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Abstract

Background

The role of the autonomic nervous system (ANS) on atrial fibrillation (AF) is difficult to
demonstrate in the intact human left atrium (LA) due to technical limitations of the current
electrophysiological mapping technique. We examined the effects of the ANS on the initia-
tion and maintenance of AF by employing a realistic in silico human left atrium (LA) model
integrated with a model of ganglionated plexi (GPs).

Methods

We incorporated the morphology of the GP and parasympathetic nerves in a three-dimen-
sional (3D) realistic LA model. For the model of ionic currents, we used a human atrial
model. GPs were stimulated by increasing the Ijacn), and sympathetic nerve stimulation
was conducted through a homogeneous increase in the Ic,. . ANS-induced wave-dynamics
changes were evaluated in a model that integrated a patient’s LA geometry, and we re-
peated simulation studies using LA geometries from 10 different patients.

Results

The two-dimensional model of pulmonary vein (PV) cells exhibited late phase 3 early after-
depolarization-like activity under 0.05uM acetylcholine (ACh) stimulation. In the 3D simula-
tion model, PV tachycardia was induced, which degenerated to AF via GP (0.05uM ACh)
and sympathetic (7.0xIc,. ) stimulations. Under sustained AF, local reentries were observed
at the LA-PV junction. We also observed that GP stimulation reduced the complex fraction-
ated atrial electrogram (CFAE)-cycle length (CL, p<0.01) and the life span of phase singular-
ities (p<0.01). GP stimulation also increased the overlap area of the GP and CFAE areas
(CFAE-CL<120ms, p<0.01). When 3 patterns of virtual ablations were applied to the 3D AF
models, circumferential PV isolation including the GP was the most effective in terminating
AF.
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Conclusion

Cardiac ANS stimulations demonstrated triggered activity, automaticity, and local reentries
at the LA-PV junction, as well as co-localized GP and CFAE areas in the 3D in silico GP
model of the LA.

Introduction

Atrial fibrillation (AF) is a cardiac rhythm disorder that leads to the absence of normal atrial
contraction. Although the mechanisms of AF remain unclear, they are often divided into 2
categories: “initiation” and “maintenance” mechanisms. One of the most common trigger
mechanisms of AF involves the ectopic beats that originate from the pulmonary vein (PV).
With regard to maintenance mechanisms for AF, the involvement of rotating spiral waves
termed as “rotors” was proposed [1]; however, contradictory evidence has been reported
regarding the presence and role of these rotors in AF [2, 3]. Cardiac autonomic nerves and
ganglionated plexi (GPs) are known to play an important role in the initiation and mainte-
nance mechanisms of AF [4]. With regard to trigger mechanisms for AF, late phase 3 early
after-depolarization (EAD) has been found to initiate AF [5], which was observed when the
elevated intracellular calcium concentration was coupled with a shortened action potential
duration (APD) [5]. As the APD of a PV cell is shorter than that of the left atrium (LA), the
PV has favorable conditions for the occurrence of late phase 3 EAD following APD shortening
by acetylcholine (ACh) stimulation. However, most of these electrophysiological mechanisms
have been identified in animal experiments, and the role of the autonomic nervous system
(ANS) in AF remains difficult to demonstrate in the intact human atrium. In the present
study, we aimed to examine the role of the ANS in AF initiation and maintenance by using a
realistic computer simulation of human atrial cells and LA geometry, incorporated with GPs,
based on the octopus model [6]. Cardiac parasympathetic and sympathetic stimulations were
simulated by increasing the Ix(acp) at the GP area and by homogeneous increments in the
intracellular calcium concentration, respectively [7, 8]. We also attempted to study the effect of
the ANS on wave dynamics, co-localization of GP and complex fractionated atrial electrogram
(CFAE) areas, and virtual ablation of GPs.

Methods
Two-dimensional simulation

The human atrial action potential model developed by Courtemanche et al. [9] was used as the
model of ionic currents. To model the electrophysiological properties of the PV cells, the ionic
currents were adjusted as described by Cha et al. [10]. The model of the ACh-activated potas-
sium current (Ixacp) developed by Kneller et al. [7] was incorporated in the model of ionic
currents. The ACh concentration was set as 0.05 uM in order to model parasympathetic stimu-
lation. Among the ionic currents, the sodium-calcium exchanger (NCX) and Na* current (Iy,)
are known to play important roles in the occurrence of EAD [5, 11, 12]. Another component
that affects the occurrence of EAD is sympathetic stimulation [8]. To examine the ionic cur-
rent conditions under which EAD can be observed in the present model, we tested a range of
adjusted values for NCX, Iy,, and L-type calcium current (Ic,y; for the incorporation of sym-
pathetic stimulation). The L-type calcium current (I, ) was increased 7-fold to simulate the
effect of sympathetic stimulation [8]. Experimental studies showed that the perfusion of iso-
proterenol (1uM) increased the I, by 5-8 fold [13, 14]. The NCX current was increased by
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2-fold to enhance the Na* influx in the presence of increased intracellular calcium. The inacti-
vation curve of Iy, was shifted by +10mV to increase the voltage range of Na* influx. This shift
delays the closing of the inactivation gate of the Na* channel, and thus increases the probability
of Na™ influx. The computational domain consisted of 20 x 20 elements, with the size of each
element being 250 pum x 250 pum. The reaction-diffusion equation for cardiac wave propaga-
tion was solved numerically [15] to determine the time-dependent changes in membrane
potential at each cell in the model. Pacing was applied at a side of the computational domain
200 times with a pacing cycle length (PCL) of 100 ms; subsequently, the PCL was changed to
1000 ms. The PCL change from 100 ms to 1000 ms was applied to simulate a normal rate after
the spontaneous termination of AF. In the clinical setting, paroxysmal AF is occasionally reini-
tiated after the spontaneous termination of AF [5]. One of the purposes of the present study
was to investigate the mechanism of AF re-initiation after spontaneous termination of parox-
ysmal AF. Each pacing elicited depolarization after 190 ms (1:1 capture). Hence, the action
potential curve, ionic currents, and intracellular ionic concentrations were examined for any
irregular depolarization.

