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Abstract

The rotor ablation has gained favor in recent years to
treat chronic atrial fibrillation (CAF). However, it may
cause complications in patients and the results remain
suboptimal. Besides, antiarrhythmic drugs for the
management of AF are not sufficiently effective and can
cause significant cardiac and extracardiac side effects.

To reduce the risk and increase the effectiveness, a rotor
modulation via the localized release of dofetilide is
proposed through an in silico study.

A computational model of two-dimensional atrial tissue
was implemented using human cell model under CAF
conditions. Dofetilide was modeled blocking the ionic
currents lxr and lkacn using Hill’s equation. A CAF
episode, sustained by a rotor, was simulated. Different
concentrations of dofetilide were applied in specific
distributions based on the rotor tip location, detected by
phase map analysis.

Non-localized application of dofetilide resulted in the
benefit of CAF progression. In contrast, localized
dofetilide liberation terminated the CAF episode. These
results could have therapeutic implications in novel
treatments of CAF.

1. Introduction

Atrial fibrillation (AF) is a progressive pathology
presenting from short and infrequent, to longer and
recurrent episodes, becoming in many cases permanent or
chronic [1]. Distinct approaches are applied for the AF
management. Non-symptomatic patients are generally
treated with anticoagulants and with a rate control strategy.
For the symptomatic ones, antiarrhythmic drugs and
catheter ablation to recover sinus rhythm are adopted.
Nevertheless, the pharmacologic therapy efficacy remains
poor and it can have serious side effects. Moreover, the
ablation procedure still presents suboptimal outcomes [2].

The success rate of pulmonary vein ectopy ablation
remains around 50% to 70% in paroxysmal AF patients,
with lower success in CAF patients. This situation has
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motivated investigations looking for defining additional
ablation targets, including stable rotors and fractionated
atrial electrograms. Rotor ablation efficacy has been a
topic of great debate due to the wide variability in success
rates among clinical centres [2,3].

Dofetilide is indicated as a class I11 antiarrhythmic drug
for AF, but it may trigger the ventricular tachycardia
torsade de pointes by the atrial action potential (APD) and
QT interval prolongation. Therefore, dofetilide should be
delivered in atrial specific sites without affecting the
ventricles [4].

Bearing this idea in mind, the aim of this work is to
propose and evaluate a therapy based on the rotor
modulation via localized release of dofetilide. In a previous
work, mathematical models of the dofetilide effect on
human APD, Ikrand lkach currents were assessed [5].

The proposed procedure seeks to improve the
effectiveness of CAF therapy, by minimizing the side
effects and by providing personalized patient care.

2. Methodology

2.1.  Electrophysiological model of human
atrial cardiomyocytes

The  Courtemanche-Ramirez-Nattel-Kneller  [6,7]
membrane formalism to simulate the atrial action potential
was implemented. A 0.005 uM of acetylcholine
concentration was simulated.

The transmembrane voltage (Vm) is calculated by the

equation;

av,
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where Cy, is the specific membrane capacitance (100 pF),
lion is the total transmembrane ionic current and lsim is the
stimulus current.

To reproduce the electrical remodeling generated by
CAF, changes in conductance of specific ionic channels
have been incorporated in the cell model according to
experimental studies [8, 9].
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2.2. Model of dofetilide effect on Ikr and
lkach

The steady state fraction of blocked channels b was
calculated in the presence of different concentrations of
dofetilide using the Hill equation (2). This equation was
used to develop a basic model of the dofetilide effect on
the rapid component of the delayed rectifier potassium
current Ik, and acetylcholine activated potassium current
Ikach.
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where 1Cs is the half maximal inhibitory concentration for
the current blockade due to dofetilide and Dg is the
dofetilide concentration. The applied value of 1Cs related
with Ik, was 0.32 uM, found in HERG K+ channels [9]. A
value of 6.6 UM for ICso was used in order to block Ixach
and it agrees with reported concentrations for isolated atrial

myocytes [10]. The value of the Hill coefficient h was set
to 1.

1)

2.3. 2D model of human atrial tissue and
electrical propagation

A 2D model of human atrial tissue was implemented in
MATLAB under CAF conditions, it consists of a 4 x 4 cm
matrix, discretized at a spatial resolution of 400 pum, to
form a mesh of 100 x100 nodes.

The electrical propagation of action potential over the
tissue was described by the reaction-diffusion equation (3):
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where S, is the surface/volume ratio and D is the
conductivity tensor. The equation (3) was solved using a
semi-spectral numerical scheme [11].

