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Complex electrical activities in cardiac tissue can set up time-varying electromagnetic field. Magnetic
fluxis introduced into the Fitzhugh-Nagumo model to describe the effect of electromagnetic induction,
and then memristor is used to realize the feedback of magnetic flux on the membrane potential

in cardiac tissue. It is found that a spiral wave can be triggered and developed by setting specific

initials in the media, that is to say, the media still support the survival of standing spiral waves under
electromagnetic induction. Furthermore, electromagnetic radiation is considered on this model as
external stimuli, it is found that spiral waves encounter breakup and turbulent electrical activities are
observed, and it can give guidance to understand the occurrence of sudden heart disorder subjected to
heavily electromagnetic radiation.

Accompanied by rhythmical relaxation of heart, complex electrophysiological activities! can be detected in
cardiac tissue. Spatial pattern'®-'* can be reproduced and observed by collecting the sampled membrane poten-
tials in different areas of cardiac tissue, and many theoretical models'>-*! have been proposed to investigate the
emergence, phase transition and selection of these spatial patterns. It is believed that local heart ischemia can
generate “defects” which can block the propagation of target wave emitted from the sinoatrial node?’ as a result,
self-sustained spiral wave can be induced to block the normal wave propagation. Furthermore, the instability and
breakup of spiral wave?*~%® in cardiac tissue and can cause possible heart disease. Therefore, many schemes?*-!
have been proposed to remove and suppress the spiral wave in cardiac tissue and chemical media. As mentioned
in ref. 29, the external forcing can change the excitability of the media thus the spiral wave can be suppressed in a
possible way. On the other hand, external field has also been confirmed to be effective in suppressing spiral wave
and turbulence, and the possible mechanism can be associated with depolarization effect. The authors in refs 30
and 31 proposed a scheme of phase compression to suppress the spiral wave in excitable and oscillatory media,
particularly, the control mechanism is confirmed as a class of intermittent feedback scheme. Indeed, it is more
difficult to suppress and control the pinned spiral wave than the meandering spiral wave because these pinned
spiral waves are often attracted to a local area such as heterogeneity. As a result, Zhang and Chen et al.>=% pro-
posed some effective schemes to suppress the pinned spiral wave, and the tip dynamics of spiral wave’ has also
been discussed.

Indeed, these cardiac tissue models used to emphasize the effect of ion currents across trans-membrane and
the membrane potential is calculated, while the effect of electromagnetic induction is left out. As mentioned in
refs 37 and 38, complex electrophysiological activities can induce time-varying electromagnetic field and thus the
effect of electromagnetic induction on the membrane potential should be considered. Therefore, magnetic flux is
proposed to model the effect of electromagnetic induction on cell, and multiple modes of electrical activities can
be detected to be consistent with the biological results. In this paper, magnetic flux across the membrane is used to
describe the electromagnetic induction and spatial distribution for magnetic flux will be considered, the collective
behaviors for myocardial cells will be detected and analyzed by using pattern dynamics.

Model descriptions
The two-dimensional cardiac tissue with trans-membrane current described by FitzHugh-Nagumo type is often
used to detect excitable dynamics of media, it reads*”*’,
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Figure 1. The time series of membrane potential are detected from the node (100,100) under different gains k,
atk,=0.5,k,=1,a=1, =2, for (a) k,=0.1; (b) k,=0.4; (c) k,=0.9.
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Figure 2. Bifurcation diagram for maximal membrane potential vs. the gain k, the parameters are set as
k,=0.5,k,=1, =1, 3=2. Within the sampled time series for membrane potential for node (100, 100), the
peak value for membrane potential is recorded only when the membrane potential is beyond the values for the
pre-adjacent and post-adjacent time.