Three-dimensional atrial model

A realistic model of the LA was constructed from human computed tomography images by
using the NavX system (St. Jude Medical Inc., Minnetonka, MN, USA). A triangular mesh
comprising approximately 450,000 triangles was generated in the atrial model. The human
atrial action potential model used in the two-dimensional (2D) model was used for the model
of ionic currents. The reaction-diffusion equation for cardiac wave propagation was solved
numerically to obtain time-dependent action potential maps [16]. The effect of ACh was incor-
porated by modeling the GPs and the nerves based on the “octopus hypothesis” [6]. In the
octopus hypothesis, the nerves are radially distributed from the GP (Fig 1). Consequently,

the concentration of ACh is higher adjacent to the GP area [6]. The locations of 4 GPs (left
inferior, right anterior, right inferior, and left superior GPs) were determined based on the
electrophysiological mapping data of Katritsis et al. [17]. ACh was modeled to be present at the
GPs and nerves. In the PV areas, the ionic currents were adjusted as described by Cha et al.
[10], in order to model the different ionic currents between the PV and LA.

Three-dimensional simulation

The following 2 simulations were performed. In the first simulation, the ionic current condi-
tions used in the 2D simulation were applied in the three-dimensional (3D) model to test
whether the same behavior of AP observed in the 2D simulation could be observed in the 3D
model. Pacing was applied at a location in the left superior PV with a PCL of 100 ms, from 0 to
7 s, to mimic the ectopic beats often observed in AF patients. Pacing was also applied at the
location of Bachmann’s bundle, with a PCL of 1000 ms, from 0 to 20 s, to simulate normal
beats. From 0 to 7 s, the 2 pacings were applied simultaneously to simulate PV triggers during
a sinus rhythm. The action potentials at multiple points in the areas of the PV and LA were
examined for any irregular depolarization. In the second simulation, fibrillatory wave patterns
were examined for any triggered activity. To induce self-sustained AF, the ionic current condi-
tions were adjusted as follows: Ix; was increased by 50%, whereas Ito, Ic,1, and Iy, were
reduced by 80%, 40%, and 50%, respectively, from the conditions used by Courtemanche et al.
[9]. These adjustments were made to sustain the AF for longer than 30 s based on previous
studies of AF simulation [18, 19]. The AF was induced by rapid pacing at the location of Bach-
mann’s bundle. The action potentials at multiple points in the areas of the PV and LA were
examined for any triggered activity. The map of the CFAE-cycle length (CFAE-CL) was
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Nerve

Fig 1. Model of GP and nerves based on the “octopus hypothesis” [6]. The PVs and LA area are
indicated in yellow and blue, respectively. The GP and nerves are indicated in green.

doi:10.1371/journal.pone.0172931.9001

obtained as described by Yun et al. [20]. The CFAE-CL was compared between the models
with and without the ACh effect for each of the atrial models of 10 patients. The patient char-
acteristics are shown in Table 1. Phase singularities (PSs) were also examined in the 3D AF

Table 1. Patient characteristics.

Age, years 57.9+13.6
Male (%) 90
Persistent AF (%) 70
CHA,DS,-VASc score 1.5+1.9
Heart failure (%) 0
Hypertension (%) 30
Age >75 years (%) 10
Age 65-74 years (%) 10
Diabetes (%) 10
Previous stroke (%) 0
Previous TIA (%) 10
Vascular disease (%) 20
Echocardiographic findings
LA dimension (mm) 44.8+5.5
EF (%) 60.3+12.2
E/Em 9.3+4.2

AF, atrial fibrillation; TIA, transient ischemic attack; LA, left atrium; EF, ejection fraction; E/Em, the ratio of
early diastolic mitral inflow velocity (E) to early diastolic mitral annular velocity (Em).

doi:10.1371/journal.pone.0172931.t001
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model. PSs were identified every 1 ms for 6 s by using the method described by Iyer and Gray.
[21] The number and duration of PSs were compared between the models with and without
the ACh effect. To examine the effect of parasympathetic stimulation on the outcome of AF
ablations, 3 patterns of virtual ablations were performed on sustained AF models of 10 patients
with or without ACh stimulation: GP area ablation alone, circumferential PV isolation (CPVI)
including the GP, and CPVTI excluding the GP. The ablations were applied 6 s after the end of
pacing. The wave patterns after ablation were observed for 30 s. No flux condition was applied
to the ablated area. The simulations were performed using a customized software (CUVIA,
ver. 1.0, Laonmed, Inc., Seoul, Korea).

