Pharmacological Prevention of Paroxysmal Fibrillatory Episodes in 2D Atria
Considering Atrial Dominant Frequency

Violeta Puche-Garcial, Laura Martinez-Mateu?, David Filgueiras-Rama®, Lucia Romero?,
Javier Saiz!

1Ci2B, Universitat Politécnica de Valéncia, Spain
2BigMed+, Universidad Rey Juan Carlos, Spain
3Centro Nacional de Investigaciones Cardiovasculares (CNIC), Spain

Abstract

The suboptimal success of antiarrhythmic drugs (AADs)
in preventing paroxysmal Atrial Fibrillation (pAF)
episodes could potentially be addressed by considering
how intersubject variability influences the response to the
pharmacological treatment choice. This study investigates
the impact of the AF dominant frequency (DF) during
medication-free periods on the efficacy of two AADs
(flecainide and vernakalant) in preventing pAF episodes
using 2D pAF left atrial models. Both effectively reduced
the vulnerable window (VWuigm) at low drug-free DF, with
vernakalant exhibiting greater efficacy than flecainide. At
high drug-free DF, the drugs differed in efficacy such that
vernakalant showed a better reduction in VWyidn, while
flecainide caused slight increments. These findings suggest
that the drug efficacy in preventing pAF episodes is
influenced by drug-free DF, highlighting the potential to
enhance personalized pharmacological strategies in pAF
patients.

1. Introduction

Atrial fibrillation (AF) is the most common cardiac
arrhythmia, affecting nearly 2% of the general population.
Atrial remodeling begins with the onset of asymptomatic
episodes and becomes more pronounced as fibrillation
progresses, increasing the likelihood of future episodes
leading to the continuous progression of the disease.

It has been observed that patients experiencing short
episodes (<7 days) of paroxysmal AF (pAF) undergo
changes in the left atrial (LA) tissue. These changes, such
as alterations of different ionic currents and short
refractory periods, create conditions that favor the
initiation and maintenance of AF reentrant circuits [1].
Pharmacological therapy serves as the first line of
treatment, aiming to reduce the incidence of fibrillatory
episodes and prevent further atrial remodeling. However,
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the effectiveness of this therapy remains suboptimal,
highlighting the need for improving the personalization of
antiarrhythmic treatment.

Recently, in-silico studies have shown the potential of
computational models to assess and predict the impact of
electrophysiological variability (i.e., ionic profiles and
related tissular properties) on the pharmacological
prevention [2] and cardioversion [3] of AF episodes.

In this study, an in-silico cardioprotection study is
performed using a 2D LA model under pAF conditions to
assess the impact of the AF dominant frequency during
medication-free periods on the efficacy of two widely used
antiarrhythmic drugs (flecainide and vernakalant) in
preventing fibrillatory episodes.

2. Methods
2.1.  Paroxysmal left atrial model

The Courtemanche-Ramirez-Nattel model [4] was used
to reproduce the human atrial action potential (AP). The
model was modified to include the acetylcholine-activated
K* current (Ikacn) proposed by Grandi et al. [5] ([ACh] =
0.005 pM) and to reproduce pAF conditions in LA. The
latter was implemented by applying scaling factors to the
ionic conductances. For the LA electrical heterogeneity,
GcaL was reduced by 10%, and Gk, was increased by 200%
[6], while the electrical remodeling for pAF in LA
consisted of a 200% upregulation of both Gk: and Gk ach
[71.

To investigate the impact of -electrophysiological
variability, ten ionic conductances (Gi) and tissue
longitudinal diffusion (D.) were individually varied by
+30% and +40% to build a population. For each profile,
different biomarkers were computed in the absence and
presence of flecainide and vernakalant. The results of the
+40% variation in the absence of drugs were used to
perform a sensitivity analysis to determine the influence of
the different parameters on the biomarkers.
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2.2.  Drug mathematical model

The simple pore model reproduced the drug effects:

D nH]1
Gidrug = G; [1 + <1C50 i) ] = Gi * Fyiockeade (1)

Where for each current i, 1Cso; is the mean inhibitory
concentration of the drug, nH is the Hill coefficient and D
is the free drug concentration (in this study, therapeutic
concentrations: 1.5 uM for flecainide and 10 uM for
vernakalant). Due to experimental 1Cs variability [8], a
preliminary study was performed by examining different
virtual versions of each drug (different ICso values) so that
the simulated responses could be calibrated to align with
experimental studies (data not included). The resulting
blocking factors are summarized in Table 2.