Z—’: = —ku(u — a)(u — 1.0) — uv + I, + DuVZu
@ =le+ e [—v — ku(u — a — 1.0)]
6t u + MZ (1)

where u is the trans-membrane potential, v represents the slow variable for current, I is the external forcing
current, D, measures the coeflicient of diffusion. The nonlinear term —ku(u —a)(u - 1.0) — uv denotes the total
trans-membrane ionic currents per unit area. k, €, [, /4, are fixed parameters to set this model so that main
properties of excitable media can be reproduced. For example, it often sets a=0.15, p; =0.2, 1, = 0.3, k= 8.0,
€ =0.002. According the law of electromagnetic induction, time-varying electromagnetic field can be set up
during the fluctuation of electrical activities in cardiac tissue. Herein, the magnetic flux can used to measure
the changes of electromagnetic field if possible. As a result, the changes of magnetic flux can adjust the spatial
distribution of membrane potentials of cells, here; a memristor®’ is used to realize the coupling and modulation
on membrane potential from magnetic flux so that the consistency of physical dimension (or unit) can be kept.
Memristor is a new electrical device composed of complex nonlinearity, and it is often used for nonlinear cir-
cuits*~** with memory effect because the memductance is dependent on the external forcing current, the nonlin-
ear memductance function*** for memristor is described by
o) = M _ o 45
do (2)

where g(¢) is the memristor constitutive relation, the parameters «, 3 are often selected by appropriate values such
as a=0.2, 3=0.3, so that the memristor-coupled nonlinear circuit can generate chaotic state. When the effect
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Figure 3. Developed spatial pattern is plotted for the media at t =10, 60, 100, 200 time units under feedback
gain k,=0.1, respectively. The snapshots are shown color scale.
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Figure 4. Bifurcation diagram for maximal membrane potential vs. k,, the parameters are set as k,=0.1,
k=05, a=1, 3=2.

of electromagnetic induction is considered, the dynamical equations for the three-variable Fitzhugh-Nagumo
model are described by
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Figure 5. Sampled time series for membrane potential for the node (100, 100) are calculated with different gain
k, being used, the parameters are set as k,=0.1, k; =0.5, a =1, =2, for (a) k,=0.1; (b) k,=0.2; (c) k,=0.5;
(d) k,=1.0.
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Figure 6. Developed spatial pattern is plotted for the media at =10, 200 time units under different feedback
gain ky, at k,=0.1, k, =0.5, a=1, =2, for (a) k,=0.2; (b) k,=0.5; (c) k,=1.0. The snapshots are shown color
scale.
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Figure 7. Developed spatial pattern is plotted for the media at t =10, 60, 100, 200 time units under feedback
gain k,=0.15, at k,=0.1, k; = 0.5, « =1, 3=2. The snapshots are shown color scale.
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Figure 8. Developed spatial pattern is plotted for the media at =10, 60, 100, 200 time units under feedback
gain k,=3.0,at k;=0.1, k, = 0.5, « =11, =2. The snapshots are shown color scale.
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Figure 9. Sampled time series for membrane potential for the node (100,100) with different gain k, at k,=0.1,
k,=1.0,a=1,3=2,for (a) k;=0.2; (b) k,=1.2; (¢) k,=1.6; (d) k, =2.7.
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Figure 10. Developed spatial pattern is plotted for the cardiac tissue at =10, 60, 100, 200 time units under
feedback gain k, =0.2, at k,=0.1, k, = 1.0, =1, §=2. The snapshots are shown color scale.
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Figure 11. Developed spatial pattern is plotted for the media by setting wedge-shaped initial values, and the
center of area exposed to electromagnetic field is selected as (x,, y,) = (84,84), at A =12, m=0.06, k,=0.1,
k,=0.5,k,=1.6,a=1, f=2.For t=10 (a), 120 (b), 600 (c), 800 (d) time units. The snapshots are plotted in
color scale.

The third variable ¢ describes the magnetic flux, the p(¢) is a flux-controlled memristor and calculates the
effect of magnet-controlled memristor. The parameter k, k,k, are gains used to calculate the effect of electromag-
netic induction on cells. The term kyp(p)u describes the relation of modulation on membrane potential, and it is
dependent on the variation in magnetic flux by generating additive faradic current. In the following section, the
spatial pattern selection is calculated by discerning the distribution for membrane potentials in numerical way,
and this media is considered in two-dimensional array space composed of 200 x 200 nodes.

