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Abstract 

Ionic expression gradients could determine the 
paroxysmal atrial fibrillation (pAF) dynamics. Recently, 
it has been demonstrated that the acetylcholine (ACh)-
activated potassium current (IKACh) and the inward 
rectifier K+ current (IK1) densities are ≈2-fold larger in 
the left atrium (LA) versus right atrium (RA) during pAF, 
which may result in a greater increase in LA than RA 
rotor  frequency. We investigated how the ionic 
expression gradients may affect the pAF dynamics. 
Experimental LA-RA IK1 and IKACh gradients were 
incorporated in a cellular atrial kinetics to simulate pAF 
in a 3D model of the human atria. pAF episodes were 
generated by a burst of 6 ectopic beats. In pAF model 
(with IK1 and IKACh gradients) action potential duration 
(APD) gradient was observed. However, without IK1 
gradient or without IKACh gradient the APD gradient was 
decreased. In the pAF model, single rotor and then 
figure-of-eight reentry sustained in the LA maintained the 
AF, without reentrant activity in RA. When one of the two 
ionic expression gradients was not present, the pAF was 
maintained by multiple reentrant waves that collided and 
fragmented in the RA. In conclusion, LA-RA gradients in 
both IKACh and IK1 expression are important in 
establishing APD and frequency gradients, and LA 
reentrant activity maintaining pAF. 

1. Introduction

Atrial arrhythmias, in particular atrial fibrillation (AF), 
are the most prevalent cardiac arrhythmia. While not 
directly lethal, AF provokes disabling symptoms and 
severe complications such as heart failure and stroke [1]. 
Paroxysmal atrial fibrillation (pAF) may occur in 
episodes lasting from minutes to days. If the pAF is not 
treated it could become permanent. Experimental and 
clinical evidence suggest that certain cases of AF are 
maintained by high frequency small reentrant sources 
(rotors) that result in a hierarchical distribution of 

frequencies throughout the atria.  
Recently, it has been demonstrated that the 

acetylcholine (ACh)-activated potassium current (IKACh) 
and the inward rectifier K+ current (IK1) densities are ≈2-
fold larger in the left atrium (LA) versus right atrium 
(RA) during pAF [2] which may result in a greater 
increase in LA than RA rotor frequency [3] and dynamic 
changes. 

In this work, we use computational 3D human atrial 
models to study how gradients in IK1 and IKACh expression 
may affect the pAF dynamic. 

2. Methods

2.1. Model of human atria 

We implemented a three-dimensional model of human 
atria developed previously [4]. The model including 
realistic fiber orientation and anisotropy, and comprises 
the main anatomical structures: left and right atrial 
chambers (LA and RA), the crista terminalis (CT), 
pectinate muscles (PM), left and right appendages (LAPG 
and RAPG), left and right pulmonary veins (LPV and 
RPV), superior and inferior caval veins (SCV and ICV), 
the coronary sinus (CS) and atrioventricular rings (AVR). 
The sinoatrial node (SAN) is situated near the ostium of 
the SCV. The model includes three different pathways for 
inter-atrial conduction of electrical propagation: the 
Bachmann’s bundle (BB), limbus of the fossa ovalis (FO) 
and discrete sites of the CS (Figure 1).  

Figure 1. A) Anterior and B) posterior view of the 3D 
model of human atria. 
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One of the characteristics of the atrial model is the 
realistic fiber orientation included based on histological 
observations [5].  

 
2.2. Model of action potential propagation 

The Courtemanche-Kneller atrial kinetics [6,7] was 
used to reproduce the cellular electrical activity. The 
electrophysiological heterogeneity reported by Feng et al. 
[8] was included to reproduce action potentials in 
different parts of the atria.  

The monodomain model of the electrical propagation 
of AP along the tissue model is described by the 
following reaction-diffusion equation: 
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where Cm is the specific membrane capacitance, Vm is the 
membrane potential, Iion is the total ionic current that 
crosses the membrane cells, Istim is the stimulus current, D 
is the conductivity tensor and Sv corresponds to the 
surface-to-volume ratio. Equations were numerically 
solved using Finite Element Method.  

