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Effects of abnormal excitation on the dynamics of spiral waves”

Min-Yi Deng(XS#2)7, Xue-Liang Zhang(7k2% K), and Jing-Yu Dai(##f15%)
College of Physical Science and Technology, Guangxi Normal University, Guilin 541004, China

(Received 29 June 2015; revised manuscript received 14 August 2015; published online 30 November 2015)

The effect of physiological and pathological abnormal excitation of a myocyte on the spiral waves is investigated
based on the cellular automaton model. When the excitability of the medium is high enough, the physiological abnormal
excitation causes the spiral wave to meander irregularly and slowly. When the excitability of the medium is low enough,
the physiological abnormal excitation leads to a new stable spiral wave. On the other hand, the pathological abnormal
excitation destroys the spiral wave and results in the spatiotemporal chaos, which agrees with the clinical conclusion that
the early after depolarization is the pro-arrhythmic mechanism of some anti-arrhythmic drugs. The mechanisms underlying

these phenomena are analyzed.
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1. Introduction

Spiral waves exist widely in nature, such as the oxida-
tion of CO on platinum, ! the physical system, ! and the neu-
ronic system,>#! etc. Researchers studied the dynamics of

spiral waves in different systems, =13

among which the spi-
ral waves in myocardium is one of the hot topics.!!!=13] The
results showed that the spiral waves appearing in myocardium
is one of the reasons for tachyarrhythmia, and the spatiotem-
poral chaos generated from spiral waves will lead to fibril-
lation, which is the main cause of sudden cardiac death.!'¥]
Some factors affect the dynamics of spiral waves during tach-
yarrhythmia, such as the mechanical deformation, ! electro-
physiological heterogeneity,!!?! and the early after depolariza-
tion (EAD).[!3]

EAD is a secondary depolarization phenomenon that oc-
curs occasionally before the completion of repolarization of an
action potential.['>! The interest in EAD can be traced back to
decades ago. In 1989, the clinical experimental results indi-
cated that some anti-arrhythmic drugs had actually increased
mortality,['®! and then EAD was considered to be one pro-
arrhythmic mechanism of these drugs in 1992.1'”] From then
on, topics about EAD have been studied, such as the mech-
anisms underlying the EAD,[!8] the predictors of the EAD-
induced cardiomyopathy,[!'”) the relation between the EAD
and the cardiac arrhythmias,m] etc. The EAD includes the
supernormal excitation and the abnormal excitation.!!> The
effect of the supernormal excitation on the spiral waves has

(201 byt the numerical investiga-

been discussed numerically,
tions about the abnormal excitation are lacking.
The abnormal excitations are considered as the result of

the modification of the ion channel and/or electrogenic pump
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currents, and they can be induced in several experimental
models."”) In contrast to the supernormal excitation, the prob-
ability of the abnormal excitations is very low, because they

(151 When the abnormal excitation hap-

appear occasionally.
pens, a cell can be excited under a lower stimulation but cannot
be excited as the stimulation is higher.['3] In this paper, the ef-
fect of abnormal excitation on spiral waves in the ventricle is
studied using cellular automaton model.

The organization of the rest of the paper is as follows.
First, the cellular automaton model for the ventricle consider-
ing the abnormal excitation is introduced. After that, the com-
puter simulation results and the analysis are presented. The

conclusion is provided finally.

2. Model

For simplicity, the differences of the repolarization char-
acteristics between cells in different layers of the ventricle are
ignored here, and then the transmembrane potential is divided
into 14 states according to the electric characteristics of the
ventricular cell.>!] The relation between the states and the
transmembrane potential is shown in Fig. 1.
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Fig. 1. Relation between the states and the transmembrane potential of
a ventricular cell. Symbols o, e, and x represent the rest, excited, and
refractory states, respectively.
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The ventricle slice is put on the xoy coordinate surface
and divided into 256 x 256 lattices, and the cells are distributed
on these grid points. The no-flux boundary conditions and the
Moore neighborhood are used throughout this paper. For the
neighborhood radius R, there are (2R + 1)2 — 1 neighbors in
a cell’s neighborhood. The state of the cell (x,y) at ¢ is rep-
resented by u,, (t) € (0,1,2,...,13), where u,, () = 0,1 de-
note the rest and excited state, respectively, while the states of
Uy () =2,...,13 represent the refractory states. Under the
normal conditions, the time evolution of a cell is given as fol-
lows:

Ugy (t)+1 mod 14, Uy (£) > 1,
Uey (1+1) = 0, uey (1) =0, n<K, (1)
1, Uy (1) =0, n>K,
where n is the number of the excited cells in the neighborhood
of the cell (x,y) at time ¢ and K is the excitation threshold.
For a fixed R, the excitability of the system decreases as K
increases.