A CAF episode sustained by a rotor was generated
implementing a S1-S2 cross-field stimulation protocol.
The S1 stimulus was applied at the left boundary of the
tissue. The S2 stimulus is rectangular (2 x 2 cm) and was
applied to a corner of the domain [12]. The approximate
volume for a single cardiomyocyte is 2.16 x 10 pl. Thus,
the total volume for the 10.000 nodes is 20.1 pl.

2.3.  Patterns of dofetilide release

In order to assess the effect of dofetilide application on
the CAF episode, the following delivery configurations
were tested. A homogeneous distribution over the entire
tissue at concentrations between 1 pM and 500 pM.
Localized dofetilide application was designed in
geometrical patterns defined with respect to the rotor tip
location, at concentrations varying from 1 pM to 20 pM.

For this purpose, the phase maps were calculated and the
rotor tip was defined as the point where all phases between
- and = converge [13]. The designed dofetilide liberation
patterns are as follows: simple ring (Figure 1a) and double
ring (Figure 1b), both enclosing all the points of the rotor
tip trajectory; and a horizontal rectangle, composed by
11x100 nodes, that crosses trough the rotor tip path (Figure
1c).
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Figure 1. Patterns for dofetilide application (a) ring, (b)
double ring, (c) rectangle.

3. Results and discussion

31. 2D
fibrillation

simulation of chronic atrial

The stable clockwise rotor generated in the 2D model
after applying the S1-S2 protocol is shown in Figure 2a,
and the corresponding tip trajectory is presented in Figure
2b.

Figures 2¢ and 2d show the rotors after 10 s of applying
500 uM of dofetilide to the whole tissue. These results
suggest that when dofetilide is globally applied,
independently of the concentration, rotor becomes more
stable which could benefit the progression of AF [14].

By implementing the simple ring pattern, the rotor
becomes a macro-reentry that turns around an unexcitable
region caused by the dofetilide. Such behaviour is similar
to a fibrotic or ischemic zone [14]. The simulation was
carried out for 6 s and the macro-reentry persisted. Figure
2e shows the rotor at the end of the simulation and Figure
2f depicts the macro-reentry described from the tip
tracking.

On the other hand, the dofetilide liberation in a double
ring pattern did not terminate the rotor activity (figure 2g)
and it can be observed also in the rotor tip trajectory
generated (figure 2h).

Finally, the dofetilide was applied as the rectangle
pattern that crosses the rotor tip center. Figures 3a-c and
Figures 3d-f present the outcomes after 2 s and 4 s of
simulation. In both cases, the rotor activity ends at different
concentrations. The rotor tip trajectory, depicted in Figure
4, evinces that this localized dofetilide application
destabilizes the rotor, generating a meandering trajectory
until its termination.
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Figure 2. Rotor and tip trajectory 5|mulat|ons after 10 s of
applying: 0 uM of dofetilide (a,b), and 50 uM of
dofetilide to the whole tissue (c,d), as the ring pattern
(e,f), and as the double ring pattern (g,h).
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Figure 3. Rotor dynamics after applying dofetilide under

a rectangular pattern at three distinct concentrations after
(a-c) 2 s and (d-f) 7 s of simulation.

The minimum concentration of dofetilide, yielding rotor
termination after 4 s of its applications, is 5 uM. Therefore,
for the tissue volume of 20.1 ml considered in this work, a
single dose of 44.4 ng would be required. This dosage is
significantly low compared to clinically recommended oral
doses, ranging from 125 mg to 2500 mg per day [15-17].

Figure 4. Rotor tip trajectory after applying 5 uM of
dofetilide under a rectangular pattern crossing the rotor

tip.
4. Conclusions

A possible proarrhythmic effect was detected when
applying dofetilide homogeneously to the whole tissue in
the 2D model.

The results obtained indicate that it is possible to
terminate the rotor activity by applying 5uM of dofetilide
during 4 s in a localized form and following a rectangular
pattern of 11x100 elements that crosses the tip of the rotor.

Possible implications of the proposed therapy would
include an important reduction of CAF treatment costs,
since it would be possible to end the rotor activity with a
single dose of dofetilide in the range of nanograms in
contrast to the prolonged oral treatments. As a future work,
systematic experimental test of this approach, with cellular
and animal models, are needed to advance in the
development of an optimal AF treatment.
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