 
2.3. Model of pAF 

Experimental LA-RA IK1 and IKACh gradients [2,3] 
were incorporated in the CRN-Kneller atrial kinetics to 
simulate pAF in a 3D model of the human atria under  the 
presence of 0.005 μM ACh. IKACh and IK1 currents were 2-
fold larger in LA than in RA cardiomyocytes. To study 
how the ionic expression gradients affect the pAF 
dynamic, we built different pAF models (see Table 1): 

 
1. pAF with LA-RA IK1 and IKACh gradients. 
2. pAF with LA-RA IKACh gradient, without IK1 gradient. 
3. pAF with LA-RA IK1 gradient, without IKACh gradient. 
 
Table 1. Ionic current changes (in %) in LA and RA to 
develop the pAF models. 
 

Model 
IK1 IKACh 

LA RA LA RA 
pAF ↑100% - ↑100% - 
pAF without IK1 
gradient 

- - ↑100% 
- 

pAF without IKACh 
gradient 

↑100% - - 
- 

“-” means no change.     
 
2.4. Simulation protocol  
 

pAF episodes were generated by S1-S2 protocol as 

follows: a train of stimuli with a basic cycle length (BCL) 
of 500 ms was applied during 5 seconds in the SAN area 
to simulate the sinus rhythm (S1). After the last beat of 
the sinus nodal stimulus, a burst of 6 ectopic (S2) to high 
frequency was delivered into the superior beats in the 
right superior pulmonary vein. All simulations were 
completed within 5 seconds. 

 
2.5. Unipolar electrograms 

Unipolar electrograms, at 2 mm from the surface, were 
simulated. The extracellular potential (Фe) is given by the 
following equation:  

 

    dv
rr

rVr m
e

i
e 






    '

1
'''

4

1





  (2) 

 

where ’Vm is the spatial gradient of transmembrane 
potential, i is the intracellular conductivity, e is the 
extracellular conductivity, r is the distance from the 
source point (x, y, z) to the measuring point (x’, y’, z’) 
and dv is the differential volume.  

Spectral analysis of the signals was performed with a 
Fast Fourier transform. The dominant frequency (DF) 
corresponding to the highest peak in the power spectrum 
was calculated. 

 
3. Results 

In the pAF model with IK1 and IKACh gradients, the 
action potential duration (APD) gradient observed 
between two points at the free LA and RA walls was 
53%. However, without IK1 gradient the APD gradient 
was decreased to 39%, and without IKACh gradient the 
APD gradient was decreased to 28% (see Figure 2 and 
Table 2).  

 

 
Figure 2. LA and RA action potentials in the pAF models. 
Table 2. APD90 values in the center of LA and RA for the 
three different pAF models. 

1064



Model 
APD90 (ms) 
LA RA 

pAF  92 194 
pAF without IK1 gradient 119 194 
pAF without IKACh gradient 139 194 

 
In the pAF model (with both IKACh and IK1 gradients) 

reentrant activity was initiated as a rotor in the posterior 
wall of the LA; following a hypermeandering trajectory 
and turning clockwise direction. Collisions and 
fragmentations were observed in some other LA regions. 
At 1800 ms the rotor was fragmented in two daughter 
waves, each one flanked by a singular point, inducing a 
figure-of-eight reentry in the posterior and inferior walls 
of the LA. At 2700 ms one of figure-of-eight reentry 
vortexes was stabilized and converted in a rotor. During 
the remaining simulation, the rotor was converted in a 
figure-of-eight reentry and next transformed in a rotor 
following a hypermeandering trajectory in posterior and 
inferior wall of LA. In the RA, regular activity was 
observed. Flat fronts and some collisions between two flat 
fronts were observed during all simulation (Figure 3A). 