The electric impulse coming from the sinoatrial node can
be impressed only when the excitability of the ventricular my-
ocyte is high enough. In the above model, for R = 3, the spiral
waves can be formed only when K < 7: a plane wave pro-
duced initially (f = 0) is cut at # = 40, and then the spiral wave
comes into being (Fig. 2). The tip of the spiral wave is defined
as an excited point which has both excited, refractory, and rest
neighbors next to it.
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Fig. 2. Spiral waves in a system without abnormal excitation under
R=3,R=6((a) and (b)) and R = 3, K = 7 ((c) and (d)). Panels (a)
and (b) illustrate the distribution of the excited state, where the black
represents the excited state, the white represents the rest and refractory
state. Panels (c) and (d) show the tip trajectories of the corresponding
spiral waves.

Because the abnormal excitations occur before the com-
pletion of repolarization of an action potential,!'! the state 13

can be excited with abnormal excitation probability P for ev-
ery cell in this model. After considering abnormal excitation,
the time evolution of states [0, 12] is still in the form of Eq. (1),
but the state 13 can be excited abnormally with a probability
P according to

1, Uy (t):137 K1 <n <Kz, Bandom < P,
0, Uxy (t):137 K1 <n <Kz, Pandom > P, (2)
0, Uy (1) =13, n < Kj or n> Ky,

Uy (t+1)=

where Prandom 18 @ random variable induced by computation at
every step for every cell; K| and K, are the lower and upper
limits of the abnormal excitable threshold, respectively. Ob-
viously, according to Eq. (2), a cell can be excited under a
lower stimulation but cannot be excited as the stimulation is
higher when 0 < K; < K, < K. Meanwhile, P represents the
abnormal excitation probability. Hence, the cellular automa-
ton model with the introduction of the parameters K, K>, and
P can simulate the abnormal excitation. The different values of
K1, K>, and P represent different abnormal excitations, for ex-
ample, considering the properties of the abnormal excitation,
the physiological abnormal excitation can be represented by
P = 0.01 under appropriate K; and K>, while P = 0.26 means
that the abnormal excitation is pathological.!!>]

3. Simulation results

3.1. The effect of the physiological abnormal excitation on
spiral waves

Because the plane wave can be formed and evolved only
when K <7 for R = 3, so the lower and higher excitability of
the medium may be represented by K = 7 and K = 6, respec-
tively (the further results show that the conclusions obtained
from K < 6 are the same as that from K = 6). The results
have indicated that the excitability of the medium affects the

5,122 50 the effect of the physio-

dynamics of the spiral wave
logical abnormal excitation under different excitabilities will
be discussed in the following. To investigate the effect of the
physiological abnormal excitation on the spiral waves when
the medium is highly excitable, the physiological abnormal ex-
citation represented by K; = 3, K, =5, and P = 0.01 is added
in the system producing Fig. 2(a) after r = 201. The computer
simulation results show that the form and wavelength of the
spiral wave change hardly at all after the abnormal excitations
occur (Figs. 3(a)-3(d)), although the spiral wave begins to me-
ander irregularly with a very low velocity (Fig. 3(e)). The con-
stant of the form and wavelength means that the physiological
abnormal excitation hardly affects the tachyarrhythmia when
the ventricle is highly excitable. To analyze the mechanism
underlying this phenomenon, the state distributions near the
tip are offered in Fig. 4.
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Fig. 3. Distributions of the excited state at (a) r = 1000000, (b) r = 1800000, (c) t = 4500000, and (d) = 10000000, where the black
represents the excited state, and the white represents the rest and refractory state. Panel (e) shows the orbit of the spiral tip in the y

direction. Here, R=3, K =6,K; =3, K, =5,P =0.01.
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Fig. 4. The state distributions at (a) + = 300 and (b) 301. The numbers
represent the states, and the circle represents that the point has been excited
abnormally. The parameters are the same as that in Fig. 3.

