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Summary

Atrial eectrical turbulence (atrial fibrillation, AF) is assumed to be triggered by a premature atrial contraction
(PAC) during the vulnerable phase of the atrial action potential (AP). The physiologic conditionsfor triggering and
maintaining atrial electrical turbulence have not yet been quantitatively investigated. Using the atrial cell model
by Nygren, this paper presentsa realistic smulation of the atria in a two-dimensional reaction-diffusion model. The
results of the model are correlated to clinical data of APs measured during intrinsic onset of AF. Sx out of 26
patients (16 male, 69+ 12 years) developed AF in the first 36 h following aortic valve replacement. The monopha
sic action potential (MAP) from the right atrial wall was continuously recorded with an epicardial MAP lead
(MAPOX, BIOTRONIK, Germany). The recordings provided information about the electrical state of the atrial
cells during the transition from sinus rhythm to AF. The clinical results were used to adjust the parameter of the
computer model of the atria. Before AF, specific and significant alterations of the MAP were observed. In 9 of 12
episodes, the MAP shortened by 24+ 4% 60 min before onset of AF. In the 3 remaining episodes, the beat-to-beat
variability of the cycle length increased from 24+ 7 to 137+ 27 ms 30 min before AF, indicating extended PAC activ
ity. Computer simulation showed that shortening the atrial AP, which is correlated to the MAP duration, by more
than 22% enables a single PAC to trigger electrical turbulence. In addition, the atrial model confirmed that the
number of PACs per time unit islinearly correlated to AF probability. But physiologic speed of the excitation across
the atrium (50 to 70 cn/s) together with cyclic boundary conditions prevent the maintenance of the turbulence. If
the excitation speed is slowed by >45%, electrical turbulence is stable under cyclic boundary conditions. During
stable electrical turbulence, simulated intracardiac el ectrograms (IEGM) were similar to the [IEGMsrecorded in a
clinical setup. In conclusion, the significant alteration of the MAP before AF was interpreted with a computer
model of the atria. A shorter AP increased the vulnerable area in which a single PAC is able to trigger AF. Sowed
excitation speed ensured stable electrical turbulence. Thus, the model provides a tool for quantitative investigation
and inter pretation of mechanisms underlying AF. This may allow new concepts for treatment of AF to be tested and
optimized.
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Introduction

With an incidence of 1%, atrial fibrillation (AF) isthe
most common arrhythmia. The incidence and impor-
tance of AF increase with age [1]. Detailed knowledge
about the mechanisms underlying AF is the prerequi-
site for successful preventive therapy. Currently, two
basic mechanisms are in discussion [1]. One explains
AF by one or more ectopic foci firing at ahigh rate[2].
The other is Mo€'s theory, in which AF is caused by

multiple re-entrant waves travelling over the atria [3].
The latter theory was confirmed by animal experi-
ments [4]. Nevertheless, neither Moe's theory nor
Allessie's animal experiments explain the origin of the
re-entrant waves. In reaction-diffusion systems, such
as the heart muscle or Belousov-Zhabotinsky reactions
[5], the origin of re-entrant waves is explained by the
theory of phase resetting [6]. This theory states that re-
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entrant waves are triggered by a premature beat in the
vulnerable phase of the ongoing excitation front.
Generated by the premature stimulus, rotors arise
which, in time, break up into severa re-entrant waves.
This process causes electrical turbulence. Several com-
puter simulations in 2 and 3 dimensions confirm that
rotors are likely to be at the origin of atrial and ven-
tricular fibrillation re-entrant waves [7-9]. Most of
these computer simulations use a 2-parameter model of
atrial or ventricular cells with Fitzhugh-Nagumo equa
tions, simplifying the behavior of the cells [10-12].
Because simple models do not allow the shortening of
the cellular action potential (AP) or the increase in
intracellular Ca* with a higher rate to be modeled, the
electrophysiologic parameters influencing the trigger-
ing of electrical turbulence cannot be investigated
quantitatively.

Using arealistic atrial cell model, this paper studiesthe
parameters for triggering and maintaining electrical
turbulence in reaction-diffusion systems[13]. The sim-
ulation parameters were adjusted to recordings of the
monophasic action potential (MAP) during intrinsic
transition from sinus rhythm to AF [14]. Furthermore,
the natural mechanisms suppressing electrical turbu-
lence are presented when discussing new methods for
preventive therapy of AF.