In the pAF model without IK1 gradient, the AF episode 
was maintained by chaotic activity in the RA. Multiple 
reentries, rotors, fragmentations and collisions were 
observed in RA during all simulation. In the LA, regular 
activity was observed. Flat fronts and some collisions 
between two flat fronts were observed during all 
simulation (Figure 3B). In the pAF model without IKACh 
gradient, the AF episode was also maintained by chaotic 
activity in the RA. Multiple reentries, rotors, 
fragmentations and collisions were observed in RA 

during all simulation. In the LA, a rotor in the superior 
wall near to superior left pulmonary vein was generated, 
moving down towards the posterior wall until 1500ms. 
Next, regular activity was observed in the LA, flat fronts 
came from RA were observed during all simulation 
(Figure 3C). 

In the pAF model (with both IKACh and IK1 gradients) 
most of the RA points had DF values around 7 Hz 
whereas most of the LA points had DF values around 11 
Hz. In contrast, in the pAF model without IK1 gradient 
and in the pAF model without IKACh gradient, both atria 
showed DF values around 7 Hz and 6Hz, respectively 
(see the spectral analysis of electrograms calculated in the 
center of LA and RA in Figure 3).  

 
4. Discussion  
 

In this study we have observed that: (1) during pAF 
with IKACh and IK1 gradients, a rotor and a figure-of-eight 
reentry sustained in the LA maintained the AF. (2) 
During pAF without IKACh or IK1 gradients, multiple 
reentrant waves sustained in the RA maintained the AF. 
(3) LA-RA gradients in both IKACh and IK1 expression are 
important in establishing LA-RA DF gradients during 
pAF.  

 
4.1. Action potentials in the pAF models 
 

Our results showed LA-RA APD gradient in all pAF 
models developed. Without IK1 or IKACh gradients, the 
APD gradient decreases.  

Figure 3. Propagation dynamics in A) pAF with IK1 and IKACh gradients, B) pAF without IK1 gradient and C) pAF without 
IKACh gradient. Electrograms calculated in the centre of LA and RA, and their spectrums are showed. 
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4.2. pAF dynamic 
 
APD differences alone are insufficient to explain the 

mechanism of AF maintenance and the effects on pAF 
dynamic. Therefore our hypothesis is that during pAF, 
both ACh perfusion increasing the IKACh current in LA, 
and the IK1 increases in LA, as has been demonstrated by 
Voig et al. [2], are capable of abbreviating atrial APD to 
extreme values are necessary for the arrhythmia to be 
established and maintained in LA.  

Mansour et al. [11] and Sarmast et al. [3] in sheep 
hearts showed that increasing the ACh concentration 
increased the frequency of the dominant source (rotor), as 
well as the LA-RA frequency gradient, suggesting that 
the LA and RA are different in their response to ACh. 
Sarmast et al. [3] suggested that a heterogeneous response 
to cholinergic input cause a larger activation in the LA 
than in the RA, which sets the stage for the development 
of AF by it greatly abbreviates APD, and thus leads to an 
increase in the frequency of reentrant sources [12]. This 
allows stabilization of a dominant rotor in the region of 
greatest APD abbreviation (LA). However, our results 
suggest that it happens when both IK1 and IKACh gradients 
are present in the human atria. When IK1 or IKACh gradient 
does not exist, APD abbreviation in LA is not sufficient 
to allow stabilization of a dominant reentry (rotor or 
figure-of-eight reentry) in LA. In these cases, multiple 
reentrant waves sustained in the RA maintained the AF. 
Our hypothesis is that the terminal crest in RA and the 
electrophysiological heterogeneity in this area facilitate 
the maintenance of reentrant circuits in RA that collide 
and fragment, when a source is not stabilized in LA. 

LA-RA DF gradients are much clearer in patients with 
pAF than those with permanent AF [11,13]. The ionic 
expression gradients could determine LA-RA DF 
gradients and rotor dynamics during pAF. In our 
simulations, LA-RA gradients in both IKACh and IK1 
expression are important in establishing LA-RA DF 
gradients during pAF 

 
5. Conclusion  

In the pAF model, LA-RA gradients in both IKACh and 
IK1 expression are important in establishing APD 
gradients, LA-RA DF gradients and LA reentrant activity 
maintaining pAF.  
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