Statistical analysis

Continuous variables were presented as the mean + standard deviation and categorical vari-
ables were presented as a percentage of the group total. Data for GPs with or without GP stim-
ulations were compared using the paired t-test for continuous variables, and the results were
verified using the Wilcoxon signed-rank test. Categorical variables were compared using the
Chi-square test as well as Fisher’s exact test, when necessary. A two-sided p-value of less than
0.05 was regarded as statistically significant. Statistical analysis was performed using SPSS (ver-
sion 20.0, Statistical Package for Social Sciences, Chicago, IL, USA) software for Windows.

Results
Acetylcholine stimulates late phase 3 EAD from PV cells

Fig 2 shows the action potential, intracellular calcium concentration, and Iy, and NCX cur-
rents for ionic current conditions of 2D simulation described in the Methods section, where
both sympathetic and parasympathetic stimulations were applied to the PV cells. When the
PCL was changed from 100 to 1000 ms, the first beat after the PCL change exhibited a late
phase 3 EAD-like depolarization. The intracellular calcium concentration, NCX current,

and Iy, increased along with the depolarization. At the first beat after the PCL change, NCX
removes Ca>* while importing 3 Na* at phase 3 repolarization. However, the [Ca®*]; was still
high, the membrane potential reached above the threshold for depolarization, and late phase 3
EAD-like depolarization occurred. The depolarization caused a spike in the NCX and removal
of Na™. The depolarization was observed only at the first beat after the PCL change. The base-
line potential was elevated to -71.0 mV at the end of pacing, with a PCL of 100 ms. The ranges
of adjustments in ionic currents that resulted in abnormal depolarization are as follows: NCX:
2-3-fold, In,: 10-27 mV shift in the inactivation curve, I, : 7-14-fold. Note that all these cur-
rents were adjusted under the condition of parasympathetic stimulation (0.05 uM of ACh).
The ranges of the first and the second PCLs for which EAD was observed were 70-100ms and
830-1070ms, respectively.

Autonomic nerve stimulates PV tachycardia and drivers during AF

The octopus model of the GP and nerves applied to the 3D model is shown in Fig 1. An ACh
stimulation of 0.05 uM was applied to the GPs and parasympathetic nerves. The model was
paced at the left superior PV (location 2 in Fig 3A) with a PCL of 100 ms for 7 s. Immediately
after rapid PV pacing, spontaneous action potentials were generated from the PV, adjacent to
the pacing site (location 1 in Fig 3A-3D), which finally degenerated to AF (Fig 3D). The spon-
taneous AP showed a gradual elevation of phase 4 depolarization and baseline membrane
potential, with reduced dV/dt of phase 0 depolarization, thus mimicking sinus node activation
(Fig 3B). The baseline [Ca®*]; was slightly higher and the changes in [Ca®*]; were also different
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Fig 2. Late phase 3 early afterdepolarization (EAD)-like depolarization. Action potentials (APs), intracellular calcium concentration, sodium-calcium
exchanger (NCX) current, and Na* current before and after the pacing cycle length (PCL) change from 100 to 1000 ms are shown. A late phase 3 EAD-like
depolarization is observed at the first beat after the PCL change. Increases in the intracellular calcium, NCX current, and Na* current accompanied the late
phase 3 EAD-like depolarization. The red dots represent the pacing time points.

doi:10.1371/journal.pone.0172931.9002

at the location of spontaneous AP, compared with the area of passive conduction. This auto-
matic PV tachycardia propagated and initiated reentry in the LA roof area at approximately 7 s
after the end of the pacing, which resulted in wave-break and AF. We tested a range of the fast
PCL and increases in the I,y for spontaneous APs, and observed spontaneous APs with a fast
PCL of 10-380 ms and an increase in the I, by at least 7-fold.

Fig 4 shows the maintenance state of AF, which adopted the ionic current conditions of sus-
tained AF and ANS stimulation. Intermittent local reentries were observed at the LA-PV junc-
tion during the maintenance of AF (S1 Movie). The rotor-like reentries without significant
[Ca®*]; changes suggest that the mechanism of local reentry may represent a potential driver of
AF.

6/15
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Fig 3. Spontaneous action potential in the pulmonary vein (PV). (A) Ganglionated plexus (GP) and nerve model based on the octopus hypothesis.[6]
(B) Action potentials (APs) at 5 points on the PV and left atrium (LA) are shown after rapid pacing in the left superior PV (location 2). Sequential wave
propagation from point 1 to 5 is observed. Red dots represent the pacing time points. (C) Three-dimensional AP maps showing wave propagation. (D)
Approximately 7 s after rapid pacing, the wave propagation becomes irregular and degenerates to atrial fibrillation (AF).

doi:10.1371/journal.pone.0172931.g003

GP stimulations change the AF wave dynamics

We conducted virtual CFAE-CL mapping and virtual PS mapping in 3D realistic AF models
integrated by the LA geometries of 10 patients at the ionic current conditions of sustained AF.
The patient characteristics are listed in Table 1. Fig 5 shows a representative example of virtual
CFAE-CL and PS maps with or without GP stimulation (0.03 uM ACh). GP stimulation signif-
icantly reduced the CFAE-CL (p<0.01), and this change was more significant at the GP area
than in the rest of the LA (p<0.01, Table 2). The degree of co-localization of the GP area with
the CFAE area (CFAE-CL<120ms) was more significant after GP stimulation (9.5% vs. 59.0%,
Table 2). The number of PSs during the 6-s period of AF was greater (4552 vs. 9944), and the
life span of PS was significantly shorter (66+£100ms vs. 60+£88ms, p<0.01) after GP stimulation
in the specific example shown in Fig 5.

