous 
panoramic recordings from the atria and torso surface, we 
had to rely on mathematical models of the electrical 
behaviour of the atria-torso system to investigate how the 
atrial reentrant patterns are projected on the torso. Our 
atria-torso model consisted on a spherical shell of active 
tissue, representing the atria, within a passive torso 
modelled as a uniform volume conductor bounded by a 
spherical surface representing the torso surface [6].  

The atrial shell was divided into a 10% area with 
healthy conduction properties and a 90% area with 
fibrotic properties, resulting in a fibrillatory propagation 
pattern leaded by a stable rotor placed on the healthy area. 
The electric potential resulting from the atrial activity was 
studied everywhere on 20 concentric spheres from the 
atria to the torso by using the Boundary Element Method.  

2.3. Phase singularity and filaments 

Phase maps on the torso surface of patients and in each 
concentric layer in the computer models were obtained 
from the potential phase signal of each node by the 
Hilbert transform [7]. A singularity point (SP) was 
defined as the point in a phase map which is surrounded 
by phases from 0 to 2π. Only those SPs that were present 
for the duration of at least one full rotation were 
considered. A filament was defined as the connection 
between SPs across spherical layers on the atrial-torso 
model at a given time. 

3. Results

3.1. Patients 

Surface phase maps recorded on the patients torso 
during AF showed unstable patterns prior to the HDF-
filtering, as can be appreciated on Figure 2A. The SPs 
detected were present briefly and drifted large distances 
in short time. After HDF filtering of the potential signal, 
phase maps showed SPs more spatially and temporally 
stables (Figure 2B). The reentrant patterns could be 
observed also in the ECG signal after the HDF-filtering. 
Figure 2C shows a clear reentrant pattern in the filtered 
potential signal that corresponds to the stable SP in Figure 
2B. Measurements on the rotor occurrence before and 
after HDF-filtering confirmed the stabilization of the SPs 
(Figure 2D). Stable SPs were found in unfiltered AF 
signals during 8.3±5.7% of the time vs. 73.1±16.8% in 
HDF-filtered signals (p<0.01) and the average SPs 
duration concomitantly increased following the HDF-
filtering (160±43 ms vs. 342±138 ms, p<0.01). 

The EGM simultaneously recorded to the surface 
potential signal allowed us to make inferences between 

Figure 2. Surface phase maps at two selected times for 
unfiltered (A) and for HDF-filtered (B) potential signal. 
(C) ECGs at positions 1-6 in (A) and (B). (D) Surface 
rotor measurements over the entire cohort. 
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the reentrant patterns detected on the torso surface and the 
evidence of rotor drifting in the atria. In Figure 3A the 
spatial position of a torso SP that lasted for 3 seconds can 
be observed. It is noticeable that the EGM (Figure 3B) 
presented unstable morphology in intervals 1-4 and 
monomorphic morphology at interval 4-5, which is 
consistent with the observed drifting of the SP on the 
torso surface. It is remarkable that the detected rotors can 
drift out of the registered area, so the duration values 
described above are a conservative estimation. 

The band-pass filtering at the HDF found on the atrial 
EGM tended to concentrate the rotor apparition at certain 
areas of the torso. The trajectory of a surface SP that 
drifted during 2 seconds on the posterior torso obtained 
after the LA-HDF filtering in a LA-fastest patient is 
depicted in Figure 4A. In Figure 4B can be observed the 
trajectory of a SP that drifted during 500 ms on the right 
anterior torso detected after the RA-HDF filtering in a 
RA-fastest patient. In Figure 4C, the 2-dimensional 
histogram of SP locations after LA-HDF filtering in 
patients with an inter-atrial DF gradient > 1 Hz (n=10) 
shows a predominant location of SPs on the posterior 
torso, while the histogram after RA-HDF filtering shows 
the predominant location on the right anterior torso. The 
locations of the maximal numbers of true LA or RA SPs 
are shown in Panels C and D to reside well within the 
areas demarcated by the HDFs originating either at the 
LA or RA (marked with dotted line), respectively, based 
on previous surface-atrial DF distribution correlation 
study [4]. 

