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We study the spatial dynamics of spiral waves in noisy Hodgkin-Huxley neuronal ensembles evoked
by different information transmission delays and network topologies. In classical settings of coherence
resonance the intensity of noise is fine-tuned so as to optimize the system’s response. Here, we keep the
noise intensity constant, and instead, vary the length of information transmission delay amongst coupled
neurons. We show that there exists an intermediate transmission delay by which the spiral waves are
optimally ordered, hence indicating the existence of delay-enhanced coherence of spatial dynamics in
PACS: the examined system. Additionally, we examine the robustness of this phenomenon as the diffusive

05.45.-a interaction topology changes towards the small-world type, and discover that shortcut links amongst

05.40.-a distant neurons hinder the emergence of coherent spiral waves irrespective of transmission delay length.

89.75.Kd Presented results thus provide insights that could facilitate the understanding of information transmission
delay on realistic neuronal networks.

Keywords: © 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Spiral wave dynamics is the subject of ongoing and intense in-
vestigations in diverse fields of research ranging from physics and
chemistry to biology [1-3]. Especially within real neuronal net-
works spiral waves are common, and temporal variations of spi-
ral core numbers have been studied extensively [4,5]. To deepen
the understanding of mechanisms behind the generation of spiral
waves in neuronal systems, several theoretical as well as experi-
mental studies have been conducted, resulting in fascinating new
discoveries and insights. In particular, self-maintaining spiral waves
have been observed in a non-homogeneous neuronal network with
uniform initial conditions, whereas the breakup of outwardly ro-
tating spiral waves has been reported also in settings different
from the neuronal dynamics [6-8]. Moreover, the breakup of in-
wardly rotating spiral waves has been investigated in an oscillatory
FitzHugh-Nagumo system near a Hopf bifurcation [9], where it has
been shown that the breakup first occurred by regions that are far
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away from the core area and then gradually penetrated the whole
medium as the diffusion coefficient ratio between the two compo-
nents of the oscillatory system increased. Two-dimensional lattices
of non-homogeneous cardiac cells have also been shown to gener-
ate spiral waves due to spatial discreteness and inhomogeneity of
the model [10]. Interestingly, it has been argued that the breakup
of spiral waves may be an important mechanism by cardiac fibril-
lation [11], as it was discovered that spatiotemporal patterns of
cardiac activity by human seizures have a consistent dynamical
evolution by the initialization, development as well as termination
of each seizure [12].

Intimately related to the above findings concerning spiral wave
formation in non-homogeneous two-dimensional excitable media
are studies reporting stochastic and coherence resonance phenom-
ena in dynamically similar excitable systems [13-24]. As noise is
an inseparable part of any real-life process, the understanding of
its potential impacts is of vital importance. To date, it has become
an established and well-accepted fact that biological neurons can
exploit the constructive role of noise to extract hindered informa-
tion and enhance weak stimuli via stochastic resonance [25-27].
Aside from these two rather main-stream phenomena, there exist
several related reports on noise-induced order either from chaotic
states [28], by means of variations in system size [29,30] and di-
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versity [31], or via an enhancement of synchronization in coupled
systems [32-34]. Furthermore, order out of noise and the dynam-
ical properties of excitatory events in general have been studied
extensively also in non-identical ensembles of systems governed
by nonlinear dynamics, such as neurons [35], as well as in small-
world neuronal networks [36,37] and ensembles of bistable over-
damped oscillators [38]. Following initial advances on isolated dy-
namical systems, the phenomena of stochastic and coherence res-
onance have been generalized also to two-dimensional media. In
particular, spatiotemporal stochastic resonance has been reported
in [39], while spatial coherence resonance has been introduced
first near pattern forming instabilities [40] and subsequently also
in excitable media [41]. The characteristics of noise-induced pat-
terns have also been investigated in a spatially extended Hodgkin-
Huxley (HH) neuronal network in dependence on the coupling
strength [42], and it was found that the spatiotemporal dynamics
could be enhanced as the connections amongst neurons became
stronger. Aside from these examples, the body of recent literature
devoted to the study of noise and other stochastic influences on
the dynamics of spatially extended systems is huge, so that we
found it impossible to select or review here all relevant contri-
butions. The interested reader is pointed towards Ref. [43], while
some exemplary studies are also given in [44-50].