Figure 4 indicates that (i) every rest cell can be excited
normally at the next step, meanwhile, just the state 13 cells
next to the rest cells can be excited abnormally owing to the
low P and high K. These two phenomena make sure that the
states 1 coming from abnormal excitation are next to those
coming from the normal excitation, and so the continuity of
the distribution of state 1 cannot be broken, i.e., the form of

the spiral wave remains nearly constant. (ii) At each time step,
very few cells are excited abnormally owing to the low P, for
example, in the region showing in Fig. 4, just the cell (128,
113) is excited abnormally at # = 300 and it turns from state
13 to state 1 at# = 301. At the same time, the cells which have
been excited abnormally distribute nearly symmetrically in the
medium. These two phenomena make sure that the effects of
the abnormal excitation on the wavelength of the spiral wave
are offset, and then the wavelength hardly changes.

The excitability of the myocyte decreases with the cells
aging.[>31 To investigate the effect of the physiological abnor-
mal excitation on the spiral waves in low excitable medium,
the abnormal excitation represented by K; =3, K, =5, P =
0.01 is added in the system producing the Fig. 2(c) after
t = 201 steps. The simulation results in a new stable spiral
wave (Fig. 5).
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Fig. 5. (a) Distribution of the excited state at t=100000, where the black
represents the excited state, and the white represents the rest and re-
fractory states. Panel (b) shows the tip trajectory. Here, R=3, K =7,
K1 =3,K,=5,P=0.01.

Figure 5 indicates that the new spiral wave has a wider
wavelength and a bigger tip trajectory. To uncover the mecha-
nism underlying this phenomenon, the state distributions near
the tip are followed (Fig. 6), and the tip trajectories before and
after the abnormal excitation are also shown in Fig. 6.
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Fig. 6. The state distributions at (a) t=488, (b) 489, (c) 491, (d) 494, (e) 497, and (f) 500, where the numbers represent the states; the
circle represents that the cell has been excited abnormally; the dashed and solid lines represent the tip trajectories before and after the
abnormal excitation, respectively. The parameters are the same as those in Fig. 5.

Comparing Fig. 6 with Fig. 4, one can find that as the sys-
tem is low excitable, there are much more rest cells in Fig. 6
than in Fig. 4, and so the abnormal excitation can no longer
happen far from the tip again. Figure 6(a) indicates that the
tip goes along the original trajectory and there are no excited
cells within the trajectory before the abnormal excitation hap-
pens. At ¢ = 489, the cell (127,123) is excited abnormally
(Fig. 6(b)), and this cell is not next to the state 1 coming from
the normal excitation. Because of the abnormal excitation, the
excited state appears in the original tip trajectory (Fig. 6(c)).
After a few steps, the excited state meets the refractory state
when it evolves along the original tip trajectory (Fig. 6(d)),

which excludes the tip moving along the original trajectory

(Fig. 6(e)) continually, and then the tip moves to a new tra-
jectory (Fig. 6(f)). Owing to the much wider new wavelength,
the distance between the state 13 and the state 1 is larger than
R even near the tip, so the abnormal excitation cannot occur
again, i.e., the new stable spiral wave is stable.

When the cell (127, 123), which is on the original tip tra-
jectory, is selected randomly to be abnormally excited, it can-
not return to 0 but to 1, so it undergoes the series of refractory
states again, and the interval between its successive state 1 is
twice of the states number, i.e., twice of 14. This means that
the period of the new tip is 28. Because the tip is the con-
troller of the spiral wave,”*! so the system falls into the new

spiral wave with period of 28. To test the above analyses, the
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transmembrane potential of cell (127, 123) is followed, and the
result is shown in Fig. 7. Figure 7 indicates that the period of
the transmembrane potential increases from 16 to 28. The fur-
ther computer simulations result in the same change for every
cell in this system, which means that the system evolves with
a period of 28 really. The longer period of the new spiral wave
means that the physiological abnormal excitation can mitigate
the tachyarrhythmia when the system is low excitable.

| ¥
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potential /mV
| |
@ w
o ot

Transmenbrane

—-95
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t

528 548

Fig. 7. The trajectory of transmembrane potential of cell (127, 123).
The parameters are the same as that in Fig. 5.