Table 2. Blocking factors as function of the therapeutic
concentration of each drug.
Gca. Gkr Gks Gkur Gto Gna  Gkach
Flecainide 094 050 093 066 078 0.75
Vernakalant 0.81 0.67 0.60 0.0 083 050

2.3.  Simulations to assess the drug action

For each profile, in the absence and presence of
flecainide and vernakalant, the cellular model was
stabilized by applying 50 pulses at a pacing period of
400ms. Then, the 2D simulations were performed using a
5x5cm? mesh replicating an atrial tissue patch to elicit re-
entrant circuits. Spatial resolution was 300 um, and the
longitudinal diffusion and anisotropy ratio were set to
0.0022 mS and 0.35, respectively, to ensure a longitudinal
conduction velocity of 68.5 cm/s [6]. The S1-S2 cross-field
protocol was applied to induce the rotors. First, a
stabilization simulation of 10 planar pulses (S1) with a
period of 400 ms was performed. Then, a rectangular extra
stimulus (S2) was applied in the lower left corner.
Temporal vulnerability was quantified as the width of the
time window during which an S2 stimulus initiates a re-
entry lasting at least 1 s. The corresponding pseudo-EGM
and its Dominant Frequency (DF) were computed for each
reentry obtained for the last 5 seconds of the simulation
only to consider the self-sustained rotor activity.

Cell biomarkers concerning the Resting Membrane
Potential (RMP), AP duration (APDgy) and maximum
depolarization velocity (dV/dtma) were computed at the
last stabilization pulse S1. Tissue biomarkers were also
obtained: vulnerable window widths (VWuyidn) and DFs, as
well as the Effective Refractory Period (ERP), longitudinal
Conduction Velocity (CV\.) and rotor meandering area.
Since, for some simulations in the presence of the drug, the
VWiigin Was completely reduced, rotor DF and meandering
area were only computed for those simulations where AF
was inducible.

3. Results and discussion

3.1. Characterization of pAF in left atrium

Figure 1 shows the action potentials and the DF
distribution for the population in the absence of drugs
(grey), along with the effects of flecainide (green) and
vernakalant (purple) on the baseline model (black). In our
left atrium paroxysmal baseline model, the APDgy, values
for control and in the presence of flecainide and
vernakalant were 113 ms, 142 ms and 145 ms, respectively
(Fig. 1-A), thus reproducing the APDgy lengthening of
these antiarrhythmic drugs [8].

All models were susceptible to sustained rotor activity
in the absence of drugs, leading to different VWyign and
rotor DF, denoting the influence of ionic heterogeneity on
AF vulnerability.
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Figure 1. A) APs for the population in the absence of the drug
(grey) and the effect of flecainide (green) and vernakalant
(purple) on the AP of the baseline model. B) Distribution of DF
values for the population in the absence of the drugs.

The impact of ionic conductances and longitudinal
diffusion on the biomarkers was studied to characterize the
properties of the left atrium paroxysmal model in the
absence of drugs and the sensitivity results are shown in
Figure 2. The conductances that most significantly
influenced AF wvulnerability were Gki, Gna, Gcal, Gto,
Gk.ach and Dy, consistent with previous sensitivity studies
[2, 9]. The VWyigin was reduced when Gna, Gea and Di
were increased and Gk, Gy and G ach were reduced. Two
antiarrhythmic mechanisms were found, one regarding the
prolongation of APDgy and ERP and another related to
increments in CV.. The former involved the blockade of
outward K* currents (Gki, Gt and Gk acn) and the increase
of inward Ca®* current (Gca) Which had an impact on
APDg and ERP lengthening [3]. The increase in both
biomarkers mitigates the reduction caused by electrical
remodeling relative to pAF and helps to successfully arrest
arrhythmias in animal species [10]. Besides, these ionic
configurations also influence the AF dynamics, leading to
lower DF rotors and meandering areas, hampering the rotor
formation and thus reducing the VWigin [10].

Regarding the antiarrhythmic mechanism led by
conduction, both upregulations of Gna and D, decreased
VWiign Which may be linked to the increment in CV that
they cause, since low diffusion and conduction are known
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to be one of the main contributions of AF inducibility [2].
The variation in VWyigh due to Gna was minor, likely
because it induced opposite changes in ERP and CV..
Although the increment on Gna and D decreases VWi,
the rotor dynamics differ. Both have a positive effect on
DF but the opposite regarding the meaning area of the
rotor. This difference may be associated with the lower
ERP for increased Gna, Which leads to a major extent of
excitable tissue. It may also explain the lower impact of
Gna 0N VWyigin compared to D which showed no effect on
ERP.
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Figure 2. Absolute (numerical value) and relative (grayscale)
sensitivities in the absence of drugs.