Table 3 shows the results of different ablations with or without ACh stimulation. Among
the ablation strategies, CPVI including the GP was the most effective whereas GP-only abla-
tion was the least effective. CPVI excluding the GP was less effective in the presence of ACh
stimulation, as compared to no ACh stimulation. Fig 6 shows representative examples of
action potential distributions with time for GP-only ablation and CPVI including the GP.

PLOS ONE | DOI:10.1371/journal.pone.0172931 February 28, 2017 7/15
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Fig 4. A local reentry in the maintenance of atrial fibrillation. (A) The location of reentry. The numbers indicate the locations of the action potentials
(APs) shown in (H). (B) Phase singularity (PS) map showing the trajectory of the center of the reentry near the PV-LA junction. (C) Isochronal map showing
the reentry near the PV-LA junction. (D) AP at a location (1 in (A)) in the reentry. (E) [Ca®*]; at the location (1 in (A)) where AP in (D) was recorded. (F)
Magpnification of the box (marked *) in (D). (G) Magnification of the box (marked **) in (E). [Ca®*]; did not always increase at each depolarization in (F). (H)
APs at 5 locations (marked in (A)) around the reentry. APs exhibit the rotational propagation near the PV-LA junction.

doi:10.1371/journal.pone.0172931.g004

Discussion

In the present study, we incorporated the ANS model into an in silico 3D realistic model of AF.
We observed that cardiac ANS stimulations provoked triggered activity, PV automaticity, and
local reentries at the LA-PV junction in this simulation model. The parameters reflecting car-
diac wave dynamics, such as CFAE and PS, were significantly affected by virtual GP stimula-
tion, and showed co-localization of the GP and CFAE areas.

Role of the autonomic nerve in AF triggers

One of the several mechanisms by which the ANS triggers AF is late phase 3 EAD, which
occurs when the APD is shortened and the Ca" transient is increased [4]. Vandersickel et al.
[22] showed that abnormal wave patterns emerged from EAD in a mathematical model for

PLOS ONE | DOI:10.1371/journal.pone.0172931 February 28, 2017 8/15



o @
@ : PLOS | ONE Autonomic nervous system in AF modeling

CFAE PS

GP Model ACh=0 pM ACh=0.03pM

S 10
ach=00pm £ NN NDNANANNNNANNNN NN
%70
ACh=0.03uM 5 | |\ \ | h [\ [\M\h MMM[\ \M
= 90 : \ . . I .
36 37 38 39 40 41 42
Time (s)

Fig 5. Wave-dynamics parameters following parasympathetic stimulation. Complex fractionated atrial electrogram (CFAE) and phase singularity (PS)
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doi:10.1371/journal.pone.0172931.g005

human ventricular cardiac tissue. The sympathetic nervous system increases the Ca** tran-
sient, and the parasympathetic nervous system activates Ixacnj> which shortens the APD. The
late phase 3 EAD-like depolarization observed in the 2D model of the current study was gener-
ated under conditions of increased I,;. An increase in the Ca®" release current from the sar-
coplasmic reticulum release compartment (I,)) or Ca?* leak current from the sarcoplasmic
reticulum uptake compartment (I.,;) in the Courtemanche et al. [9] model, without any
change in I¢,1, did not lead to any irregular depolarization. The NCX seems to play an impor-
tant role in the occurrence of late phase 3 EAD. Burashnikov and Antzelevitch [5] explained
the mechanism in terms of a strong inward NCX and calcium current, as the intracellular cal-
cium peaked in the late phase of repolarization when APD was shortened. In the current
study, the increases in I¢,;, and NCX, and the presence of ACh were not sufficient to induce
any irregular depolarization. By using an in silico model, Morotti et al. [12] showed that EADs
can be prevented by ranolazine, which reduces atrial peak Iy,. The reverse effect of ranolazine
was applied to the current model by shifting the inactivation curve of Iy, by +10 mV, thereby
widening the voltage range of Na™ influx. On the other hand, the spontaneous action potentials
in the PV region close to the rapid pacing site in the 3D model seem to have resulted from

the elevated baseline potential due to the accumulated intracellular calcium. PV regions are
known to often harbor the sites of ectopic beats. We also ran the simulation without ACh, and
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Table 2. CFAE-CL at 4 different GPs with or without GP stimulations (10 patients).

Control GP stimulation A(GP stimulation—Control) p-value
CFAE-CL at GP areas (ms) 13845 11714 -20+7 <0.01
RAGP (ms) 140+11 11817 -22+15 <0.01
LSGP (ms) 13510 11419 -20+12 <0.01
LIGP (ms) 13948 11711 -23+13 <0.01
RIGP (ms) 14011 11919 -21+14 <0.01
CFAE-CL at non-GP areas (ms) 135+2 127+4 -9+4 <0.01
Proportions of CFAE areast at GP areas 9.5+4.3* 59.0+11.8** 49.5+14.1 <0.01
RAGP (%) 8.9+13.6 58.9+21.6 49.94+25 1 <0.01
LSGP (%) 14.9+16.4 66.8+24.7 51.9+32.2 <0.01
LIGP (%) 4.6+3.4 58.4+28.4 53.8+27.8 <0.01
RIGP (%) 7.8+8.7 61.0£27.0 53.1£27.2 <0.01
Proportions of CFAE areas at non-GP areas 10.0+2.6* 24.7+5.4%* 14.845.9 <0.01

1CFAE area is defined as the area where the CFAE is < 120 ms.