Numerical Results and Discussions

In the numerical studies, the Euler forward algorithm is used with time step # =0.03 and no-flux boundary
condition being used. The membrane potential series are calculated by selecting different parameters and
gains for fixed ky, k,, o, (3, thus different electrical modes can be triggered. In case of pattern formation and
selection, the size of the media is set as 350 x 350, the space unit is calculated as 350/200, the diffusive coef-
ficient D, is set at 1 for simplicity. The initial values are selected as 1(92:97,1:115) = 1.0, v¥(92:97,1:115) =0.0,
©(92:97,1:115) = 0.0; 14(98:103,1:115) = 0.7, ¥(98:103,1:115) = 0.6, (©»(98:103,1:115) = 0.1; 4(104:109,1:115) = 0.0,
¥(104:109,1:115) =0.8, (104:109,1:115) = 0.2; the other nodes are set as (1, v, ) =(0, 0, 0), the external forcing
current I, = 0.0. To be consistent with the previous works, the parameters are selected as, k, =0.5, k, =1, a=1.0,
B=2.0. At first, the sampled membrane potentials for certain node (100, 100) are detected to generate different
modes of electrical activities by selecting appropriate gain for k, and the results are shown in Fig. 1.

It is found in Fig. 1 that the spiking and quiescent state can be observed by selecting appropriate gain k,, and
it indicates that the dynamical properties of membrane potential depend on the modulation resulting from the
magnetic flux. Furthermore, the bifurcation diagram for the maximal membrane potential on node (100, 100) vs.
feedback gain k; is calculated in Fig. 2.

The bifurcation diagram in Fig. 2 confirmed that multiple peaks can be found in the sampled time series for
membrane potentials and thus multiple modes in in electrical activities of cardiac tissue can be induced under
appropriate feedback gain. Furthermore, the feedback gain k, is slowly changed, and the wave emergence and
pattern selection are calculated to detect the development of collective behaviors, the evolution and development
of patterns are plotted in Fig. 3.

It is confirmed that stable spiral waves can be induced in the media by setting appropriate initials and fixed
parameters, and these results are similar to the case when no electromagnetic flux is considered. Furthermore,
the feedback gain is increased, for example, k,= 0.4, 0.9, the same initials and parameters setting can’t induce
and support the survival of spiral waves. The potential mechanism could be that larger feedback gain k, imposes
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Figure 12. Developed spatial pattern is plotted for the media by setting wedge-shaped initial values, and the
center of area exposed to electromagnetic field is selected as (x,, y,) = (60,60), r <40, noise intensity is set as
D=9, and parameters are selected as k,=0.1, k, =0.5, k,= 1.6, « =1, §=2. For t=10 (a), 60 (b), 120 (c), 200
(d), 400 (e), 800 (f) time units.

stronger modulation on membrane potentials due to the effect of electromagnetic induction, and the media is
magnetized for homogeneous state. It also indicates that magnetic field could be helpful to suppress the spiral
wave if possible, and it is important to verify this assumption. We also checked the dependence of parameter k,
on stabilizing the spatial pattern and dynamical properties for sampled membrane potentials, the parameters are
selected as ky=0.1, k; =0.5, a=1, f=2, and the bifurcation analysis is calculated in Fig. 4.

It is found that the sampled time series are dependent on the selection of feedback gain k,. Indeed, larger value
for k, can stabilize the fluctuation of magnetic flux and even homogeneous state can be developed in distribution
of magnetic flux, thus the dynamical properties of the media began to be dependent of the magnetic field. In the
case of lower feedback k,, the sampled time series present chaotic-like behaviors and are verified in Fig. 5.

By setting different feedback gains k,, the sampled time series show different modes in electrical activities. The
spatial distribution in the media is triggered to generate turbulent, homogeneous states and then regular pattern
such as spiral waves can be induced by increasing the feedback gain k,. Indeed, the sampled time series for the
media show distinct periodicity when standing spiral wave is developed because the media can be regulated by
the spiral wave completely. For visualized illustration and understanding, the development of spiral wave and
patterns are calculated under different feedback gains k, setting, and the results are plotted in Fig. 6.