Recently, the body of literature devoted to studying effects of
noise on nonlinear, and in particular excitable dynamical systems
has been supplemented extensively by the addition of effects of
different delay lengths, either in terms of information transmis-
sion delay [51] or a delayed inhibitory feedback [52]. It has been
shown (see e.g. [51]) that the coherence of noise-induced pulses
may exhibit a double resonance outlay that emerges if the delay
length is optimally fine-tuned. Furthermore, the phenomenon of
stochastic resonance has also been investigated in related systems
incorporating time-delay feedback mechanisms [53,54]. However,
since information transmission delays are inherent in intra- and
inter-neuronal communication because of finite propagation veloc-
ities governing the conduction of signals along neuritis as well as
delays in the synaptic transmission along chemical synapses [55],
it is thus important to understand the dynamics of coupled neu-
ronal ensembles when such temporal delays are not negligible, as
was comprehensively exemplified in [56]. Notably, it has been sug-
gested that time delays can facilitate neural synchronization and
lead to many interesting and even unexpected phenomena [57,58].

To elaborate on the latter statement and to extend the scope
of the subject, we presently study the dynamics of spiral waves in
noisy neuronal networks subject to information transmission delay.
We employ the realistic Hodgkin-Huxley (HH) [59] model of neu-
ronal dynamics and, in addition to different delay lengths and the
classic diffusive coupling, consider also small-world interactions
governing the dynamics of the ensemble. More precisely, we exam-
ine the impact of different transmission delay lengths on the spiral
wave dynamics. We find that, while short transmission delays do
enable the existence of spiral waves, their spatial order can be sub-
stantially improved if the delay length is fine-tuned. On the other
hand, long information transmission delays completely hinder the
emergence of spiral waves, thus clearly indicating a resonance-like
dependence of the spatial order of spiral waves on the trans-
mission delay length. In particular, we find that there exists an
intermediate information transmission delay length by which the
spiral waves are optimally ordered in space, hence reporting delay-
enhanced coherence of spatial dynamics in the examined system.
Importantly, this phenomenon can be observed best on diffu-
sive neuronal networks, whereas the introduction of shortcut links
amongst distant units, eventually constituting a small-world topol-
ogy, progressively hinders coherent spiral wave formation. By em-
ploying the circularly averaged spatial structure function [43], we
provide conclusive evidences for the delay-enhanced coherence of

spiral waves on diffusively coupled HH neuronal networks, as well
as for the small-world induced breakup of spiral waves and related
decoherence of spatial dynamics of excitatory events. Interestingly
though, the optimal information transmission delay is almost im-
mune to the transition from diffusive to small-world interactions
amongst coupled neurons, suggesting that the delay-enhanced co-
herence is a robust mechanism warranting an enhancement of
spatial order by the formation of spiral waves in noisy neuronal
environments. These findings can have important practical imple-
mentations by various tasks that fall into the domain of neuronal
networks (e.g. communication, information processing or compu-
tation), where noise and information transmission delays, as well
as small-world-like interconnectedness, appear to be universally
present.

The Letter is organized as follows. Section 2 is devoted to the
description of the HH model and employed networks, whereas Sec-
tion 3 evidences the phenomenon of delayed-enhanced coherence
of spiral waves if the diffusive topology is used. Effects of small-
world topology on the delayed-enhanced coherence are presented
in Section 4, while the last section summarizes the results.