*Under control conditions, the proportions of CFAE areas in GP areas are statistically not different from those in the non-GP areas (p = 0.62).

**Under GP stimulation conditions, the proportions of CFAE areas in GP areas are significantly higher than those in the non-GP areas (p < 0.01).

CFAE, complex fractionated atrial electrogram; CL, cycle length; GP, ganglionated plexus; RAGP, right anterior ganglionated plexus; LSGP, left superior
ganglionated plexus; LIGP, left inferior ganglionated plexus; RIGP, right inferior ganglionated plexus.

doi:10.1371/journal.pone.0172931.t002

spontaneous APs were still observed. However, when the I,;, was not increased, spontaneous
APs were not observed. Chou et al. [23] experimentally observed that an infusion of ryanodine
and isoproterenol resulted in focal discharges from PVs. Experimental studies showed that
perfusion of isoproterenol increased I,y [13, 14].

Table 3. The results of 4 ablations in 10 patient models during 30 s after ablation.
GP-only ablation with ACh stim. | CPVI+GP ablation with ACh stim. | CPVI-only with ACh stim. | CPVI only without ACh stim.

Patient 1 AF AT (18.5s) AF AT (13.6s)
Patient 2 AF AT (11.7s) AF AT (6.9s)
Patient 3 AF Term (6.4s) AF AT (11.4s)
Patient 4 AF Term (24.5s) AF AT (19.4s)
Patient 5 AF Term (1.3s) AT (7.4s) AT (9.6s)
Patient 6 AF AT (6.4s) AT (24.8s) AT (12.1s)
Patient 7 AT (20.3s) Term (7.5s) AT (10.8s) AT (10.7s)
Patient 8 AF AT (5.3s) AF AF
Patient 9 AF Term (16.6s) AF AF
Patient 10 AF Term (9.1s) AF AT (11.0s)
Summary Term: 0 Term: 61 Term: 0 Term: 0
AT: 1 AT:4 AT:3 AT: 811
AF: 9* AF: 0 AF: 7%* AF: 2

AF = AF maintained. AT = Converted to AT. Term = AF terminated. The number in parenthesis is the time from ablation to AF termination or conversion to
AT.

1p = 0.01 compared with GP-only ablation with ACh stimulation, CPVI-only with ACh stimulation, or CPVI-only without ACh stimulation.

11p<0.01 compared with GP-only ablation with ACh stimulation.

*p<0.01 compared with CPVI+GP ablation with ACh stimulation or CPVI-only without ACh stimulation.

**p<0.01 compared with CPVI+GP ablation with ACh stimulation.

doi:10.1371/journal.pone.0172931.t003
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Fig 6. Two patterns of virtual ablations. Ganglionated plexus (GP)-only ablation did not terminate atrial fibrillation (AF), whereas circumferential
pulmonary vein isolation (CPVI) including the GP areas terminated AF at approximately 9 s after the virtual ablation was performed. In the case of CPVI
including the GP areas, activity was still observed within the ablation line around the right inferior pulmonary vein (PV). Action potentials (APs) in the left
atrium (LA) and PV are shown for both patterns of virtual ablations.

doi:10.1371/journal.pone.0172931.9006

Roles of the autonomic nerve in AF maintenance

AF-triggering activities such as EADs and delayed afterdepolarizations, which can be induced
by the ANS, occur during the progression of AF and can contribute to the maintenance of

AF. The parasympathetic nervous system, in particular, has clusters of neurons (GPs) on the
atrium, and the ACh concentration exhibits a spatially heterogeneous distribution [4]. As a
result, the APD distribution becomes heterogeneous, which makes the cardiac wave unstable.
Sarmast et al. [24] showed that the higher Ixjacn) density in LA than in right atrium (RA) myo-
cytes resulted in the generation of a larger number of rotors, as well as an increase in the fre-
quency and number of rotations of the rotors in the LA than in the RA in sheep hearts. The
larger number of PSs generated and their shorter duration observed in the present study in the
case of parasympathetic stimulation indicate the presence of more unstable cardiac waves. A
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large number of PSs indicates large number of reentries generated. Reentries have been linked
to persistent AF in several studies [25, 26]. Fig 4 shows an example that indicates that a trigger-
ing activity generated in the progression of AF corresponds to a reentry near GP. Another car-
diac wave dynamics parameter of interest is CFAE, which represents the electrogram cycle
length. The CFAE has been a frequent target in the procedure of catheter ablation for AF.
CFAE has been studied extensively since Nademani et al. [27] proposed CFAE as a potential
ablation target. Although controversies exist regarding the efficacy of CFAE ablation [28],

it remains as one of the ablation strategies used by many physicians. In the present study,
CFAE-CL was significantly shorter in the case of ACh stimulation. A shorter CFAE-CL indi-
cates more fractionations in the electrograms, which in turn indicates more chaotic wave prop-
agation patterns. Moreover, ACh stimulation decreased CFAE-CL more in the GP areas as
compared to the non-GP areas (Table 2), which implies that the GP areas could be potential
targets for ablation. The decreased CFAE-CL in the presence of GP stimulation can be attrib-
uted to decreased APD due to ACh and the heterogeneous distribution of APD, as well as
repeated activation sources from the PV or the PV-LA junction. The higher percentage of
CFAE area in the GP in the case of parasympathetic stimulation confirms the effect of APD
and its distribution. Parasympathetic stimulation leads to heterogeneous CFAE distribution
(higher percentage in the GP), which translates to unstable cardiac waves.

