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Abstract 

Atrial fibrillation (AF) is one of the most common 
cardiac arrhythmias seen in clinical practice. Anatomical 
and functional reentries seem to be important in driving 
AF. Therefore, it is of great importance to identify and 
locate them. Multi-electrode array systems are 
increasingly being used to map the atrial electrical 
activity in humans. We use here computer simulations of 
reentries and process electrograms to perform phase 
maps, phase singularity (PS) detections and dominant 
frequency (DF) maps, in order to study if the multi-
electrode array systems can distinguish properly between 
anatomical and functional reentries. Our results show 
that although there is no difference between phase maps 
corresponding to anatomical and functional reentries (all 
they exhibit rotors and therefore, in all cases a trajectory 
is tracked through the PS detections), overlapping the 
trajectories with the DF maps obtained it is able to 
distinguish anatomical from functional reentries. 

1. Introduction

Atrial fibrillation (AF) is one of the most common 
cardiac arrhythmias seen in clinical practice [1-2]. 
Nevertheless, the mechanisms maintaining AF are still 
poorly understood, although both anatomical and 
functional reentries seem to be important in driving AF. 
Therefore, it is of great importance to identify and locate 
them with the new developed technologies in order to 
help physicians to improve treatment procedures, and 
thereby yield a better quality of life for patients.    

Lately, the multi-electrode array systems are 
increasingly being used to map the atrial electrical 
activity in humans, with the aim of reconstructing spatio-
temporal maps to be used as a tool for the diagnosis 
during ablation procedures [3-4]. An example of this is 
the group of Narayan, who were focused in mapping the 
atria to identify focal sources as well as rotors during AF 
in order to improve the ablation procedures [5-6]. 

We use here computer simulations to study if by using 

multi-electrode array systems it is possible to distinguish 
properly between anatomical and functional reentries. 

2. Methods

2.1. Computer simulations 

In order to study the ability of the multi-electrode 
arrays to distinguish between functional and anatomical 
reentries, we performed computer simulations in three 
different 3D sheets of dimensions 4.98 cm × 4.98 cm × 
0.03 cm, corresponding to left atrial (LA) tissue (Sim1), 
pulmonary veins (PV) tissue (Sim2) and mitral valve ring 
(MVR) tissue (Sim3). The geometrical mesh consist of 
27,556 hexahedral elements for Sim1, 26,612 for Sim2 
and 23,916 for Sim3, with a spatial resolution between 
nodes of 0.03 cm. The geometrical mesh built to simulate 
the reentry around the PV contains a hole of 1 cm of 
diameter, while the mesh for the reentry around the MVR 
contains a hole of 2 cm of diameter, corresponding to 
experimental data [7], as shown in Figure 1. 

Figure 1. Geometrical mesh for simulations of: A) LA 
(Sim1); B) PV (Sim2); C) MVR (Sim3). 

Simulations in paroxysmal AF (pAF) conditions were 
carried out to reproduce a functional reentry in the left 
atrium (LA) and an anatomical reentry around a 
pulmonary vein (PV) and the mitral valve ring (MVR). 
The Courtemanche et al. model [8], modified by the IKACh 
ionic current of the Grandi et al. model [9], was used to 
reproduce the cellular electrical activity under pAF 
conditions. In order to emulate the atrial regional 
electrophysiological heterogeneity, the maximum 
conductance of different ionic channels was modified to 
adjust the action potential duration to 90% of 
repolarization (APD90) observed experimentally [10-11], 
as shown in Table 1. On the other hand, the IK1 was 
increased by 200% [12] to reproduce the electrical 
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remodeling in the LA regions observed in experimental 
studies (Table 1).    

 
Table 1. Changes in the ionic currents of the model due to 
atrial heterogeneity and electrical remodeling 

 
Electrophysiological Heterogeneity 

Changes in ionic currents a LA PV MVR 

IKr 1.60 2.40 2.44 

ICaL - - 0.67 

Electrical remodeling under pAF conditions 

IK1 2.00 

a. adimensional multiplicative factor w.r.t. values in [8] 

 
Electrical activity was initiated by applying a cross-

field stimulation protocol S1-S2, S1 being a planar 
stimulus applied at the lower edge of the tissue and S2 a 
square stimulus applied at the bottom left corner of the 
tissue. 

