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Abstract 

Atrial fibrillation (AF) is the most frequent atrial 

rhythm disorder with an incidence increasing with age. 

Genetic mutations impairing the normal functioning of IKr 

and Ito channels are implicated in AF outbreaks in 

healthy patients. The higher susceptibility to AF in 

presence of KCNH2 T436M, KNCH2 T895M and 

KCNE3-V17M mutations was previously studied by 

simulating their effects on atrial electrophysiology in 

single-cell and tissue. This work aims at extending the 

previous study to a 3D bi-atrial model to assess 

vulnerability to AF initiation and maintenance on a 

complex geometry. A realistic model of human atria was 

used to run 3D simulations and study temporal 

vulnerability. After stabilization, a train of stimuli was 

applied to the coronary sinus region to simulate an 

ectopic stimulus and to induce arrhythmia. The results 

show a higher susceptibility of the mutant atria to develop 

arrhythmias in a mutation-dependent fashion. The 

KCNE3-V17M variant was the most pro-arrhythmogenic 

with a 24ms-wide vulnerable window(VW) and instable 

arrhythmic patterns. The KCNH2 T895M and KCNH2 

T436M mutations presented a VW of 7ms and 10ms, 

respectively, with mainly macro re-entries. These findings 

highlight the different effects of the genetic mutations and 

the importance of a patient-specific approach. 

 

 

1. Introduction 

Atrial fibrillation (AF) is the most common 

supraventricular tachyarrhythmia affecting the upper 

chambers of the heart. AF is responsible for chaotic and 

asynchronous atrial electrical activations, resulting in 

inefficient heart contraction and a 3.5-fold higher risk of 

thromboembolic stroke by blood clots formations. AF 

prevalence in adults is around 2-4% and increases with 

age. Among many others comorbidities and risk factors 

associated to AF, genetic predisposition  plays an 

important role in AF onsets, progression and maintenance 

in asymptomatic and apparently healthy patients [1]. 

Genetic mutations affecting the genes encoding 

potassium channel protein structure directly affect the 

repolarization phase of cardiac cells electrophysiology. 

These changes result in a shortening or lengthening of the 

effective refractory period (ERP), hence increasing the 

vulnerability to AF [2], [3]. The use of computational 

modelling can considerably help to improve the 

understanding of physiological and pathological atrial 

properties [4]. The effects of three gain-of-function 

mutations – KNCH2 T436M, KCNH2 T895M and 

KCNE3-V17M – have been investigated at single-cell 

and tissue level using computational models [5]. These 

three genetic mutations, affecting the normal functioning 

of rapid delayed and transient outward K+ channels, 

proved to increased cellular and tissue vulnerability to AF 

initiation and sustainability. The aim of this work is to 

study the vulnerability to AF of such mutations on a three 

dimensional scale by using 3D models of human atrial 

geometry. 

 

2. Material and Methods 

2.1. 3D geometrical model 

 
The human atrial model used in this study is a three-

dimensional hexahedral mesh composed by 751691nodes 

and 512828 elements. It is characterized by 56 regions 

that allows to account for the differences in histological 

properties and in fibre orientation, and presents a spatial 

resolution of 300 µm [6], [7].  

 

 

 

 

 

 

 

2.2. Electrophysiological model Figure 1. 3D atrial model with the nine corresponding 

color-coded ionic models. 
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    The cellular electrical activity was simulated using a 

modified version of the Courtemanche-Ramirez-Nattel 

(CRN) human atrial model, which includes the 

acetylcholine-activated K+ current (with [ACh] = 0.005 

µM) from the Grandi model to take into account the 

effects of the autonomic nervous system [8]–[10]. 