2. Mathematical model and setup

The spatiotemporal dynamics of studied HH neuronal networks
is governed by the following differential equations [59]:

Cdvi,j_ 3 he (Vii—V Vii—V
a = —8NaM; ; i.j(Vij = Vna) = 8L(Vij— V1)
— gKn?,j(V,;j -Vi)+1
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t
dn; ;
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where V is the transmembrane voltage in mV, m is the acti-
vation and h the inactivation coefficient of sodium conductance,
n is the activation coefficient of potassium channels, while the
time (t) units are seconds. For a more detailed descriptions of
all variables we refer the reader to the original work [59]. The
sum in Eq. (1) runs over all lattice sites whereby &; j ;=1 if
the site (k,I) is coupled to (i, j) and &; jx; = O otherwise. When
& jkt =1 only if (k,) is one of the four nearest neighbors of
the focal site (i, j) we obtain a diffusively coupled network of
HH neurons each having degree z = 4, as depicted in Fig. 1(a).
The latter will be used throughout Section 3. However, if a cer-
tain fraction 0 < q <« 1 of links constituting the diffusively coupled
network is randomly rewired, as exemplified in Fig. 1(b), the re-
sulting network is of small-world type [60]. Presently we employ
the rewiring procedure described in [61] to preserve the degree
of each neuron (z = 4), which enables us to focus explicitly on
the effect of network topology rather than possible effects origi-
nating from different numbers of inputs per neuron. Small-world
networks will be used in Section 4. Importantly, we generated each
interaction network at the beginning of a particular simulation and
kept it fixed the whole time; and moreover, if necessary below
results were averaged over 30 different realizations of the inter-
action network by each q. Quantities o and 7 in Eq. (1) denote
the standard deviation of additive uncorrelated Gaussian noise &; ;,
satisfying (&;.;(t)) =0 and (& j(t), &mn(t) = 5(t — )i mbjn, and
the transmission delay, respectively. In order to introduce a noisy
background for the dynamics, we set o = 1.0 and do not vary this
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Table 1
Employed parameter values

Membrane capacitance (jF/cm?)
c=1

Conductance constants (mS/cm?)
8na = 120, gk =36, g1 =03
Reversal potentials (mV)

VNe =50, Vg =77, V| = —54.4

parameter in the following sections. Furthermore, D = 0.5 is the
presently employed coupling strength, i, j=1,..., N =128 is the
system size in each direction of the two-dimensional grid with pe-
riodic boundary conditions, whilst all other parameter values used
throughout the Letter are listed in Table 1. Finally, the experimen-
tally determined voltage transition rates are given explicitly by the
following expressions:

0.1(V;,j +10)
Um; ;= ————— a0 (5)
T expl— (vl,,1:)r40)]
(Vi j+65)
,Bmi.j =4exp|:—”T:|, (6)
Vi;+65
o, ; = 0.07 exp[—%], (7)
(Vii+357]""
By, = {1 + exp[—”T]} ; (8)
0.01(V; j +55)
Op j = ——————— 7 55" (9)
T exp[_(vl,jlaLSS)]
Vii+65
[ O.125exp|:—%i|. (10)

For a single HH neuron in the absence of noise (o = 0),
a subcritical Hopf bifurcation occurs at the external current I =
9.8 pA/cm?. Between [ = I, =6.2 pA/cm? and I stable oscillatory
solutions coexist with stable steady states, whereas for I < I ex-
citable steady states are the only stable solutions. As I is increased
further and is larger than I = 155 pA/cm?, the stable limit cycle
vanishes via the supercritical Hopf bifurcation. A more detailed bi-
furcation analysis of the HH neuron was performed in [62]. Here
we are interested in the parameter region I < I, where neurons
are unable to fire spontaneously. At present, we set I = 6.1 uA/cm?
such that each neuron in the network stays at an excitable steady
state. Importantly, the employed intensity of noise, equaling o =
1.0 throughout this work, is too small to warrant large amplitude
excitations as it serves only to provide a noisy background for the
dynamics in accordance with real neuronal systems. Moreover, the
employed coupling strength D = 0.5 also prevents spontaneous fir-
ings, and thus in this respect neither o nor D fulfill any special
resonance criteria, but simply warrant steady state excitable be-
havior with a noisy background upon which the spiral waves can
be introduced with appropriate initial conditions [63].