The results in Fig. 6 showed that spiral wave can be induced in the media and the stability of spiral wave is
dependent on the selection of feedback gain k,. In fact, larger value for k, can stabilize possible change of the
electromagnetic field, changes of magnetic flux, thus the media can be effective to support periodical wave fronts.
Furthermore, smaller feedback gain k, is applied, and the results for pattern formation are shown in Fig. 7.

It is found in Fig. 7 that wedged-shape setting for initials ever triggered spiral seeds but failed to develop a
perfect spiral wave in the media, particularly, breakup occurs on the spiral seeds and the media becomes turbulent
due to diffusive coupling in the media. However, spirals can be formed to develop a standing and perfect spiral
wave in the media by further increasing the feedback gain k,, the results are plotted in Fig. 8.

It is found in Fig. 8 that the media with larger feedback gain k, is helpful to support the propagation of spiral
waves, the potential mechanism could be that the distribution for magnetic flux can be regulated to approach
regular distribution under diffusive superposition. Furthermore, we also investigated the case when the media
is adjusted by the parameter k,, which describes the sensitivity of electromagnetic induction in the media, and
a larger k, indicates that the media is much sensitive to electromagnetic induction and can contribute to the
changes of membrane potential of cells greatly. The sampled time series for membrane potentials are calculated in
Fig. 9 and pattern development is shown in Fig. 10.

SCIENTIFICREPORTS | 6:28 | DOI: 10.1038/541598-016-0031-2 8



www.nature.com/scientificreports/

(a) (b)

4(50,50)

T T T T T T
200 400 600 800 0 200 400 600 800

o

0.8
0.6

0.4

| | A AL RE AR

T T T T T
200 400 600 800 0 200 400 600 800

14(80,30)
4(120,120)

4 4

Figure 13. Sampled time series for membrane potentials on different nodes are calculated, and the center of
area exposed to electromagnetic field is selected as (x,, y,) = (60, 60), noise area r < 40, noise intensity is set as
D=9k, =0.1,k;=0.5,k,=1.6,a=1, B=2.

As shown in Figs 9 and 10, smaller value is set for the feedback gain k; that the media is excitable for wave
propagation and survival, the sampled time series also show distinct periodicity as well when the media is regu-
lated by continuous waves. On the other hand, setting larger value for the feedback gain k; can enhance the effect
of electromagnetic induction and the membrane potential changes in rapid rhythm which can break the regular
spatial distribution, as a result, spiral wave is suppressed. Therefore, setting appropriate feedback gains k, k, is
effective to support pattern formation, and the electromagnetic induction can also destroy spatial distribution
and the modes in electrical activities in the media.

To confirm our prediction for the effect of electromagnetic induction, external forcing with electromagnetic
field is imposed on local area of the media, and the development of collective behaviors in electrical activities
is investigated by detecting the sampled time series and pattern selection. When external electromagnetic field
is imposed, the distribution for magnetic flux will be changed, therefore, the effect of electromagnetic field is
described by imposing nonlinear function for magnetic flux on the third formula. For simplicity, the parame-
ters are set as ky=0.1, k; =0.5, k,= 1.6, « =1, f=2, and the external electromagnetic radiation on the media is
described by

99

i ku — k¢ + F(x, y, t) @
where the nonlinear function F(x, y, t) represents the external electromagnetic radiation, x, y denotes the position
in the media. For simplicity, it sets F(x, y, £) = Aexp(—mr), > = (x — x,)* + (y — y,)% A is the amplitude for electro-
magnetic radiation and m is the gradient factor decreasing the electromagnetic field. (x, y,) is the center of the
area exposed to external electromagnetic field.