Moreover, the CRN model was modified to reproduce the 

effects of the three genetic mutations, thus resulting into 3 

different versions of the CRN model, one for each mutant 

case. The IKr and Ito current formulations were modified 

as shown in equations (1) to (6) 

 

 
 

 

 

 

 

 

 

and parameters’ values were defined as follows: the 

parameters p1r, p2r, p3r and p4r were set respectively to 

1.08, 46.96, 4.64 and 1.41 to reproduce the changes 

provoked by the mutation KCNH2 T436M and to 2.134, 

51.14, 3.49 and 1.99to replicate the effects of the 

mutation KCNH2 T895M on the IKr. Finally, the  

alterations caused by the KCNE3-V17M mutation were 

reproduced employing two separate sets of parameters, 

each one acting on a different ionic current formulation. 

The parameters p1r, p4r and p5r were used to modify the IKr 

formulation with values 0.51, 6.18 and 0.71. At the same 

time, the parameters p1t, p2t, p3t, p4t and p5t were included 

in the Ito formulation  and were set to 2, 1.87, 8.14, 0.68 

and 12.56, respectively. Regional heterogeneity of the 

electrical properties in the atria were taken into account 

by tuning some ionic channel conductances, thus 

generating nine different electrical version of every 

mutated model (Table 1).  The values of longitudinal 

conductivity and anisotropy ratio were also tuned to 

replicate the heterogeneity in atrial tissues’ conductivities 

and to reproduce the physiological sequence of activation.  

 

Table 1. Ionic channel conductances changes associated 

to the nine different regional models. RA: right atrium. 

CT-BBra: crista terminalis – right atrium Bachmann 

bundle. BBla: left atrium Bachmann bundle. TVR: 

tricuspid valve ring. MVR: mitral valve ring. RAA: right 

atrium appendage. LAA: left atrium appendage. LA: left 

atrium. PV: pulmonary vein. 

 gK1 gto gKr gKs gCaL 

RA 1 1 1 1 1 

CT-BBra 1 1 1 1 1.67 

BBla 1 1 1.6 1 1.67 

TVR 1 1 1.3 1 0.8 

MVR 1 1 2.6 1 0.8 

RAA 1 0.68 1.1 1 0.9 

LAA 1 1 2.2 1 0.9 

LA 1 1 2 1 0.9 

PV 0.9 0.9 2.5 1.9 0.8 

 

The 3D atria model was first stabilized by applying a 

train of 10 stimuli at the sinoatrial node (SAN) at a basic 

cycle length of 1000 ms to smoothen the electrical 

differences among the nine electrophysiological regions 

[11]. Then, a train of 5 pulses was then applied at the 

coronary sinus (CS) region to simulate ectopic activation 

of the atria and induce the arrhythmic behaviour. The 

BCLs of the ectopic beats depended one each mutation 

accordingly with their effects on the ERP. Thus, the BCL  

was 160 ms for the KCNH2 T436M mutation, 170 ms for 

the KCNH2 T895M mutation and, finally, 90 ms for the 

KCNE3-V17M mutation. In the Wild-Type (WT) case, 

all the three BCLs were applied for the sake of 

comparison. During the ectopic stimulation, the activity 

of the SAN was maintained with a BCL of 1000 ms. 

Thus, after the 10 stimuli given at the SAN, other five 

seconds of electrical activity were simulated. The 

temporal vulnerability of the atria to fibrillatory activity 

was quantified by computing the vulnerable window 

(VW) width for each mutation, as the time window (in 

ms) in which a 5 pulses train applied at the CS region 

would initiate an arrhythmia completing at least two 

cycles around the atria. The monodomain formalism was 

solved using the Elvira software with a time step of 0.01 

ms [12]. 