3. Delay-enhanced coherence on diffusive networks

Using suitable initial conditions for spiral wave formation (see
e.g. [63]), we first present results obtained on diffusively coupled
HH neuronal networks. We start by showing snapshots of V; ;
obtained by different values of 7 in Fig. 2. The visual examina-
tion of the three snapshots reveals rather clearly that as the delay
increases the spiral wave formation may become completely im-
paired [see Fig. 2(c)], yet in the interim, the spirals may become
denser and the excitatory fronts somewhat narrower [see Fig. 2(b)]
in comparison to the delay-free case [see Fig. 2(a)]. Thus, pre-
sented results do attest to the fact that different transmission delay

AN
P4

Fig. 1. Examples of considered network topologies. For clarity only a 6 x 6 excerpt
of the whole network is presented in each panel. (a) Diffusively coupled network
characterized by q = 0. Each vertex is directly connected only to its four nearest
neighbors, hence having connectivity z = 4. (b) Realization of small-world topol-
ogy via random rewiring of a certain fraction q of links, constrained only by the
requirement that the initial connectivity z=4 of each unit must be preserved.

(b)

lengths play a significant role by the spiral wave formation on dif-
fusively coupled HH neuronal networks. However, solely from the
visual inspection of the snapshots, it is difficult to deduce whether
intermediate values of T actually succeed in improving the order
of the spatial dynamics, and thus whether we can speak of delay-
enhanced coherence or not.

In order to quantify the spatial order of spiral waves presented
in Fig. 2 more precisely, the spatial structure function of V;; is
introduced as follows:

P(ky, ky) = (H? (ky, ky)), (11)

where H(ky, ky) is the two-dimensional Fourier transform of the
spatial grid at a particular time t and (...) is the ensemble average
over different temporal realizations. Results obtained via Eq. (11)
for the three 7 used for the snapshots in Fig. 2 are presented
in Fig. 3. If compared with one another, it can be observed that
for the intermediate value of T the spatial structure function is
characterized by best-expressed periodic undulations of the sur-
face [see Fig. 3(b)], whereas smaller and larger T do not evoke
such a persuasive response. In particular, while for 7 = 0.0 some
periodic undulations can still be inferred [see Fig. 3(a)], the latter
vanish completely in panel (c) where the length of the transmis-
sion delay completely hinders spiral wave formation as exemplified
in Fig. 2(c). These results fuel the fact that fine-tuned information
transmission delays may indeed warrant optimally ordered spiral
waves in noisy diffusively coupled HH networks.
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Fig. 2. Spiral wave formation on diffusively coupled HH neuronal networks. All panels depict values of V;; on a 128 x 128 square grid at a given time t. The information
transmission delay 7 is: (a) 0.0, (b) 1.2 and (c) 2.2. Grey scale coloring in all panels is linear, white depicting minimal (—80) and black maximal (40) values of V; ;.
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Fig. 3. Spatial structure functions of V; ; obtained for different values of z: (a) 0.0, (b) 1.2 and (c) 2.2. Note that in all panels only an excerpt of the whole P(ky,ky) plane
is shown for better clarity.
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Fig. 4. Temporal courses of V; ; for the neuron i = j =32 and information transmission delays z: (a) 0.0, (b) 1.2 and (c) 2.2.