3.2. The effect of the pathological abnormal excitation on
spiral waves

Data from the clinical experimental studies suggest that
the abnormal excitation happens more frequently in hypertro-
phied ventricles than in normal ventricles, i.e., the abnormal
excitation turns from physiological to pathological in hyper-
trophied ventricles, which will lead to fatal fibrillation.[>>! To
investigate the effect of the pathological abnormal excitation
on the spiral waves, the abnormal excitation represented by
appropriate P, Kj, and K, are added into the system produc-
ing the Fig. 2(c) after t+ = 201 steps. The computer simulation

results show that the abnormal excitation cannot only result
in a new spiral wave as Fig. 5(a) qualitatively, but also break
the spiral and bring in the spatiotemporal chaos (Fig. 8). One
can see from Fig. 8 that the spiral waves can be destroyed and
the spatiotemporal chaos appear under K; = 1 and P > 0.26.
According to the properties of the abnormal excitation, ']
both K; =1 and P > 0.26 mean that the abnormal excitation
is pathological, so the results shown in Fig. 8 indicate that
the pathological abnormal excitation can lead to the fibrilla-
tion. The clinical results have showed that some anti-arrhymic

[16

drugs can actually increase mortality,!'®! and the early after de-

polarizations are considered to be one pro-arrhythmic mecha-

nism of these drugs.[!'”] The results shown in Fig. 8 agree with
these clinical conclusions. %171
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Fig. 8. The phase diagrams under (a) K; = 5 and (b) K; = 1, where
the symbols s and ¢ represent that the abnormal excitation results in a
new spiral wave and the spatiotemporal chaos, respectively. The other
parameters are R=3 and K = 7.
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Fig. 9. Distributions of the excited state at (a) t = 216, (b) r = 233, (c) t = 265, (d) t =298, (e) t =343, and (f) r = 10100 underR=3, K =7,
K; =1, K, =5, and P = 0.26, where the black represents the excited state, and the white represents the rest and refractory states.
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As an example, figure 9 exhibits the process of the spiral
breakup and the production of the spatiotemporal chaos under
R=3,K=7,K =1, K, =5, P=0.26: because of the very
small lower limit of the abnormal excitable threshold (K; = 1)
and the large abnormal excitation probability (P = 0.26), the
abnormal excitation happens not only near the tip first but also
to the area far from the tip subsequently, and the wave fronts
of these places get rough (Figs. 9(a) and 9(b)); some cells in
the state 1 coming from the abnormal excitation are not next
to those coming from the normal excitation, so a new wave
source appears near the tip (Fig. 9(c)); and then more and more
sources come into being (Figs. 9(d) and 9(e)), which results in
the spatiotemporal chaos finally (Fig. 9(f)).

4. Conclusion

The abnormal excitation is a modality of early after depo-
larization, and it appears occasionally in myocytes. Under the
normal conditions, the electric impulse moves throughout the
heart with plane waves or target waves, which make sufficient
distance between the last refractory state and the excited state,
so the abnormal excitation cannot happen for these wave pat-
terns. But for the spiral pattern, the abnormal excitation can
occur and play a role. In this paper, the effect of physiolog-
ical and pathological abnormal excitation on the spiral waves
is studied based on the cellular automaton model of a ven-
tricle slice. The computer simulation results can be summa-
rized as follows. (i) For the medium with a high excitability,
the physiological abnormal excitation causes the stable spi-
ral wave to meander irregularly with a very low velocity, but
the form and the wavelength of the spiral wave hardly change.
This phenomenon means that the physiological abnormal ex-
citation hardly affects the tachyarrhythmia when the ventricle
is highly excitable. (ii) For the medium with a low excitabil-
ity, the physiological abnormal excitation happening on the tip
trajectory blocks the movement of the excited state along the
original trajectory, so the tip leaves the original trajectory and
falls into a new trajectory finally, i.e., the system turns into a
new spiral wave pattern. The period of this new spiral wave is
longer than the original, which means that when the system is
of low excitability, the physiological abnormal excitation can

mitigate the tachyarrhythmia. (iii) For the system with a low
excitability, the pathological abnormal excitation may cause
the break up of the spiral waves and result in the spatiotempo-
ral chaos, which agrees with the clinical conclusions that the
early after depolarizations is the pro-arrhythmic mechanism of
some anti-arrhythmic drugs. This paper uncovers the mecha-
nisms of the effect of the abnormal excitation on spiral waves
on cellular level, and the results give an insight into the mech-
anisms of some anti-arrhythmic drugs.
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