The electrical propagation of action potentials (AP) in 
the tissue was obtained by solving the mono-domain 
reaction-diffusion equation (1) with the finite elements 
method [13], where D is the conductivity tensor (De 
extracellular and Di intracellular), Vm the membrane 
potential, Cm the membrane capacitance and Iion the sum 
of all the ionic currents flowing through the membrane. 

 

 
 

2.2. Calculation of extracellular potential 

Extracellular electrical potentials (φe) were calculated 
by an approximation of the bidomain model in two steps. 
In the first step the Vm was computed by the monodomain 
model equation (1), as explained in 2.1. In the second 
step, φe was computed by using Vm as input for the second 
bidomain model equation (4), with the finite element 
method and Neumann boundary conditions [14]. 

 
For this, the computed Vm were interpolated onto a 

finite-element tetrahedron mesh of dimensions 4.95 cm × 
4.95 cm × 4.86 cm containing two regions: a sheet of 
excitable atrial tissue with thickness of 0.09 cm, and a 
block of blood with thickness of 4.77 cm (Figure 2). 

Unipolar electrograms (EGMs) were computed 
through the φe calculation on the coordinates where the 
electrodes forming the virtual multi-electrode contact 
array were located. Inter-electrode distance was set at 0.9 

mm. Then EGMs were linearly interpolated (spatial 
resolution of 0.3 mm) to obtain a better visualization of 
the phase maps and a more accurate detection of the 
phase singularities (PS). 

 

 
Figure 2. Tetrahedral meshes built for the EGM 
calculation: tissue (blue), blood (white) and multi-
electrode array (black dots).  

 
2.3. Interpolated phase maps 

Once the EGMs were interpolated, phase maps were 
built based on the Hilbert transform [15-16]. The 
instantaneous location of a rotor, i.e. a functional reentry, 
can be given by PS at sites exhibiting [17-18]: 

 
where  is the gradient of the instantaneous phase along 
a closed path surrounding the possible pivoting point. 
Points satisfying (5) were used to detect the rotors and its 
meandering. 
 
2.4. Dominant frequency maps 

The interpolated EGMs were processed in order to 
compute the dominant frequency (DF) maps as in [19], 
being the DF defined as the frequency corresponding to 
the highest peak of the power spectrum. 

 
3. Results 

After applying the cross-field stimulation protocol, 
three different reentries occurred: one of them functional 
in LA (Sim1) and the rest anatomical, being around PV 
(Sim2) and MVR (Sim3), as shown in the first column of 
Figure 3.C. 

In Figure 3.A and Figure 3.B are depicted the Vm and 
EGMs registered on the black dot drawn in Figure 3.C, 
respectively. The cycle length (CL) of the Vm signals was 
calculated as the mean of the interval between excitations 
on that node. The CL ranged between 105.21ms and 
131.96ms for the functional reentry in the LA (Sim1), 
between 107ms and 122ms for the anatomical reentry 
around the PV (Sim2) and between 148ms and 149ms for 
the anatomical reentry around the MVR (Sim3), being the 
mean 114.97ms, 112.75ms and 148.13ms respectively. 
The frequency of the electrical activation on that node, 
computed as the inverse value of the time interval 
between excitations, ranged between 7.57 and 9.51 Hz for 
Sim1, between 8.20 and 9.35 Hz for Sim2 and between 
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6.71 and 6.76 Hz for Sim3. The mean of the activation 
frequency was 8.72 Hz for Sim1, 8.88 Hz for Sim2 and 
6.75 Hz for Sim3. 
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Figure 3. A-B) Vm and EGM in LA (blue), PV (red) and 
MVR (green), respectively; C) Vm (first column), phase 
maps (second column) and PS detections (third column) 
obtained for Sim1, Sim2 and Sim3. White dots on the 
first column images correspond to the multi-electrode 
array, and black dots to the node where signals in A and 
B were depicted. 