Can GP ablation reduce AF?

Radiofrequency catheter ablation has become a common procedure for AF, and appropriate
targets for ablation are being constantly researched. The observation in this study that CPVI
including the GP areas yielded superior outcomes as compared to GP-only ablation is consis-
tent with the clinical findings. GP ablation combined with PV isolation has been found to be
effective, but GP-only ablation was not very effective [29]. The outcome of GP + PV ablation
was also superior to PV isolation alone [29]. This suggests that GP ablation eliminates the
sources of AF other than the ectopic beats from the PV. GP ablation would eliminate the het-
erogeneity of APD distribution caused by ACh. In addition, GP ablation may affect the electro-
physiology down-stream of the nerve endings spread along the entire atrium, and may remove
a large portion of the CFAE area. However, GP-only ablation would not remove the ectopic
beats from the PV, as mentioned above, as well as non-PV sources such as rotors. Moreover, it
is difficult to ablate GPs with endocardial ablation alone, as GPs exist on the epicardial aspect
of the LA-PV junction. Because the mechanisms of AF initiation and maintenance are multi-
factorial, GP ablations would need to be accompanied by ablations targeting areas other than
GPs.

Limitations

This study has some limitations. As the detailed anatomical distribution of the autonomic
nerves in the atrium is unknown, the nerve structure used in this study was based on a hy-
pothesis. GP and cardiac nerves were modeled by applying the same ionic currents, but with
different morphologies. The 3D atrial model used in this study is a structurally homogeneous
LA model that excluded the histological features. Thickness variation and structural character-
istics such as fiber orientation and fibrosis would affect wave propagation. The addition of

the RA can also change the wave dynamics, although AF drivers are known to exist mostly in
the LA. The ionic current properties are spatially uniform in this model. The spatial heteroge-
neity in the ionic currents is known to play a major role in rotor drifting and peripheral wave
breakups.
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Conclusion

Simultaneous GP and I¢, | stimulation induced triggered activity from the LA-PV junction
and PV tachycardia, thus changing the wave dynamics of the AF maintenance mechanism in a

3D in silico GP model of the LA.

Supporting information

S1 Movie. Local reentry at the PV-LA junction.
(WMV)

Author Contributions
Conceptualization: HNP.

Data curation: MH.

Formal analysis: MH BL.

Funding acquisition: HNP MH.
Investigation: MH BL.
Methodology: MH HNP.

Project administration: HNP.
Software: MH JSS.

Supervision: HNP.

Validation: MH YSL HTY AJR.
Visualization: MH.

Writing - original draft: MH HNP.
Writing - review & editing: B] EBS.

References

1. Jalife J, Berenfeld O, Skanes A, Mandapati R. Mechanisms of atrial fibrillation: mother rotors or multiple
daughter wavelets, or both? J Cardiovasc Electrophysiol. 1998; 9(8 Suppl):S2—12. Epub 1998/09/04.

PMID: 9727669

2. BuchE, Share M, Tung R, Benharash P, Sharma P, Koneru J, et al. Long-term clinical outcomes of
focal impulse and rotor modulation for treatment of atrial fibrillation: A multicenter experience. Heart

rhythm: the official journal of the Heart Rhythm Society. 2015. Epub 2015/10/27.

3. Atienza F, Almendral J, Ormaetxe JM, Moya A, Martinez-Alday JD, Hernandez-Madrid A, et al. Com-
parison of radiofrequency catheter ablation of drivers and circumferential pulmonary vein isolation in
atrial fibrillation: a noninferiority randomized multicenter RADAR-AF trial. J Am Coll Cardiol. 2014; 64

(23):2455—-67. Epub 2014/12/17. doi: 10.1016/j.jacc.2014.09.053 PMID: 25500229

4. ChenPS, Chen LS, Fishbein MC, Lin SF, Nattel S. Role of the autonomic nervous system in atrial fibril-
lation: pathophysiology and therapy. Circ Res. 2014; 114(9):1500-15. Epub 2014/04/26. PubMed Cen-

tral PMCID: PMC4043633. doi: 10.1161/CIRCRESAHA.114.303772 PMID: 24763467

5. Burashnikov A, Antzelevitch C. Reinduction of atrial fibrillation immediately after termination of the
arrhythmia is mediated by late phase 3 early afterdepolarization-induced triggered activity. Circulation.

2003; 107(18):2355-60. Epub 2003/04/16. doi: 10.1161/01.CIR.0000065578.00869.7C PMID:
12695296

6. Zhou J, Scherlag BJ, Edwards J, Jackman WM, Lazzara R, Po SS. Gradients of atrial refractoriness
and inducibility of atrial fibrillation due to stimulation of ganglionated plexi. J Cardiovasc Electrophysiol.