3.2.  Pharmacological
episodes

prevention of AF

Since the aim of this study was to assess whether DF
during medication-free periods can be considered as a
clinical biomarker to refine the pharmacological choice,
two subgroups of the population in the absence of drugs
were defined according to their DF, the low (1% percentile)
and high (3 percentile) DF groups. Subsequently,
differences in the reduction of VWyisn between these
groups for each drug were analyzed, along with differences
in other biomarkers based on the frequency group. Figure
3 illustrates the percentage variation in APDgy, ERP,
dV/dtmax, CVL and VW,igin for low DF (transparent color)
and with high DF (solid color) models in the absence of
drugs compared to the presence of flecainide (green) and
vernakalant (purple).

Our results showed that intersubject variability
significantly influenced the performance of flecainide and
vernakalant. In general, flecainide and vernakalant reduced
the VW.yigh and even eliminated it completely in some
cases (A VWyign = -100%).

For the low DF group, both drugs were effective in
reducing VWhuian, although vernakalant exhibited a
significantly greater efficacy compared to flecainide. For
the high DF group, the drugs differed significantly in
efficacy such that vernakalant showed a better reduction in
VWiigtn, While flecainide tended to cause slight increments
in vulnerability, as other studies reported [2]. These
differences between flecainide and vernakalant may be
linked to the higher significant increase in APDg and ERP

observed when applying vernakalant, along with a stronger
reduction of CV_ wunder flecainide application,
independently of the DF group. This outcome was
consistent with the sensitivity analysis (Fig. 2), which
supported that the model vulnerability decreased when
APDgg, ERP, and CV\ were increased.
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Figure 3. Percentage variation in APDgo, ERP, dV/dtmax, CVL,
and VWiidgth due to flecainide and vernakalant. Mann-Whitney U
test: *p < 0.05; **p < 0.01; ***p < 0.001.

Both drugs performed statistically better in reducing
VWiuiasn at low DF compared to high DF. Regarding
vernakalant, there were significant differences between
both groups of models in the increase of both APDg, and
ERP, leading to a reduction in the model vulnerability.
There were no significant differences in the variation of
APDgy, ERP, and CV_ for flecainide, which explained the
difference in reducing VWuiath When comparing low and
high DF groups.

Notably, a significant finding was that both flecainide
and vernakalant managed to reduce the vulnerability to
suffering AF episodes, but they worsened the VWuyign for
some models. Flecainide was not able to reduce the
VWhidth for models where GKl, GNaK, GKur, GKr, GKS, GK,Ach
or Gy were increased and Gea, Gna OF D were reduced,
while vernakalant failed when Gca. or Gna Where
decreased. These results agreed with the sensitivity
analysis since the variation of these ionic conductances
produced the shortening of both APDg, and ERP and the
hampering of the conduction, which were proarrhythmic
mechanisms that led to higher values of VWyidn [2, 3].
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3.3. Pharmacological effect on AF

dynamics

To better comprehend the differences between
flecainide and vernakalant, the drug effect on the DF and
the meandering area were also analyzed. Figure 4 shows
the variation in DF and meandering area due to flecainide
and vernakalant only for models where AF was inducible
in the presence of the drugs. Both drugs tended to reduce
the DF and increase the meandering area of the rotors,
which may contribute to the prevention of rotor formation
together with the lengthening of both APDgo and ERP [10].
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Figure 4. Percentage variation in DF and meandering area
due to the presence of flecainide and vernakalant. Mann-Whitney
U test: *p < 0.05; **p < 0.01; ***p < 0.001.

Regarding flecainide, although the effect on APDgy,
ERP and CV_ could not explain the difference in reducing
VWuisn When comparing DF groups, there was a
significant difference in the reduction of DF between these.
This explained the higher performance of flecainide for the
low DF models since the drug had a more significant
decrease in DF. Besides, the significant differences in high
DF between flecainide and vernakalant in reducing DF and
increasing area also support the better efficacy of
vernakalant for these conditions.

4. Conclusions

This study advances our understanding of the ionic
mechanisms underlying AF at the tissue level and its
response to pharmacological treatment with flecainide and
vernakalant. Our results suggest that intersubject
variability significantly influences DF in the absence of
drugs and the performance of flecainide and vernakalant.
Specifically, both drugs were effective for the low DF
group, while vernakalant performed better in the high DF
group. This work highlights the potential of in-silico
studies to enhance personalized medicine, as they can help
to refine the pharmacological strategies in pAF patients.
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