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Abstract acute
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Abnormal electrical activitfrom ischaemic boundary is
one of major causes of ischemia-reperfusion arrhythmias, |, &S
. . [ \ e &S

though exact mechanisms remain poorly understood. We
used asymptotic theory of spiral waves drift based on re-
sponse functions to compute specific forces acting on scroll

waves in the vicinity of ischaemic border. The model in- HEALTHY TISSUE

cluded macroscopic gradients of cell-to-cell coupling and

of cell excitability, and microscopic heterogeneity of indi- ;1@7 Quterlupper BOUNDARY
vidual cells, with Beeler-Reuter-Pumir explicit, albeit sim- e il | Trensional - aver
plified, description of ionic currents. The quantitative in- Inner/bottom

terplay of specific forces explained formation of vortices, <1 H

their drift together with recovering boundary, transient x INFARCTED AREA

pinning to local inhomogeneities followed by penetration o ) ) . .
into bulk of healthy tissue. Likelihood of vortex escape Figure 1. Excitatiordynamics on a microscopic spatial
into better coupled tissue depended on the border zone re-Scale.

covery speed. Direct numerical simulations confirmed the
theoretical predictions for evolution of vortices.

1. Introduction

Reperfusion arrhythmiaare associatedith cardiac tis-
sue recovery from acute ischemia, which can be more dan-
gerous than ischemia itself, often leading to ventricular fib- Figure 2. Distrilution of diffusivity D and excitabilityo
rillation and sudden cardiac death [1] In a thin Iayer of across the border zone moving downwards.
cells sandwiched between intact healthy tissue and recov-
ering ischaemic areas, Figure 1, rotating excitation waves
can occur on a much smaller spatial scale compared toseconds (resolved coronary spasm, spontaneous dislodg-
classical cardiac reentry [2]. Myocytes within such lay- ing of thrombi, angioplasty) or within minutes, if changes
ers can become spontaneously active due to calcium overare due to gradual accumulation of metabolites or pharma-
load and/or local noradrenaline release. The impact of cological interventions.
intrinsic myocyte heterogeneity on network behaviour is  We used the asymptotic theory of spiral waves’ drift and
enhanced by decrease in electrical coupling between theheir response functions [4, 5] to obtain quantitative pre-
cells. It gets even more complicated as the physicochem-dictions for specific forces and corresponding drift veloci-
ical factors that create the boundary move in space due taties caused by recovering ischaemic border zone. The drift
dynamic nature of reperfusion [3]. The speed of retracting velocities explained experimental observation of rotating
ischaemic border can vary in a rather wide range depend-waves dragged together with the moving border zone, elu-
ing on reperfusion type, as blood flow can recover within cidated mechanisms of “pinning” to clusters of cells of

3D boundary movement in time
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Figure 3. Spiralvave solutionU and its translational response functw, «a = 0.115. White corresponds to a valué
and black to— A chosen individually for each plot. The grey peripherfplots corresponds to 0.

either elevated or suppressed excitability, as well as thez;(t) = 21,0 — ¢t and z2(t) = 229 — ct were limits of
mechanism by which pinning can give way to further drift. the steepest part of coupling gradient, = 3 x 30um
We confirmed the theoretical predictions by direct numer- was border zone width. In the inner layer, low excitability

ical simulations. and weak coupling produced quiescent state with no wave
propagation possible. In the outer layer, high excitability
2. Methods and strong coupling resulted in quiescent state capable to

support wave propagation. In the middle layer, high ex-
We modelled tissueecovering from acute ischaemia citability and weak coupling generated spontaneous frag-
as a three- |ayel‘ed Slab Figure 2 of heterogeneous Ce”snented waves. The |ayers moved downwards due Wash_
with modified Beeler-Reuter-Pumir [2, 6] (BRP) kinetics oyt of agents affecting the relevant tissue properties.
and mOV|ng Vert|Ca| grad|ents of aVera.ge Ce” eXC|tab|I|ty In absence of perturbanoa g heterogene|t|es and gra-

a(z,t) > 0 and ofcell-to-cell coupling strengtt(z, ¢), dients, the asymptotic theory [4,5] assumes stationary ro-
V o= —(1/Cp) ik, + iz, +ina +is) + Teats tating spiral wave solution to (1),
Ky = 9Ky X u(7t) = U(p(F — R),9(F — R) + wt — ®), (2)
4e0-04(VH85) _q 0.2(V +23) .