2007; 18(1):83-90. Epub 2007/01/19. doi: 10.1111/j.1540-8167.2006.00679.x PMID: 17229305

PLOS ONE | DOI:10.1371/journal.pone.0172931 February 28, 2017

13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172931.s001
http://www.ncbi.nlm.nih.gov/pubmed/9727669
http://dx.doi.org/10.1016/j.jacc.2014.09.053
http://www.ncbi.nlm.nih.gov/pubmed/25500229
http://dx.doi.org/10.1161/CIRCRESAHA.114.303772
http://www.ncbi.nlm.nih.gov/pubmed/24763467
http://dx.doi.org/10.1161/01.CIR.0000065578.00869.7C
http://www.ncbi.nlm.nih.gov/pubmed/12695296
http://dx.doi.org/10.1111/j.1540-8167.2006.00679.x
http://www.ncbi.nlm.nih.gov/pubmed/17229305

@° PLOS | ONE

Autonomic nervous system in AF modeling

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Kneller J, Zou R, Vigmond EJ, Wang Z, Leon LJ, Nattel S. Cholinergic atrial fibrillation in a computer
model of a two-dimensional sheet of canine atrial cells with realistic ionic properties. Circ Res. 2002; 90
(9):E73-87. Epub 2002/05/23. PMID: 12016272

Chen PS, Tan AY. Autonomic nerve activity and atrial fibrillation. Heart rhythm: the official journal of the
Heart Rhythm Society. 2007; 4(3 Suppl):S61-4. Epub 2007/03/06. PubMed Central PMCID:
PMC1852524.

Courtemanche M, Ramirez RJ, Nattel S. lonic mechanisms underlying human atrial action potential
properties: insights from a mathematical model. Am J Physiol. 1998; 275(1 Pt 2):H301-21. Epub 1998/
08/05.

Cha TJ, Ehrlich JR, Zhang L, Chartier D, Leung TK, Nattel S. Atrial tachycardia remodeling of pulmo-
nary vein cardiomyocytes: comparison with left atrium and potential relation to arrhythmogenesis. Circu-
lation. 2005; 111(6):728-35. Epub 2005/02/09. doi: 10.1161/01.CIR.0000155240.05251.D0 PMID:
15699259

Patterson E, Lazzara R, Szabo B, Liu H, Tang D, Li YH, et al. Sodium-calcium exchange initiated by the
Ca2+ transient: an arrhythmia trigger within pulmonary veins. J Am Coll Cardiol. 2006; 47(6):1196—206.
Epub 2006/03/21. doi: 10.1016/j.jacc.2005.12.023 PMID: 16545652

Morotti S, McCulloch AD, Bers DM, Edwards AG, Grandi E. Atrial-selective targeting of arrhythmogenic
phase-3 early afterdepolarizations in human myocytes. J Mol Cell Cardiol. 2016; 96:63—71. Epub 2015/
08/05. PubMed Central PMCID: PMC4734906. doi: 10.1016/j.yjmcc.2015.07.030 PMID: 26241847

Cheng TH, Lee FY, Wei J, Lin Cl. Comparison of calcium-current in isolated atrial myocytes from failing
and nonfailing human hearts. Mol Cell Biochem. 1996; 157(1-2):157-62. Epub 1996/04/12. PMID:
8739242

Ouadid H, Albat B, Nargeot J. Calcium currents in diseased human cardiac cells. J Cardiovasc Pharma-
col. 1995; 25(2):282-91. Epub 1995/02/01. PMID: 7752654

Lee YS, Hwang M, Song JS, Li C, Joung B, Sobie EA, et al. The Contribution of lonic Currents to Rate-
Dependent Action Potential Duration and Pattern of Reentry in a Mathematical Model of Human Atrial
Fibrillation. PloS one. 2016; 11(3):e0150779. Epub 2016/03/11. PubMed Central PMCID:
PMC4795605. doi: 10.1371/journal.pone.0150779 PMID: 26964092

Zozor S, Blanc O, Jacquemet V, Virag N, Vesin JM, Pruvot E, et al. A numerical scheme for modeling
wavefront propagation on a monolayer of arbitrary geometry. IEEE Trans Biomed Eng. 2003; 50
(4):412—-20. Epub 2003/05/02. doi: 10.1109/TBME.2003.809505 PMID: 12723052

Katritsis DG, Giazitzoglou E, Zografos T, Pokushalov E, Po SS, Camm AJ. Rapid pulmonary vein isola-
tion combined with autonomic ganglia modification: a randomized study. Heart rhythm: the official jour-
nal of the Heart Rhythm Society. 2011; 8(5):672—8. Epub 2011/01/05.

Jacquemet V, Virag N, Ihara Z, Dang L, Blanc O, Zozor S, et al. Study of unipolar electrogram morphol-
ogy in a computer model of atrial fibrillation. J Cardiovasc Electrophysiol. 2003; 14(10 Suppl):S172-9.
Epub 2004/02/06. PMID: 14760921

Colman MA, Aslanidi OV, Kharche S, Boyett MR, Garratt C, Hancox JC, et al. Pro-arrhythmogenic
effects of atrial fibrillation-induced electrical remodelling: insights from the three-dimensional virtual
human atria. The Journal of physiology. 2013; 591(17):4249-72. Epub 2013/06/05. PubMed Central
PMCID: PMC3779115. doi: 10.1113/jphysiol.2013.254987 PMID: 23732649

YunY, Hwang M, Park JH, Shin H, Shim EB, Pak HN. The relationship among complex fractionated
electrograms, wavebreak, phase singularity, and local dominant frequency in fibrillation wave-dynam-
ics: a modeling comparison study. J Korean Med Sci. 2014; 29(3):370-7. Epub 2014/03/13. PubMed
Central PMCID: PMC3945132. doi: 10.3346/jkms.2014.29.3.370 PMID: 24616586

lyer AN, Gray RA. An experimentalist’'s approach to accurate localization of phase singularities during
reentry. Ann Biomed Eng. 2001; 29(1):47-59. Epub 2001/02/24. PMID: 11219507