 

3. Results 

Susceptibility to arrhythmia of the three genetic 

mutations under study – KNCH2 T436M, KCNH2 

T895M and KCNE3-V17M – was characterized by 

assessing  temporal vulnerability to AF. Differences in 

vulnerability to arrhythmia initiation and maintenance, in 

vulnerable windows’ widths and in the type of fibrillatory 

patterns elicited could be observed comparing the three 

cases studied. In presence of the KCNE3-V17M 

mutation, the atria turned out to be much more vulnerable 

to AF initiation, followed by the KCNH2 T895M and 

KCNH2 T436M mutations, as show in Figures 2-4. In 

presence of the KCNH2-T436M mutation, the computed 

VW was 10ms-wide, as shown in Figure 2; during this 

time frame, 90% of induced arrhythmias were macro re-
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entries, whilst the remaining 10% were characterized by 

rotor anchoring in the right atrium (RA) wall (Figure 4) 

(Figure 3). In general, fibrillatory patterns perpetuated 

from a minimum of 3.8 s to a maximum of 5 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 For the KCNH2 T895M mutation, a VW of 7 ms was 

observed (Figure 2). In this case, only macro re-entries 

were elicited and they perpetuated from a minimum of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 s to a maximum of 5 s, as depicted in Figure 3 and in 

Figure 4. In this case, a complex fibrillatory pattern was 

induced in the 79% of the VW. The arrhythmic episodes 

were characterized by the formations and collisions of 

many rotors with wave breaks and an overall instable 

dynamic. The remaining 21% of the width of the VW was 

characterized by the generation of a single rotor arising in 

the CS region and moving around the RA wall (Figure 2 

and 3). Finally, in the WT scenario, a 1ms-wide VW was 

observed, just when pacing the CS region with a BCL = 

170 ms (Figure 2). As shown in Figure 3, susceptibility to 

arrhythmia initiation depends on the mutation case under 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.  Discussion and Conclusion 

Figure 2. Width of the vulnerable windows for each 

case. 
Figure 3. Temporal vulnerability of the atria to arrhythmia 

generation in the presence of the KCNH2 T436M, KCNH2 

T895M, and KCNE3-V17M mutations. Different 

arrhythmic patterns are color-coded as shown in the legend. 

Figure 4. 3D simulation of different arrhythmic behaviors in the presence of KCNH2 T436M, KCNH2 

T895M and KCNE3-V17M mutations. The white arrows indicate the direction of propagation. 
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In this work, the effects of three gain-of-function 

mutations previously studied at cellular and tissue levels 

have been investigated using a 3D human bi-atrial model. 

The three mutations – KCNH2 T436M, KCNH2 T895M 

and KCNE3-V17M – affecting the gene encoding IKr’s 

and Ito’s channel protein structures, were integrated into 

the CRN human atrial model by reparametrizing the 

corresponding current formulations. Then, 3D computer 

simulations of the human atrial model were run including 

the mutant variants and heterogeneous regional electrical 

properties and conductivities. After electrically stabilizing 

the atrial model by applying a train of 10 pulses to the 

SAN, the onset of arrhythmic behaviour was induced by 

pacing the CS region with a train of 5 pulses. 

Susceptibility to AF initiation and maintenance was thus 

studied by computing the temporal vulnerability. The 

three genetic mutations led to a much more 

arrhythmogenic substrate than WT, favouring the onset of 

arrhythmic behaviour and sustained fibrillations. 

Accordingly with previous results, the KCNE3-V17M 

mutation turned out to be the most pro-arrhythmogenic 

mutation among the three studied at 3D level; in fact, it 

had the widest VW and produced the highest number of 

complex arrhythmogenic patterns characterized by 

instable rotors, multiple collisions and wave breaks. 

Moreover, the coupling intervals inducing AF were the 

shortest due to the shortest ERP. On the other hand, the 

KCNH2 T436M and KCNH2 T985M mutations 

presented a comparable behaviour respect to each other, 

with a smaller vulnerable window and by inducing 

mainly macro re-entries. These two latter mutations led to 

the formation of a much less vulnerable substrate when 

compared with the KCNE3-V17M mutation. Thus, the 

differences among induced arrhythmic patterns 

highlighted even more the underlying distinct substrate 

generated by the mutations.  
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