Materials and M ethods

Setup for Clinical Recordings

In 26 patients (16 male, 69+12 years), epicardial leads
(Mapox, BIOTRONIK, Germany) were implanted in
the right atria (n=22) and in the right and left atria
(n=4) after an aortic valve replacement, for MAP
recording. The MAP was recorded continuously dur-
ing the patients in-hospital stay as described in
Pichimaier et al. [14]. Eight of the patients devel oped
AF following open heart surgery. Therefore, the shape
and duration of the APs were available during the
intrinsic transition from sinus rhythm to AF. The MAP
was evaluated in respect to duration at 25, 50, and 90%
repolarization (MAPd25, MAPd50, MAPd90), beat-
to-beat changes in cycle length, and amplitude.
Additionally, in 4 of the patients with two atrial MAP
leads, the velocity of the excitation spread was calcu-
lated from the time difference between the first excita-
tion in the right and left atrial MAP recordings.

Model of the Atria

The atria were simulated as a rectangle with 64 x 64

atrial cells. Each cell represented a2 x 2 mm piece of
the atria according to the atrial cell model presented by
Nygren [13]. The electrical coupling of the cells was
simulated using a 2-dimensional diffusion equation.

2 2
a—V=Dxa—Z+Dya—E+V(t)
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V: transmembrane potential

diffusion constantsin x
and y directions

Dx, Dy:

The boundaries of the atria were simulated as cyclic
boundary conditions. Therefore, the atrium was, geo-
metrically, an infinite cylinder with closed-ended cir-
cles.

F%peeiXye )y = F (Xppen Xy )oaj
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f(Xa,.., Xk) represents the functions
determining the transmembrane potential

The vessels and valves in the atria were simulated as
holes with no-flux boundaries. Therefore, the excita-
tion front passes the holes without reflections or
extinction. The parameters of the cell model, aswell as
the diffusion constants Dx and Dy, were adjusted to
simulate physiologic excitation velocity (50 to
70 cm/s) [15].

Results

Clinical Results

During the observation period, 8 of the 26 patients
(31%) suffered from at least one AF episode. In total,
12 episodes of AF were documented. All AF episodes
started during the first 36 h following open heart
surgery. Before AF, specific and significant alterations
of the MAP were observed. As demonstrated in
Figure 1, the atrial MAP 3 h prior to AF onset showed
amore triangular shape than the control recording dur-
ing implantation.

This morphological change was observed in 9 out of
12 episodes. In these patients, MAP shortened by
24+4% at least 60 min before onset of AF. In the 3
remaining episodes, the beat-to-beat variability of the
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Figure 1. Epicardial MAP from the right atrial wall. The upper trace shows the MAP 2 h following implantation, referred to
the control recording. The MAP in the lower trace was recorded 3 h prior to the intrinsic transition from sinus rhythmto AF.
The amplitude decreased, the MAP duration shortened, and the shape changed to a triangular morphology.

cyclelength increased from 2447 to 137+27 ms 30 min
before AF, indicating extended premature atrial con-
traction (PAC) activity (Figure 2).

Simulation Results

The triangular shape of the MAP before AF onset was
simulated by reducing Ca?* influx through the ICal ion
channel as depicted in Figure 3.

Computer ssimulation showed that shortening the simu-
lated atrial MAP by more than 22%, which corre-
sponds to a 70% blocking of the lca ion channel,
allows triggering a rotor and, thus, leads to primary
electrical turbulence by asingle PAC (Figure 4). If, in
contrast, the smulated atrial AP duration was within
the physiologic range and the calcium channel was not
blocked, the vulnerable phase was too short. Therefore,

the vulnerable area was too small for PACs to trigger
electrical turbulence.

While ablocked calcium channel may trigger electrical
turbulence, physiologic speed of the excitation across
the atrium (50 to 70 cm/s), together with cyclic bound-
ary conditions, leads to the self-destruction of the rotor
and, therefore, the electrica turbulence, because the
rotor arms hit refractory areas.

In addition, the atrial model confirmed that the number
of PACs per time unit is linearly correlated to the
probability of triggering electrical turbulence.
Nevertheless, a high rate of PACs or short AP duration
trigger only unstable rotors when combined with nor-
mal excitation speed. Stable rotors could only be sim-
ulated if either the excitation speed was slowed by
>45% or the cyclic boundary conditions were replaced
by no-flux boundaries. No-flux boundaries, e.g.
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Figure 2. Epicardial MAP fromtheright atrial wall 20 min before onset of AF. Theirregular rhythmindicates increased PAC

activity.

ischemic scars, enable stable rotors because the excita
tion front originating from the rotor arms extinguishes
at the no-flux boundary and cannot travel around the
atrium to extinguish the rotor center. Slowed excitation
speed allows 3 or more stable rotor arms. If two rotor
arms extinguish themselves due to cyclic boundary
conditions, stable electrical turbulence is still pre-
served by the remaining rotor arm(s).