In order to support these findings further, we present in Fig. 4 ample, the lack of an ordered spatial dynamics depicted in Fig. 2(c)

temporal courses of activity of a single neuron forming the dif- is reflected clearly also in the temporal course because the latter
fusively coupled HH network; again for the same values of T as is highly irregular as well. It is interesting to note, however, that
used in the previous two figures. The temporal course has the ad- although the spatial frequency of spiral waves increases with in-

vantage that it gives information in continuous time (not just a creasing T [compare Figs. 2(a) and (b) as well as Figs. 4(a) and
snapshot), and the obvious disadvantage that it does not capture (b)], the temporal frequency of excitatory events by each particu-
the whole spatial dynamics but just the temporal dynamics of a lar unit decreases, which implies that the diffusion slows down in

single unit. Nevertheless, as the spiral waves for small T propa- comparison to the T = 0.0 case. This is not surprising as it directly
gate uniformly in space, the back-tracking from the temporal to reflects the fact that finite information transmission delays govern
the spatial dynamics is straightforward. Indeed, there exist good the evolution of the system.

qualitative agreement between the snapshots presented in Fig. 2 Finally, we summon above indications of delay-enhanced co-

and the temporal courses, as both the temporal and the spatial herence of spiral waves by exploiting the outlay of P(ky,ky) as
dynamics are either superbly ordered or mostly disordered. For ex- proposed by Carrillo et al. [40] to obtain an estimate for the co-
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Fig. 5. Evidences for delay-enhanced coherence of spiral waves in diffusively coupled noisy HH neuronal networks. (a) Circular averages p(k) of structure functions P (ky, ky)
presented in Fig. 3. The vertical lines at k = kmax mark spatial frequencies of spiral waves that are enhanced by given values of t. (b) Characteristic bell-shaped dependence
of the SNR on t, thus clearly evidencing delay-enhanced coherence in the examined system.

o

Fig. 6. Spiral wave formation on noisy HH neuronal networks of small-world type with information transmission delay v = 0.2. The rewiring probability q is: (a) 0.001,
(b) 0.003 and (c) 0.005. All panels depict values of V; ; on a 128 x 128 square grid at a given time t. Grey scale coloring in all panels is linear, white depicting minimal

(—80) and black maximal (40) values of V; ;.

herence of the spatial dynamics of spiral waves brought about by
different 7. In particular, we calculate the circular average of the
structure function according to the equation

pk) = f P A2, (12)

2

where k = (kx,ky), and £2; is a circular shell of radius k = |E|. Plots
of p(k) are shown in Fig. 5(a) for the three different T used above.
These results evidence more concisely what could be inferred al-
ready from outlays of P(ky,ky) presented in Fig. 3. In particular,
we can establish conclusively that there exist particular spatial fre-
quencies, marked with vertical dashed lines, which are resonantly
enhanced by given values of t. Importantly however, by 7 =1.2
the primary hump (secondary humps are just higher harmonics) is
expressed best in comparison to the level of background noise. To
quantify the ability of different t to extract a particular spatial fre-
quency more precisely, we calculate the signal-to-noise ratio (SNR)
as the peak height at k = knmax [marked with vertical dashed lines
in Fig. 5(a)] normalized with the background fluctuations in the
system:

SNR = p(kmax)/ D, (13)

where p = [p(kmax — AKq) + p(kmax + Akp)]/2 is an approxima-
tion for the level of background fluctuations whereby Ak, and
Akp mark the estimated width of the peak around kpax by each
particular 7. Variations of SNR in dependence on t are shown in
Fig. 5(b). Indeed, a typical bell-shaped curve characterizes this de-

pendence, thus clearly indicating the possibility of delay-enhanced
coherence in noisy diffusively coupled HH neuronal networks. In
particular, there exists an optimal finite delay t by which the spa-
tial dynamics of spiral waves is most coherent, and accordingly the
SNR exhibits a maximum, thus suggesting that neuronal ensembles
may adjust and optimize their group performance via fine-tuning
of the information transmission delay.

