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lines of the Maze III procedure. The red dot is the ectopic
focus.
The atrial surface is discretized into a hexahedral mesh
with 52906 elements and 100554 nodes. The model has a
realistic fiber orientation.
In this work, the electrophysiological heterogeneity
was included to reproduce measured action potentials
[12]. For this, maximum conductances of It, IKr and ICaL
were modified in the Nygren’s cellular model for CT,
PMs, atrial APG and atrioventricular rings. Anisotropic
conduction was assumed. The transversal to longitudinal
ratio of conductivity for CT was 1:9, for the atrial
working myocardium (AWM) was 1:2 and the isthmus
and the SAN were set to be isotropic. The conduction
velocity were 69 cm/s for AWM, 120 cm/s for BB and
PMs, 143 cm/s for CT, 54 cm/s for PVs, 44 cm/s for
isthmus and 25 cm/s for SAN.

2.2.

2.4.

Linear transmural lesions caused by surgical ablation
procedures are modelled by selecting elements of the
model, which were assigned zero conductivity in order to
become real obstacles to the activation fronts (black lines
in figure 1).

2.5.

Pseudo-electrograms

Pseudo unipolar electrograms (EGMs) were computed
in 43345 simulated-electrodes located on the model
surface. The extracellular potential (Φe) was modelled
using a current source approximation for a large volume
conductor:
I (r ′, t )
1
(2)
dr ' m
Φ e (r , t ) =
∫
4πσ e
r − r′
where r is the electrode location vector, r’ is the
current source location vector, Im is the transmembrane
current per unit area of atrial tissue surface, and σe is the
extracellular conductivity. EGMs were computed every
millisecond. This electrograms was then used to calculate
the power spectral density using Fast Fourier Transform
(FFT) method, which allowed us to obtain the maximum
dominant frequency (DF).

Electrical remodeling

Experimental data reported by Bosh et al. [3] have
demonstrated that atrial fibrillation induces changes in
ionic channel conductance and kinetics of human atrial
myocytes. These changes have been incorporated in the
model of human atrial action potential (AP) developed by
Nygren et al. [13] to reproduce atrial remodeling. In order
to get the remodeling model, several parameters were
changed in the AP model: the channel conductance for IK1
was increased by 250%, the channel conductance for ICaL
was decreased by 74%, the channel conductance for It
was decreased by 85%, the kinetics of the fast
inactivation of ICaL was increased by 62%, the activation
curve of It was shifted by +16 mV and the inactivation
curve of INa was shifted by +1.6 mV. These values are
taken from data published by Zhang et al. [14]. With
these changes, the modified model can reproduce the
action potential of human atrial myocytes of patients with
permanent AF. This modified electrophysiological model
was integrated in the 3D model.

2.3.

Ablation pattern Maze III

2.6.

Stimulation protocol

AF was generated by S1-S2 protocol. A train of stimuli
was applied during 10 seconds in the sinoatrial node area
to simulate the sinus rhythm. The basic cycle length
(BCL) was 1000 ms. After, an ectopic beat was applied
near to left pulmonary veins at a tight coupled interval
(red dot in figure 1).
The ablation lines of the Maze III procedure were
applied after 10 seconds of AF.

3.

Action potential propagation

Results and discussion

The electrical remodeling induced a 7 mV
hyperpolarization of the resting potential, a 70%
reduction in APD90 (90% repolarization) and 5%
reduction in conduction velocity. The APD90 was reduced
from 284 ms to 86 ms. These changes are consistent with
experimental observations [3;4].
The ectopic focus generated reentrant activity leading
to fibrillatory conduction. The ectopic beat applied near
to left PVs during the repolarization phase of the tenth
sinus beat, generated a unidirectional block. The
wavefront turned around the PVs and it continued
propagating generating reentrant waves. This result is
accord with experimental studies [15-18]. Observations
published by Hobbs et al. [15], demonstrated the role of
electrical remodelling in the progression of focal atrial

Action potential propagation was modeled using the
monodomain equation given by:
dVm


(1)
∇ ⋅ Di∇Vm = S v  C m
+ I ion 
dt


where Vm is the transmembrane potential, Cm = 50
pF/cm2 is the specific membrane capacitance, Sv is the
cell surface-to-volume ratio, Di is the conductivity tensor,
and Iion is the aggregate ion fluxes. The ion fluxes across
the membrane are based on the modified Nygren atrial
cellular model. Extracellular space with infinite resistance
is assumed. Equation 1 was solved using a finite element
method.
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ectopy to AF. Others studies published by Haissaguerre et
al. [16], Chen et al. [17], and Kumagai et al. [18], shows
the role of focal activation in the initiation and
maintenance of AF, initiated by triggers in the pulmonary
veins (PV’s); which could be successfully treated by
delivery of radiofrequency energy (RF).
The width of the vulnerable window for reentry (range
of time in which reentries occur) was 16 ms.
Figure-of-eight reentries, rotors and collisions were
observed during 10 seconds of simulation (see figure 2).
Figure-of-eight
reentries
have
been
observed
experimentally [19] and in simulations of cardiac tissue
[20]. Equally, experimental and computational studies
[21-24], have been obtained rotors in the atrium.
The pseudo-electrograms obtained show variability in
size and shape during simulated AF. Electrogram
complexes were rapid, irregular and polymorphous
(variability in size and shape). Irregularity and
polymorphism was greater during figure-of-eight reentry
and collisions, during rotor activity the electrograms
shown more uniform and regular complexes. Spectral
analysis of the electrograms shows broadbands with
multiple frequency peaks, as a consequence of the
unstable electrical activity. FFT analysis has had
increasing use in helping to study and characterize atrial
arrhythmias [23;25]. The Figure 2 shows an example of
pseudo-electrogram calculated in the center of left free
wall.

When we applied the Maze III ablation pattern, the AF
was finished after 200 ms. The ablation lines in the right
atrium blocked the wave fronts in this area. Similarly,
ablation lines in the left atrium prevented that the
reentrant fronts on the left free wall continue their
activity. The front of depolarization ended in the right
PVs and superior caval vein (see figure 3).

Figure 3. Maze III procedure terminated the AF.

4.

Conclusions

The results have been consistent with several cases
reported by clinical studies. The developed model can be
implemented to improve ablation patterns in order to find
an ideal pattern to allow ending the arrhythmia with the
least number of lines of ablation.
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