During stable eectrical turbulence with no-flux bound-
aries, smulated intracardiac eectrograms (IEGM) show
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Figure 3. Smulated cellular AP with increasing blocking
of the Ca,L ion channel. The AP shortens and the ampli-
tude decreases. The morphological changes were similar to
those observed in atrial MAPs prior to AF (compare
Figure 1).

a uniform and periodic morphology at 180-220 bpm,
which is not atypical IEGM for AF. Holes in the atri-
um modeling the vessels and valves lead to the break-
up of the rotors splitting them into several re-entrant
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Figure 4. Smulated electrical turbulence using cyclic
boundary conditions. The rectangular holes simulated the
vessals in the right and left atrium. The Ca,L channel was
blocked to reduce its conductance to 30% (compare Figure
3). Excitation velocity was slowed to 28 crm/s. On the right
side, the time in ms is displayed. An initial excitation front
runs across the atria and extinguishes by itself (96 ms). A
PAC at 438 ms in the vulnerable phase of the preceding
excitation initiates a rotor (510-618 ms). Due to the vessels,
the rotor splits into several arms (648-678 ms). See also
Figure5for thesimulated IEGM of thiselectrical turbulence.
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Figure 5. Smulated IEGM during electrical turbulence. The
electrical turbulence starts with a regular but fast rhythm
and is fractionated in time.

waves. An IEGM simulation with such split re-
entrant waves produces the typical fractionated IEGM.
Figure 5 depicts simulated IEGM during AF.

Discussion

The results of the simulation confirm and complement
theclinical results. The atria are susceptibleto AF, trig-
gered by a PAC in the vulnerable phasg, if the AP is
shortened by more than 22%, e.g. by blocking the cal-
cium channels. Nevertheless, the physiologic velocity
of the excitation spread and the cyclic boundary condi-
tions are natural safety mechanisms prompting the
self-destruction of triggered rotors. Therefore, there
must be at least one additional pathological change to
maintain the rotors leading to electrica turbulence.
Either ischemic scars form no-flux boundaries, or
slowed excitation velocity leads to a minimum number
of rotor arms. The slowed excitation velocity, which
has been reported during AF by other investigators
[15-17], seems more likely to be a fundamental reason
for AF. Only this condition, in combination with the
holes in the atria, enables stable electrica turbulence
and leads to the typical fractionated atrial 1EGM.
Furthermore, the smulation confirms the hypothesis
that stable electrical turbulence is based on 3 or more
re-entrant waves, as reported also from a dog model
[18,19].

The results show the limitations of studying the mech-
anism underlying AF using an extracted piece of the

atria [20]. The important natural safety mechanism,
offered by the cyclic boundary conditions, is not mod-
eled. Therefore, neither the stability of electrical turbu-
lence can be investigated, nor the influence of drugs or
pacing patterns on its maintenance can be estimated.
The model suggests that there are two basic mecha-
nisms to prevent triggering of AF by a single PAC.
Either the vulnerable area has to be reduced or the
refractory area has to be increased.

Conclusions

Computer simulation with a realistic cell model con-
firmed Mo€'s theory that AF isthe result of several re-
entrant waves travelling over the atria. The parameters
for triggering and maintaining electrical turbulence
were quantitatively calculated for the first time. In
addition, the use of a redistic cell model connects
these pro-arrhythmic parameter settings with patho-
physiologic changes of theion channel properties. This
may allow new concepts for antiarrhythmic therapy of
AF to be developed and tested.

Limitations

The main limitation of the computer model is that the
geometrical form models the atrium as a rectangle.
Though more anatomically realistic atrial or ventricu-
lar models are available to simulate excitable media,
these models need 2 to 3 additional orders of magni-
tude of cell units [21]. Therefore, months of computer
time would be required to simulate realistic cell mod-
elsin arealistic anatomical structure. Another limita-
tion, the more clinical data are insufficient to confirm
that the triangular shape of the atrial MAP preceding
AF isbased on limited conductance of the calcium chan-
nel lcar. Thisrequiresfurther study at the cellular level.
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