Figure 4. (A) Phase map and rotor tracking after LA-
HDF. (B) Phase map and rotor tracking after RA-HDF 
filtering. Histogram of the rotor position for all rotors 
detected in patients with an inter-atrial DF gradient after 
LA-HDF filtering (C) and after RA-HDF filtering (D).  

Figure 3. (A) PSs trajectories on the torso surface. (B) 
EGM recorded at the highest DF in the atria 
simultaneously to the surface recordings. 

3.2.  Mathematical models 

Figure 5A shows the phase map at increasing distances 
from epicardial to surface in the atrial-torso mathematical 
model with a reentrant driver in the 10% of healthy tissue. 
Note that phase maps from raw signals showed unstable 
patterns due to the fibrotic activity. However, after the 
HDF-filtering the surface phase map became stable, 
showing a stable SP at the nearest point to the atrial rotor. 
At Figure 5B the filament distribution before and after the 
HDF filtering can be seen. It can be observed that HDF-
filtering allows removing the activity at frequencies other 
than the rotor activity (fibrotic activity), projecting on the 
torso only the electrical activity produced by the rotor. 

4. Discussion

In this study we show that phase maps of surface 
potentials during AF display unstable reentrant patterns, 
but after HDF-filtering they allow observing reentrant 
patterns with spatiotemporal stability. The short-lived and 
unstable surface reentrant activity in the non-filtered data 
is suggested by computer simulations to result from 
superposition of irregular electrical activity at frequencies 
other than the HDF which may mask the presence of the 
more stable reentrant activation. Furthermore, it has been 
found that there is a correlation between the drifting of 
these reentrant patterns on the torso and the EGM signal 
simultaneously recorded, so there is evidence that our 
surface reentrant patterns can be provoked by atrial 
reentrant drivers. Finally, it has been shown as the HDF-
filtering at the bands of the right and left atrium activity 
reflects surface rotors in different areas of the torso which 
coincide with the areas in which the electrical activity of 
the right and left atrium are projected respectively [4]. 
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Figure 5. (A) Phase maps at 4 time instants (top to down) 
in 3 concentric layers at increasing distances from the 
epicardium (left to right) and after HDF filtering of 
surface potentials. (B) Temporal evolution of filaments 
for unfiltered potentials and for HDF-filtered potentials. 

Previous studies have demonstrated that reentrant 
drivers can be responsible of the human AF maintenance 
[1-3]. Narayan et al. reported recently that rotor activity is 
detectable by panoramic intracardiac mapping in about 
70% of 98 out of 101 AF patients and brief ablation at the 
centers of those rotors was effective in terminating or 
slowing the arrhythmia [1]. The results presented in this 
study are consistent with that latter evidence: the surface 
recordings are detecting rotor activity also in about 70% 
of the time during AF. 

Computer simulations have demonstrated that atrial 
rotors, even present in small atrial areas, can be detected 
on the torso surface by HDF-filtering. Activity of rotors 
covering a small atrial portion may be masked by the 
electrical activity of the rest of the atria, even if it is a 
highly disorganized activity, so the raw potential signal 
may shows unstable reentrant patterns. The HDF-filtering 
allows attenuating the signal component provoked by the 
regions working in a frequency other than the rotor, 
remaining after the band-pass filtering only the electrical 
activity provoked by the reentrant driver and thus 
stabilizing the surface reentrant patterns.   

We cannot conclusively confirm that rotational 
patterns observed in patients correspond to actual atrial 
rotors since we do not have simultaneous epicardial 
and/or endocardial panoramic data. However, we have 
made use of mathematical models to demonstrate that in 
case rotors are present during AF on the atria, they can be 
detected on the torso surface by HDF-filtering even if the 

rotors are present in small areas. Although the models of 
the atria-torso system were simple spherical models, these 
simple models contain the active and passive volume 
conductor components needed to gain insight into the 
mechanisms of visual rotor stabilization by HDF-filtering. 

5. Conclusion

Phase analysis of the surface potential signal after 
HDF-filtering and identification of singularity points can 
detect the presence of atrial reentrant drivers. The 
detection of the AF maintenance mechanism in each 
individual patient may help improving the diagnosis and 
selecting the best therapies.    
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