 

 
Figure 4. First row: DF maps computed for the functional 
reentry in the LA (Sim1) and the anatomical reentry 
around the PV (Sim2) and the MVR (Sim3). Second row: 
trajectories overlapped to DF maps. 
 

Phase maps generated by the recordings of the multi-
electrode array exhibited the anatomical reentries as 
rotors, and therefore a meandering was detected (second 
and third column of Figure 3.C). In case of the functional 
reentry (Sim1) the trajectory was detected in the tissue. 
However, in case of both anatomical reentries (Sim2 and 
Sim3), the trajectories were located spatially inside the 

hole, where there was no tissue. 
Regarding the DF maps, for the functional reentry in 

the LA (Sim1) highest frequencies were located in the 
middle of the meandering area. However, for the 
anatomical reentries (Sim2 and Sim3) the meandering 
area coincided with the lower frequencies region and in 
addition, it was located in the middle of the hole. As 
shown in Figure 4, the DF ranged between 8.7-14.6 Hz 
for Sim1, 1-9 Hz for Sim2 and 1-6.8 Hz for Sim3. 

 
4. Discussion 

The results regarding phase maps show that either, 
functional and anatomical reentries, are registered by the 
multi-electrode array as a rotor, i.e. as a functional 
reentry, and also their meandering can be detected 
through the PS detections. In the anatomical reentries the 
trajectory is more concentrated spatially, while in the 
functional reentry it is wider. This is probably due to the 
effect of the hole around which reentry occurs. Phases 
existing in the edge converge inside and form a false PS, 
always located within the edge of the hole, and therefore 
anatomical reentries seem to be a rotor.  

On the other hand, the CL of functional reentries is 
expected to be shorter compared to anatomical reentries 
[20]. In our study, the CL mean value is clearly shorter 
for the functional reentry than for the anatomical reentry 
around the MVR (114.97ms vs. 148.13ms). However, in 
case of PV the CL is shorter than in the functional reentry 
(112.75ms vs. 114.97ms). One reason for that results 
could be the fact that they are different tissues (LA, PV 
and MVR) and as a consequence the conduction velocity 
(CV) is also different, as well as the diameter of the hole.  

Otherwise, paying attention to the results obtained 
from the DF maps in combination with those resulting 
from the PS detection, we observe how in a functional 
reentry, the trajectory location coincides spatially with the 
region where frequencies are highest, as expected [21] 
since the core of a rotor has shorter CV and APD90 than 
the tail, implying also a shorter CL and therefore a higher 
frequency of activation [20]. However, in case of 
anatomical reentries the trajectory coincides with the 
region of lowest DF (region inside the hole where there is 
any excitable tissue). Moreover, maximal DF are higher 
in the functional reentry than in the anatomical reentries 
(14.6 Hz vs. 9 Hz and 6.8 Hz). Thereby, although we 
detect a meandering in all cases, it is possible to 
differentiate the functional reentry from the anatomical 
due to the spatial coincidence of the trajectory with the 
highest DF region, since for anatomical reentries the 
trajectory coincides with the lowest DF region.    

It would be of interest to perform further studies with a 
3D realistic human atrial model and multi-electrode 
basket arrays, in order to check whether the results 
obtained with excitable tissue sheets are consistent with 
those obtained in the atria, where both the geometry and 
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the reentries are more complex. Furthermore, the inter-
electrode distance would be non-equidistant in case of a 
64-electrodes mapping basket catheter placed in the atria 
and the spatial resolution would be lower (in average 
approximately 20 mm for a basket with 5 cm of 
diameter), compared to the multi-electrode array system 
used in this study (spatial resolution of 0.9 mm, similar to 
that used in optical mapping). Therefore the interpolation 
of phases could produce false rotors [22].  

 
5. Conclusion 

Our results suggest that the multi-electrode arrays are 
very useful to detect reentries driving AF in an excitable 
sheet, thus combining phase and DF maps with PS 
detections they are able to distinguish whether a reentry is 
anatomical or functional. 
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