It is confirmed in Fig. 11 that local electromagnetic radiation can block the wave propagation and the devel-
oped spiral wave is driven away from the center of the media. Extensive numerical studies were also carried out
by setting different beginning area (x, y,) exposed to external electromagnetic radiation, more electromagnetic
sources are used to drive the media, and similar results are approached that developed regular distribution can
be destroyed and the spiral wave is broken. Furthermore, we considered the case when external electromagnetic
radiation is imposed on the media with noise type. For example, the F(x, y, t) is selected with Gaussian white noise
and imposed on the media uniformly, and the results for pattern development are plotted in Fig. 12.

It is confirmed in Fig. 12 that spiral wave can be triggered in local area by setting specific initial values, with
increasing the transient period, the spirals are broken when the noise-like electromagnetic radiation is imposed
on the media completely. Furthermore, the sampled time series for membrane potentials on different nodes are
calculated in Fig. 13.
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Figure 14. Developed spatial pattern is plotted for the media by setting wedge-shaped initial values within a
transient period about 200 time units, and the center of area exposed to electromagnetic field is selected as (x,,
¥0) = (60, 60), noise area r < 40, noise intensity is set as D=9, k,=0.1, k;, =0.5, k, = 1.6, « =1, f=2. For t =10
(a), 100 (b), 200 (¢), 300 (d), 400 (e), 800 (f) time units.

The results in Fig. 13 showed that electrical activities present different modes, for example, spiking state, burst-
ing state and even chaotic state can be observed in the media. That is to say, electromagnetic radiation could be
destructive for development and growth of spiral waves. It is also important to investigate the robustness of spiral
wave to external electromagnetic radiation. In this case, a stable rotating spiral wave is developed in the media
with a transient period about 200 time units and used for initial state to be controlled by Gaussian white noise,
the pattern transition is shown in Fig. 14 and the sampled time series for membrane potentials from four different
nodes are illustrated in Fig. 15.

It is found In Fig. 14 that spiral waves can be broken and the media began to step into disordered states. In
Fig. 15, it is interesting to observe different modes in the electrical activities by imposing noise-like electromag-
netic radiation on local area, the nodes belonged to the area driven by noise generate time series for membrane
potentials in irregular rhythm because this area becomes turbulent resulting from the instability of spiral waves.
Above all, a new cardiac tissue model is set up with the effect of electromagnetic induction being considered. The
distribution for magnetic flux in the media plays important role in changing the dynamical properties in electrical
activities and also the wave propagation, pattern formation in the media.

Finally, it is important to clarify the importance of memristor and magnetic flux within the presented model.
Magnetic flux describes the effect of electromagnetic induction and also the changes of electromagnetic field
as well. Memristor can measure the time-varying relation between magnetic flux across the membrane and ion
currents, and thus the modulation of magnetic flux on membrane potential can be mapped. The most novelty of
this work can be that effect of electromagnetic induction is considered by introducing the physical magnetic flux,
memristor is used to map the modulation of electromagnetic induction on membrane potential. As a result, the
external electromagnetic radiation on the media can be understood by changing the distribution of electromag-
netic field and then the membrane potential.

Conclusions
Based on the law of electromagnetic induction, the cardiac tissue model is improved to consider the effect of elec-
tromagnetic induction and radiation by introducing the magnetic flux variable into the model. Memristor is used
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Figure 15. Sampled time series for membrane potentials for different nodes, nd the center of area exposed to
electromagnetic field is selected as (x,, y,) = (60, 60), noise area r < 40, noise intensity is setas D=9, k,=0.1,
ky=05k=16a=1,3=2.

realize feedback coupling between magnetic flux and membrane potential. The sampled time series and spatial
distribution for membrane potentials of myocardial cells in cardiac tissue are investigated by using nonlinear
analysis and pattern selection. It is found that the collective behaviors of myocardial cells and electrical modes

are
the

much dependent on the distribution of magnetic flux. It indicates that electromagnetic induction can change
formation of spatial patterns and electrical activities of myocardial cells. As a result, the cardiac tissue can be

deformed and the wave propagation can be destroyed when it is exposed to electromagnetic radiation. Our pres-

ent

model could be further used to suppress the damage in cardiac tissue induced by electromagnetic radiation.