@0.08(V+53) 4 00.04(V+53) ' ] _ —0.04(V+23) |’ with angular velocityw, fiducial phaseb; p(7— R), ¢(7 —

gk, = 0.35(0.3— a(z,y,2,1)) R))( aZre pBoéaF: coc()jrdlilaatestc?tered a'F r(?taftion Igeﬂgg

. model has stationary spirals foraltonsid-

Ie:nt =V (D(Z? t)VV) . (1) ére’d ) YoP

Permeabilities omain currents were reduced vs the origi- Perturbed spiral preserves the pattern and slowly drifts
nal Beeler-Reuter model: fast inwagg;,, to 60% (2.4vs its core location and fiducial phase. It behaves as a lo-

4), slow inwardg, to 50% (0.045vs 0.09). In the inner  calised object, only sensitive to perturbations affecting the
layer, outward potassium rectifigic, ; was supressetb core, due to localization of its response functions (RFs) in

30% of the standard valuex(= 0). At higher values ofy, the vicinity of the core. The RFs are calculated numeri-
in upper layers, cells became automatic [6], Heterogeneity cally [5] together with the spiral wave solution (2).
of excitability was described as Drift velocity is proportional to Specific force’ caused
oy, 2. 1) = Az, 1) (L + ba(z, . ), Py a perturbatiorh,
n(z,y, z) was Gaussian uncorrelated random variable with ) oL . ~ d¢
unit dispersion,d, was the intensityof heterogeneity. REey=¢€ / e i <W, h(U;p,0,§)> 2 3)
Space-time variations dp anda were defined as b T
; <

Dist) — Dm‘“’w_z ieny 2= wheree < 1, R = X +1Z; (-, -) standgor scalar product

(5,1) = Dinin =751 Dinax 2771, 21 < 2 < 2, in functional spaceh is the perturbation in th&-centered

Drna; z 2 23, corotating frame of referendg, 6), 0 = 9 + wt — ®(t)

_ 1 z— 2z and¢ = wt — ®(t). The kerneW (p, §) € C in (3) is the
azt) = 5 (1 + tanh ( w >> Crmax (translational) response function of the unperturbed spiral
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Figure 4. D = 10~2cm?/s. (a) Specific forcey,. (b)
Specific forcey,. Red solid linesreal parts, the longitu-
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Figure 6. (a) Temporary pinning to higle cluster.
The colour background shows distribution gfz,y),
smoothened by sliding averaging, (greenish) dark corre-
sponds to higlx and (blue) light to lowx. (b) Drift around
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dinal components. Dashed blue lines: imaginary parts, thea repelling inhomogeneity (green dotg). = 0.13 in the

lateral components.
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Figure 5. Specififorce; = — 7= F(|R — r.|). De-

pendence of (ajadial and (b) tangential components on

the distance between spiral rotation ceniteand inho-
mogeneity centre,., at selected alues of background ex-
citability .

wave solution (2). The overall drift velocity is given by
superposition principla@s a sum of specific forces,

R% Z’Yjeja
J

heree; is magnitude ofj-th perturbation, andy; is the

specific forceproduced by a unit perturbation of that sort.

In our model, the specific forces were;, caused by
the filamenturvature;y; andy,, caused by localiseidiho-
mogeneities and smooth gradient of parameteespec-
tively, andyp caused by gradiendf diffusivity. Note
thatvp = —n, [2,7]. Thereal componenRe (v,),
also calledfilament tensiorb,, has special importancéf
Re () = b2 > 0, aring filamentollapses, ib, < 0, fil-
ament growdeading to fibrillation like “turbulence” [8, 9].
Re (74) is the component,, along gradient ofx andis
positive if the drift is towards higher values of Radial
componenRe (F') of the specific forcey; is positie if the
spiral moves towards the inhomogeneity centre [5, 10]
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bulk of the medium andr = 0.15 within inhomogeneity.
Red solid line is the tip trajectory. Arrows show predicted
velocity field (3). Small blue open circles show predicted
instant centres of rotation corresponding to one rotation pe-
riod. (c) Two repelling inhomogeneities of the same kind
as in (b) can stop the drift altogether.

3. Results

Figure 3 shaws density plots for a spiral wave and its
translational response function in BRP model. Based on
the RFs, Figure 4(a) shows theoretical prediction for the
filament tensiorb, = Re (7.) changing sign irthe con-
sidered interval of parameter. It also determines the
drift component along gradient of diffusivitRe (yp) =
—Re(ys) = —bg, andIm(yp) = —Im(y,) = —c3
across it. Soat higher values ofy, negativeRe (yp) must
drag spirals tavards poor coupled regions, while at lower
«, positiveRe (vp) must push spiralwards better cou-
pled regions. Figure 4(b) shows theoretical prediction for
drift due to smooth gradient of excitability. Re (v) is
negatve in the whole range af, so spirals shouldrift
towards lower excitability, which agrees with the general
rule notede.g.in [11, 12].

Figure 5 shows theoretical prediction for spiral interac-
tion with a point-like heterogeneity in parameter Here,
Re(F(p)) < 0 for all « and all distancep between
the spiral and inhomogeneity, so spirals are attracted to
spots of lowered excitabilitys; < 0, and vice ersa.
However, simulations showed pinning even to repelling
spots [3] (Figure 6(a)). This be either temporary pinning
(Figure 6(b)), or permanent pinning to a certain lay-out of
repelling heterogeneities (Figure 6(c)).

Figure 7 shows two 3D simulations. At= 0.105, neg-
ative filament tension (cf Figure 4(a)) and repelling gradi-
ent of diffusivity allowed scrolls to penetrate into the bulk
of the tissue, where they persisted after the ischaemic bor-
der zone had disappeared. A= 0.115, positive filament
tension in the upper layer did not allow scrolls to grow, and
the attractive gradient of diffusivity dragged them together
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