4. Decoherence of spiral waves due to small-world interactions

In this section, we examine the impact of small-world topol-
ogy on the above reported delay-enhanced coherence of spiral
waves. For this purpose, we keep the delay constant at 7 = 0.2
and first examine characteristic snapshots of V; ; obtained by three
different rewiring probabilities q. Snapshots presented in Fig. 6 re-
veal that the spiral waves become progressively destroyed as g
increases. More precisely, circular waves start to appear at ran-
dom locations on the spatial grid, thereby disrupting the superbly
ordered spiral structures that could be observed by diffusive in-
teractions in Figs. 2(a) and (b). The emergence of these additional
excitatory cores must be attributed to the introduction of long-
range connections amongst distant neurons as they cause firings
irrespective of whether the main front has arrived at a particular
neuron or not. Such randomly introduced cores can then propa-
gate excitations further via the diffusive route that still dominates
the majority of neuronal interactions. Moreover, since larger q in-
troduce more such shortcuts, it is thus understandable that the
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Fig. 7. Decoherence of spiral wave spatial dynamics via the introduction of small-world connectivity amongst noisy HH neurons. (a) Dependence of SNR on 7 for different q.
Evidently, the maximally attainable peak value of SNR decreases fast as q increases even if the value of t is fine-tuned. (b) SNR in dependence on ¢ when 7 = 0.2. Note that

the optimal 7 remains unaffected by increasing g, as can be inferred from Fig. 7(a).

number of new cores of excitatory events increases, as can be ob-
served by comparing results presented in the three panels of Fig. 6.

To investigate the effect of small-world connectivity on the spi-
ral wave formation in noisy HH networks more precisely, we con-
duct the same analysis as in the preceding section. Fig. 7(a) shows
how the SNR varies in dependence on t by different q. Presented
results fully support the visual assessment of spatial portraits in
Fig. 6, as the maximally attainable peak of SNR decreases con-
tinuously as q increases. Albeit importantly, the optimal t = 1.2
does not change as q increases, thus indicating that the delay-
enhanced coherence presented in Section 3 is a robust mechanism
warranting an enhancement of spatial order by the formation of
spiral waves in noisy neuronal environments. Further supplement-
ing the small-world induced decoherence of spiral waves are re-
sults presented in Fig. 7(b), which show that in fact the SNR by
T = 0.2 decreases almost exponentially as q increases. Presented
results thus confirm that long-range interactions amongst distant
neurons preclude the observation of ordered spatial dynamics on
two-dimensional neuronal networks. Moreover, this holds irrespec-
tive of delay fine-tuning and spiral wave dynamics governing the
spatiotemporal evolution of the presently employed HH mathemat-
ical model.

5. Summary

In sum, we study the impact of different lengths of information
transmission delay on spiral wave formation in noisy HH neuronal
networks. Presented results evidence that the spiral waves become
optimally ordered by an intermediate length of the transmission
delay, hence evidencing the phenomenon of delay-enhanced co-
herence of the spatial dynamics of spiral waves. In particular,
while short transmission delays warrant considerably ordered spi-
ral waves, the latter can be additionally regularized via fine-tuning
of the delay. On the other hand, long transmission delays may
completely hinder coherent patter formation, thus ultimately re-
sulting in a resonant dependence of the order of spatial dynamics
on the transmission delay length. In addition, we show that a small
fraction of shortcut links amongst distant units still preserves this
phenomenon, yet as the small-world topology becomes increas-
ingly pronounced coherent pattern formation is impaired. Indeed,
as low as 0.1% of rewired links completely hinder the emergence of
ordered spirals, thus indicating that information transmission de-
lays cannot prevent the small-world induced decoherence of spa-
tial dynamics. We demonstrate that the decoherence is truly very
fast, as a near exponential decrease of SNR can be observed as q

increases. From the biological aspect, the existence of an optimal
finite information transmission delay for coherent spiral wave for-
mation in neuronal networks seems reasonable, since it has been
reported [64] that the conduction velocity along axons connecting
neurons varies from 20 to 60 m/s. Real-life transmission delays are
thus within a range of milliseconds, suggesting that substantially
lower or higher values may be preclusive for optimal functioning
of neuronal tissue. In the field of neuroscience, where excitabil-
ity, noise, delay and complex topologies appear to be universally
present, the need for additional theoretical as well as experimen-
tal studies is substantial, and it is our sincere hope that the present
work will be an inspiration for the future.
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