Furthermore, it could also be helpful to detect the collapse of neuronal network, occurrence of disease in brain
exposed to electromagnetic field by discussing similar problems in neuronal network*®->0.

References

1.
2.
3.

4.

13.

14.

15.
16.

Plonsey, R. & Barr, R. C. Mathematical modeling of electrical activity of the, heart. J. Electrocardiol. 20, 219-226 (1987).
DiFrancesco, D. Pacemaker Mechanisms in Cardiac Tissue. Annu. Rev. Physiol.55, 455-472 (1993).

Henriquez, C. S. Simulating the electrical behavior of cardiac tissue using the bidomain model. Critical Rev. Biomed. Eng 21, 1-77
(1993).

Newton, J. C. et al. Review of mechanisms by which electrical stimulation alters the transmembrane potential. J. Cardiovasc. Electr
10, 234-243 (1999).

. Jackson, K. A. et al. Regeneration of ischemic cardiac muscle and vascular endothelium by adult stem cells. J. Clin. Invest. 107,

1395-1402 (2001).

. Roth, B. J. Art Winfree and the bidomain model of cardiac tissue. J. Theor. Biol. 230, 445-449 (2004).
. Seemann, G. et al. Heterogeneous three-dimensional anatomical and electrophysiological model of human atria. Philos. Trans. A

364, 1465-1481 (2006).

. Bakker, D., Jacques, M. T. & Rijen, V. Continuous and discontinuous propagation in heart muscle. J. Cardiovasc. Electr 17, 567-573

(2006).

. Fox, K. et al. Resting Heart Rate in Cardiovascular Disease. J. Am. Coll. Cardiol. 50, 823-830 (2007).
. Qu, Z. L., Xie, E G. & Garfinkel, A. et al. Origins of spiral wave meander and breakup in a two-dimensional cardiac tissue model.

Ann. Biomed. Eng. 28, 755-771 (2000).

. Roth, B. ]. Meandering of spiral waves in anisotropic cardiac tissue. Physica D 150, 127-136 (2001).
. Echebarria, B. & Karma, A. Instability and spatiotemporal dynamics of alternans in paced cardiac tissue. Phys. Rev. Lett. 88, 208101

(2002).

Agladze, K., Kay, M. W. & Krinsky, V. et al. Interaction between spiral and paced waves in cardiac tissue. Am. J. Physiol. 293,
H503-H513 (2007).

Cherry, E. M. & Fenton, E. H. Visualization of spiral and scroll waves in simulated and experimental cardiac tissue. New J. Phys. 10,
125016 (2008).

Karma, A. Electrical alternans and spiral wave breakup in cardiac tissue. Chaos 4, 461-472 (1994).

Qu, Z. L., Garfinkel, A. & Chen, P. S. et al. Mechanisms of discordant alternans and induction of reentry in simulated cardiac tissue.
Circulation 102, 1664-1670 (2000).

SCIENTIFICREPORTS | 6:28 | DOI: 10.1038/s41598-016-0031-2 11



www.nature.com/scientificreports/

17. Vigmond, E. J., Hughes, M., Plank, G. et al. Computational tools for modeling electrical activity in cardiac tissue. J. Electrocardiol.
36, S1, 69-74 (2003).

18. Nasha, M. P. & Panfilov, A. V. Electromechanical model of excitable tissue to study reentrant cardiac arrhythmias. Prog. Biophys. Mol.
Biol. 85, 501-522 (2004).

19. Baum, O. V., Voloshin, V. 1. & Popov, L. A. Biophysical models of the heart electrical activity. Biofizika 51, 1069-1086 (2006).

20. Goktepe, S., Wong, J. & Kuhl, E. Atrial and ventricular fibrillation: computational simulation of spiral waves in cardiac tissue. Arch.
Appl. Mech. 80, 569-580 (2010).

21. Clayton, R. H. et al. Models of cardiac tissue electrophysiology: progress, challenges and open questions. Prog. Biophys. Mol. Biol.
104, 22-48 (2011).

