Pis’ma v ZhETF, vol. 106, iss. 9, pp. 585 – 586 © 2017 November 10

Success of spiral wave unpinning from the heterogeneity in a cardiac tissue depends on its boundary conditions

V. N. Kachalov^+, V. A. Tsvelaya^+, N. N. Kudryashova^{+∗}, K. I. Agladze^{+1)}

+Laboratory of Biophysics of Excitable Systems, Moscow Institute of Physics and Technology, 141701 Dolgoprudniy, Russia

∗Department of Physics and Astronomy, Ghent University, B-9000 Ghent, Belgium

Submitted 8 September 2017 Resubmitted 25 September 2017

DOI: 10.7868/S0370274X17210111

Efficient heart functioning as a pump is regulated by excitation waves, and disorder in their propagation may lead to arrhythmias, often lethal ones [1]. One of the main causes of the potentially lethal tachyarrhythmias is a reentry, or rotating wave, which may arise due to the interaction of propagating excitation waves with specific anatomical features, such as scars from infarcts, or due to the asymmetrical passing of the excitation through the narrow pathways [2]. In order to avoid the damaging effect of the high voltage shock, so called low-voltage defibrillation have been extensively developed during last two decades [3, 4]. The mechanism of the low voltage defibrillation is based on the interaction between two activity sources. It is known that the highfrequency stimuli induce drift of the spiral wave and its further collision with the boundary of an excitable tissue [5]. However, to destabilize the rotating wave, pinned to the heterogeneity and induce its drift it is first necessary to detach or unpin the wave from the stabilizing obstacle [6].

In a present work, we study conditions of unpinning of spiral wave anchored to the defect by the wave train with a fixed frequency of stimuli by posing the main accent on the boundary conditions of this defect. In the previous studies, as a rule, no-flux boundary conditions were applied [7].

Commonly, it was assumed, that the borders caused by traumas or disease, e.g. scars after ischemia, have no leakage of ion currents from the excitable tissue to the traumatized one [8]. However, this assumption lacks evidence.

In this work, we studied the problem of reentry elimination and unpinning from the obstacles with varying boundary conditions. The computer simulations were performed using Korhonen detailed model [9, 10] for neonatal rat ventricular cardiomyocytes (NRVM), and as a basic experimental model we choose the cultured

1)e-mail: agladze@yahoo.com

Fig. 1. (Color online) Frequency profile for unpinning of the reentry from a round defect. (a) – Dirichlet boundary with fixed potential – 72 mV (black, 1) −60 mV (blue, 2), −50 mV (yellow, 3) depending on the radius of the defect. (b) – Defect plays role of inactive defect, but still coupled with other cells (green, 5) depending on the radius of the defect compared with case of non-coupled defect with noflux boundary conditions (red, 4). Dashed line shows the minimal frequency of unpinning and dotted line shows the maximal frequency. Filled zone indicates that unpinning is applicable, regardless of the phase of a spiral wave

NRVM monolayers [11]. The boundary conditions in the simulations were adjusted to fit the experimental data for a straight, one-dimensional border.

We have shown that the waves decelerate near the border formed by the cut, which evidences for the existence of leakage or excessive electrotonic load. There-

4 Письма в ЖЭТФ том 106 вып. 9 – 10 2017 585

586 V. N. Kachalov, V. A. Tsvelaya, N. N. Kudryashova, K. I. Agladze

fore, the properties of the traumatic borders appeared closer to the flux boundary conditions. The working window of the pacing frequencies which could be applied for successful reentry extinguishing, shrinks, and in some cases even disappears, Fig. 1 demonstrates working window for different boundary conditions.

The presented work demonstrates that the fluxes through the border of the defect in the cardiac tissue can significantly modify the excitation pattern, especially when it concern rotating excitation waves. The working gap for the unpinning (and following elimination) of reentry waves could be substantially reduced, making overdrive pacing procedure practically inapplicable. The study indicates that before choosing the appropriate method of reentry termination, one must carefully analyze the nature of possible injuries in the heart tissue, since it would determine the boundary conditions of the defects present in the tissue.

The work was supported by the Russian Science Foundation grant # 16-14-10091.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017210019

1. R. Mehra, J. Electrocardiology 40, S118 (2007).

2. S. Kadota, M. Kay, N. Magome, and K. Agladze, JETP Lett. 94, 824 (2011).

3. M. J. Osborn, Cardiology: Fundamentals and Practice, Mosby Elsevier Health Science (1987).

4. T. K. Shajahan, S. Berg, S. Luther, V. Krinski, and P. Bittihn, New J. Phys. 18, 043012 (2016).

5. S. Luther, F. H. Fenton, B. G. Kornreich, A. Squires, P. Bittihn, D. Hornung, M. Zabel, J. Flanders, A. Gladuli, L. Campoy, E. M. Cherry, G. Luther, G. Hasenfuss, V. I. Krinsky, A. Pumir, R. F. Gilmour Jr, and E. Bodenschatz, Nature 475, 235 (2011).

6. G. Gottwald, A. Pumir, and V. Krinsky, Chaos 11, 487 (2001).

7. E. Boccia, S. Luther, and U. Parlitz, Philosophical Transactions A (2017), DOI: 10.1098/rsta.2016.0289.

8. R. H. Clayton, O. Bernus, E. M. Cherry, H. Dierckx, F. H. Fenton, L. Mirabella, A. V. Panfilov, F. B. Sachse, G. Seemann, and H. Zhang, Progress in Biophysics and Molecular Biology 104, 22 (2011).

9. T. Korhonen, S. L. Hänninen, and P. Tavi, Biophysical J. 96, 1189 (2009).

10. R. Majumder, M. C. Engels, A. A. F. de Vries, A. V. Panfilov, and D. A. Pijnappels, Sci. Rep. 6, 24334 (2016).

11. K. Agladze, M. W. Kay, V. Krinsky, and N. Sarvazyan, American J. Physiology – Heart and Circulatory Physiology 293, H503 (2007).

Письма в ЖЭТФ том 106 вып. 9 – 10 2017