Vandersickel N, Kazbanov IV, Nuitermans A, Weise LD, Pandit R, Panfilov AV. A study of early afterde-
polarizations in a model for human ventricular tissue. PloS one. 2014; 9(1):e84595. Epub 2014/01/16.
PubMed Central PMCID: PMC3888406. doi: 10.1371/journal.pone.0084595 PMID: 24427289

Chou CC, Nihei M, Zhou S, Tan A, Kawase A, Macias ES, et al. Intracellular calcium dynamics and
anisotropic reentry in isolated canine pulmonary veins and left atrium. Circulation. 2005; 111(22):2889—
97. Epub 2005/06/02. doi: 10.1161/CIRCULATIONAHA.104.498758 PMID: 15927973

Sarmast F, Kolli A, Zaitsev A, Parisian K, Dhamoon AS, Guha PK, et al. Cholinergic atrial fibrillation: |
(K,ACh) gradients determine unequal left/right atrial frequencies and rotor dynamics. Cardiovasc Res.
2003; 59(4):863-73. Epub 2003/10/14. PMID: 14553826

Haissaguerre M, Hocini M, Denis A, Shah AJ, Komatsu Y, Yamashita S, et al. Driver domains in persis-
tent atrial fibrillation. Circulation. 2014; 130(7):530-8. Epub 2014/07/17. doi: 10.1161/
CIRCULATIONAHA.113.005421 PMID: 25028391

PLOS ONE | DOI:10.1371/journal.pone.0172931

February 28, 2017 14/15


http://www.ncbi.nlm.nih.gov/pubmed/12016272
http://dx.doi.org/10.1161/01.CIR.0000155240.05251.D0
http://www.ncbi.nlm.nih.gov/pubmed/15699259
http://dx.doi.org/10.1016/j.jacc.2005.12.023
http://www.ncbi.nlm.nih.gov/pubmed/16545652
http://dx.doi.org/10.1016/j.yjmcc.2015.07.030
http://www.ncbi.nlm.nih.gov/pubmed/26241847
http://www.ncbi.nlm.nih.gov/pubmed/8739242
http://www.ncbi.nlm.nih.gov/pubmed/7752654
http://dx.doi.org/10.1371/journal.pone.0150779
http://www.ncbi.nlm.nih.gov/pubmed/26964092
http://dx.doi.org/10.1109/TBME.2003.809505
http://www.ncbi.nlm.nih.gov/pubmed/12723052
http://www.ncbi.nlm.nih.gov/pubmed/14760921
http://dx.doi.org/10.1113/jphysiol.2013.254987
http://www.ncbi.nlm.nih.gov/pubmed/23732649
http://dx.doi.org/10.3346/jkms.2014.29.3.370
http://www.ncbi.nlm.nih.gov/pubmed/24616586
http://www.ncbi.nlm.nih.gov/pubmed/11219507
http://dx.doi.org/10.1371/journal.pone.0084595
http://www.ncbi.nlm.nih.gov/pubmed/24427289
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.498758
http://www.ncbi.nlm.nih.gov/pubmed/15927973
http://www.ncbi.nlm.nih.gov/pubmed/14553826
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.005421
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.005421
http://www.ncbi.nlm.nih.gov/pubmed/25028391

@° PLOS | ONE

Autonomic nervous system in AF modeling

26.

27.

28.

29.

Zahid S, Cochet H, Boyle PM, Schwarz EL, Whyte KN, Vigmond EJ, et al. Patient-derived models link
re-entrant driver localization in atrial fibrillation to fibrosis spatial pattern. Cardiovasc Res. 2016; 110
(3):443-54. Epub 2016/04/09. PubMed Central PMCID: PMC4872878. doi: 10.1093/cvr/cvw073 PMID:
27056895

Nademanee K, McKenzie J, Kosar E, Schwab M, Sunsaneewitayakul B, Vasavakul T, et al. A new
approach for catheter ablation of atrial fibrillation: mapping of the electrophysiologic substrate. J Am
Coll Cardiol. 2004; 43(11):2044-53. Epub 2004/06/03. doi: 10.1016/j.jacc.2003.12.054 PMID:
15172410

Verma A, Jiang CY, Betts TR, Chen J, Deisenhofer I, Mantovan R, et al. Approaches to catheter abla-
tion for persistent atrial fibrillation. N Engl J Med. 2015; 372(19):1812—22. Epub 2015/05/07. doi: 10.
1056/NEJMoa1408288 PMID: 25946280

Chugh A. Ganglionated plexus ablation in patients undergoing pulmonary vein isolation for paroxysmal
atrial fibrillation: here we go again. J Am Coll Cardiol. 2013; 62(24):2326—8. Epub 2013/08/27. doi: 10.
1016/j.jacc.2013.07.055 PMID: 23973692

PLOS ONE | DOI:10.1371/journal.pone.0172931

February 28, 2017 15/15


http://dx.doi.org/10.1093/cvr/cvw073
http://www.ncbi.nlm.nih.gov/pubmed/27056895
http://dx.doi.org/10.1016/j.jacc.2003.12.054
http://www.ncbi.nlm.nih.gov/pubmed/15172410
http://dx.doi.org/10.1056/NEJMoa1408288
http://dx.doi.org/10.1056/NEJMoa1408288
http://www.ncbi.nlm.nih.gov/pubmed/25946280
http://dx.doi.org/10.1016/j.jacc.2013.07.055
http://dx.doi.org/10.1016/j.jacc.2013.07.055
http://www.ncbi.nlm.nih.gov/pubmed/23973692