22. Wilders, R. Computer modelling of the sinoatrial node. Med. Biol. Eng. Comput. 45, 189-207 (2007).

23. Karma, A. Spiral breakup in model equations of action potential propagation in cardiac tissue. Phys. Rev. Lett. 71,1103-1106 (1993).

24. ten Tusscher, K. H. W. . & Panfilov, A. V. Alternans and spiral breakup in a human ventricular tissue model. Am. J.Physiol. 291,
H1088-H1100 (2006).

25. Fenton, F H., Cherry, E. M. & Hastings, H. M. et al. Multiple mechanisms of spiral wave breakup in a model of cardiac electrical
activity. Chaos 12, 852 (2002).

26. Shajahan, T. K., Nayak, A. R. & Pandit, R. Spiral-Wave Turbulence and Its Control in the Presence of Inhomogeneities in Four
Mathematical Models of Cardiac Tissue. PLoS ONE 4, e4738 (2009).

27. Panfilov, A. V., Miiller, S. C. & Zykov, V. S. et al. Elimination of spiral waves in cardiac tissue by multiple electrical shocks. Phys. Rev.
E 61, 4644-4647 (2000).

28. Ma, ], Ying, H. P. & Li, Y. L. Suppression of spiral waves using intermittent local electric shock. Chinese Phys 16, 955-961 (2007).

29. Gao, X. & Zhang, H. Mechanism of unpinning spirals by a series of stimuli. Phys. Rev. E 89, 062928 (2014).

30. Ma, J. et al. Suppression of spiral wave and turbulence by using amplitude restriction of variable in a local square area. Chaos Soliton
and Fractals 41, 1331-1339 (2009).

31. Wang, C.N.,, Ma, J. & Liu, Y. et al. Chaos control, spiral wave formation, and the emergence of spatiotemporal chaos in networked
Chua circuits. Nonlinear Dyn 67, 139-146 (2012).

32. Pan, D. B. et al. Removal of pinned scroll waves in cardiac tissues by electric fields in a generic model of three-dimensional excitable
media. Sci. Rep. 6,21876 (2016).

33. Feng, X. et al. Unpinning of rotating spiral waves in cardiac tissues by circularly polarized electric fields. Sci. Rep 4, 4831 (2014).

34. Chen, . X., Guo, M. M. & Ma, J. Termination of pinned spirals by local stimuli. EPL 113, 38004 (2016).

35. Chen, J. X, Peng, L. & Ma, J. et al. Liberation of a pinned spiral wave by a rotating electric pulse. EPL 107, 38001 (2014).

36. Liu, T. B.,, Ma, J. & Zhao, Q. et al. Force exerted on the spiral tip by the heterogeneity in an excitable medium. EPL 104, 58005 (2013).

37. Lv, M. & Ma, ]. Multiple modes of electrical activities in a new neuron model under electromagnetic radiation. Neurocomput 205,
375-381 (2016).

38. Lv, M. et al. Model of electrical activity in a neuron under magnetic flow effect. Nonlinear Dyn 85, 1479-1490 (2016).

39. Aliev, R. R. & Panfilov, A. V. A simple two-variable model of cardiac excitation. Chaos Solitons and Fractals 7, 293-301 (1996).

40. Strukov, D. B, Snider, G. S. & Stewart, D. R. et al. The missing memristor found. Nature 453, 80-83 (2008).

41. Pei, J. S. et al. Understanding memristors and memcapacitors in engineering mechanics applications. Nonlinear Dyn 80, 457-489
(2015).

42. Chen, M. et al. Dynamics of self-excited attractors and hidden attractors in generalized memristor-based Chua’s circuit. Nonlinear
Dyn81, 215-226 (2015).

43. Li, Q. D., Zeng, H. Z. & Li, ]. Hyperchaos in a 4D memristive circuit with infinitely many stable equilibria. Nonlinear Dyn 79,
2295-2308 (2015).

44. Ttoh, M. & Chua, L. O. Memristor oscillators. Int. J. Bifurcat. Chaos 18, 3183-3206 (2008).

45. Bao, B. C., Xu, J. P. & Liu, Z. Initial state dependent dynamical behaviors in a memristor based chaotic circuit. Chinese Phys. Lett. 27,
070504 (2010).

46. Ma, ]. & Tang, J. A review for dynamics of collective behaviors of network of neurons. Sci. China Technol. Sci 58, 2038-2025 (2015).

47. Yu, W. T,, Tang, . & Ma, J. et al. Heterogeneous delay-induced asynchrony and resonance in a small-world neuronal network system.
EPL 114, 50006 (2016).

48. Yilmaz, E., Ozer, M. & Baysal, V. et al. Autapse-induced multiple coherence resonance in single neurons and neuronal networks. Sci.
Rep 6,30914 (2016).

49. Volman, V. & Perc, M. Fast random rewiring and strong connectivity impair subthreshold signal detection in excitable networks.
New J. Phys. 12, 043013 (2010).

50. Ozer, M., Perc, M. & Uzuntarla, M. et al. Weak signal propagation through noisy feedforward neuronal networks. NeuroRep 21,
338-343 (2010).

Acknowledgements

This work is partially supported by the National Natural Science Foundation of China under Grants 11672122,
11365014. The mentioned Foundation does not lead to any conflict of interests regarding the publication of this
manuscript, and there is no any possible conflict of interests in the manuscript.

Author Contributions
M.J. and W.C.N. proposed the idea and wrote this manuscript, W.EQ. and X.Y. finished numerical studies and
checking.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:28 | DOI: 10.1038/s41598-016-0031-2 12


http://creativecommons.org/licenses/by/4.0/

	Model of electrical activity in cardiac tissue under electromagnetic induction

	Model descriptions

	Numerical Results and Discussions

	Conclusions

	Acknowledgements

	Author Contributions

	Figure 1 The time series of membrane potential are detected from the node (100,100) under different gains k0 at k1 = 0.
	Figure 2 Bifurcation diagram for maximal membrane potential vs.
	Figure 3 Developed spatial pattern is plotted for the media at t = 10, 60, 100, 200 time units under feedback gain k0 = 0.
	Figure 4 Bifurcation diagram for maximal membrane potential vs.
	Figure 5 Sampled time series for membrane potential for the node (100, 100) are calculated with different gain k2 being used, the parameters are set as k0 = 0.
	Figure 6 Developed spatial pattern is plotted for the media at t = 10, 200 time units under different feedback gain k2, at k0 = 0.
	Figure 7 Developed spatial pattern is plotted for the media at t = 10, 60, 100, 200 time units under feedback gain k2 = 0.
	Figure 8 Developed spatial pattern is plotted for the media at t = 10, 60, 100, 200 time units under feedback gain k2 = 3.
	Figure 9 Sampled time series for membrane potential for the node (100,100) with different gain k1 at k0 = 0.
	Figure 10 Developed spatial pattern is plotted for the cardiac tissue at t = 10, 60, 100, 200 time units under feedback gain k1 = 0.
	Figure 11 Developed spatial pattern is plotted for the media by setting wedge-shaped initial values, and the center of area exposed to electromagnetic field is selected as (x0, y0) = (84,84), at A = 12, m = 0.
	Figure 12 Developed spatial pattern is plotted for the media by setting wedge-shaped initial values, and the center of area exposed to electromagnetic field is selected as (x0, y0) = (60,60), r ≤ 40, noise intensity is set as D = 9, and parameters are sel
	Figure 13 Sampled time series for membrane potentials on different nodes are calculated, and the center of area exposed to electromagnetic field is selected as (x0, y0) = (60, 60), noise area r ≤ 40, noise intensity is set as D = 9, k0 = 0.
	Figure 14 Developed spatial pattern is plotted for the media by setting wedge-shaped initial values within a transient period about 200 time units, and the center of area exposed to electromagnetic field is selected as (x0, y0) = (60, 60), noise area r ≤ 
	Figure 15 Sampled time series for membrane potentials for different nodes, nd the center of area exposed to electromagnetic field is selected as (x0, y0) = (60, 60), noise area r ≤ 40, noise intensity is set as D = 9, k0 = 0.


