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Abstract

Epileptic seizures are manifestations of intermittent spatiotemporal transitions of the human brain
from chaos to order. Measures of chaos, namely maximum Lyapunov exponents (STLmay), from
dynamical analysis of the electroencephalograms (EEGs) at critical sites of the epileptic brain,
progressively converge (diverge) before (after) epileptic seizures, a phenomenon that has been
called dynamical synchronization (desynchronization). This dynamical synchronization/
desynchronization has already constituted the basis for the design and development of systems for
long-term (tens of minutes), on-line, prospective prediction of epileptic seizures. Also, the
criterion for the changes in the time constants of the observed synchronization/desynchronization
at seizure points has been used to show resetting of the epileptic brain in patients with temporal
lobe epilepsy (TLE), a phenomenon that implicates a possible homeostatic role for the seizures
themselves to restore normal brain activity. In this paper, we introduce a new criterion to measure
this resetting that utilizes changes in the level of observed synchronization/desynchronization. We
compare this criterion’s sensitivity of resetting with the old one based on the time constants of the
observed synchronization/desynchronization. Next, we test the robustness of the resetting
phenomena in terms of the utilized measures of EEG dynamics by a comparative study involving
STLmax, @ measure of phase (¢max) and a measure of energy (E) using both criteria (i.e. the level
and time constants of the observed synchronization/desynchronization). The measures are
estimated from intracranial electroencephalographic (iEEG) recordings with subdural and depth
electrodes from two patients with focal temporal lobe epilepsy and a total of 43 seizures.
Techniques from optimization theory, in particular quadratic bivalent programming, are applied to
optimize the performance of the three measures in detecting preictal entrainment. It is shown that
using either of the two resetting criteria, and for all three dynamical measures, dynamical resetting
at seizures occurs with a significantly higher probability (o = 0.05) than resetting at randomly
selected non-seizure points in days of EEG recordings per patient. It is also shown that dynamical
resetting at seizures using time constants of STLax Synchronization/desynchronization occurs
with a higher probability than using the other synchronization measures, whereas dynamical
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resetting at seizures using the level of synchronization/desynchronization criterion is detected with
similar probability using any of the three measures of synchronization. These findings show the
robustness of seizure resetting with respect to measures of EEG dynamics and criteria of resetting
utilized, and the critical role it might play in further elucidation of ictogenesis, as well as in the
development of novel treatments for epilepsy.

Keywords

Quadratic binary programming; Dynamical Synchronization; Spatiotemporal transitions; Epileptic
seizure dynamics

1 Introduction

Epilepsy is a disorder characterized by recurrent seizures. The seizures (ictal states) cause
temporary disturbances of brain functions (e.g. motor control, responsiveness, recall), for
periods ranging from seconds to minutes. Seizures may be followed by a postictal period of
confusion or impaired sensorium that can last several hours. Seizures occur when a massive
group of neurons in the cerebral cortex suddenly begin to discharge in a highly organized
rhythmic pattern. This pattern usually begins and terminates spontaneously, without external
intervention. This seemingly abrupt initiation and termination of epileptic seizures reflect
intrinsic, but poorly understood properties of the epileptic brain.

Research into the neuro(patho)physiology of epileptic seizures has largely focused upon
discovering factors that are responsible for seizure initiation. Several neurophysiological
(microscopic) and mathematical modeling studies have attributed genetic and cellular-level
factors (e.g. intrinsic neuronal properties such as type, number and distribution of voltage
and ligand-gated channels, biochemical modification of receptors, modulation of gene
expressions) (Gwinn et al. 2002; McCormick and Contreras 2001; Zhou et al. 2007), and
synaptic-level factors (e.g. extrinsic neuronal properties such as changes in extracellular ion
concentrations, modulation of excitatory/inhibitory synaptic coupling levels between neural
populations, presence or absence of inter-neuronal feedback loops) to the spontaneous
nature of seizure initiation (Traub et al. 2005; Wendling et al. 2002; Chawla et al. 1999;
Prince and Jacobs 1998). However, little is known about the spontaneous arrest of seizures
and the postictal period that follows the end of a seizure. Although it has been postulated
that termination of seizures are facilitated by the ictal and postictal activation and/or release
of endogenous anticonvulsant mechanisms, the lack of which during the preictal period
creates conditions conducive for seizure elicitation (Prince and Jacobs 1998; Lee et al.
1984), no single hypothesis unequivocally implicates a unifying framework within which
initiation as well as termination of epileptic seizures can be clearly understood.

Using higher-level (macroscopic) dynamical analysis of electroencephalographic signals
(EEG), we have found that seizures are not abrupt transitions in and out of an abnormal ictal
(seizure) state, instead they follow a dynamical transition that evolves over minutes to hours
(lasemidis and Sackellares 1991; lasemidis et al. 1997). During this preictal dynamical
transition, multiple regions of the cerebral cortex progressively approach a similar
dynamical state, a phenomenon we have called preictal dynamical entrainment or dynamical
synchronization. The dynamics of the preictal transition are complex. Even in the same
patient, the participating cortical regions and the duration of the transition vary from seizure
to seizure. Understanding these dynamics requires analytic methods capable of identifying
anatomical regions where critical state changes occur. After the seizure (postictal state),
brain dynamics revert to a more disordered state in which previously entrained
(synchronized) cortical areas become disentrained (desynchronized). The epileptic brain
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repeats this series of state transitions intermittently, at seemingly irregular but, in fact, time-
dependent intervals (lasemidis et al. 1994; Olson et al. 1989). This implies that the transition
into seizures is not a random process. Thus, the question as to why seizures occur should be
addressed. Based on the analysis of a small sample of seizure recordings, we postulated that
seizures may serve as intrinsic mechanisms to desynchronize brain areas that were
dynamically synchronized in the immediate preictal periods (lasemidis et al. 2003b, 2004;
Shiau et al. 2000). We have defined this phenomenon as “resetting” of the epileptic brain via
recurrent seizures.

The clinical implications of such a resetting are many. In particular, it may be possible to
exploit the knowledge gained about these endogenous dynamical transitions to instigate a
rational seizure control approach that aims at dynamically resetting the brain early in the
preictal period, i.e., disentrain entrained critical brain sites and alleviate the need for a
seizure to occur. Furthermore, the concept of resetting may also provide some insights into
the mechanisms underlying a life-threatening emergency, status epilepticus. In “status
epilepticus”, seizures occur successively, at brief intervals, without recovery of
consciousness between seizures. If, as we suggest, ictal resetting is a mechanism for the
brain to reverse a pathological state, one could postulate that, in status epilepticus,
successive seizures occur because the previous seizure fails to dynamically reset critical
brain sites.

Recent studies on dynamical analysis of seizure control via drug-based stimulation in rodent
models of chronic epilepsy, as well as clinical data from patients treated with anti-epileptic
drugs (AED), have shown a significant increase in the brain dynamical disentrainment
immediately after drug administration (Good et al. 2004). In particular, it appears that the
applied stimulation dynamically resets (disentrains or desynchronizes) the entrained brain
sites. This constitutes evidence that drug-based stimulation can actually reset the spatio-
temporal dynamics of the brain, and hence could be used as actuation in a control scheme
for epileptic seizure prevention (Good et al. 2004; Tsakalis et al. 2006). Preliminary results
on seizure control with electrical stimulation also point to the same conclusion (Good 2007).
Also, in computer simulations of biologically plausible models that consist of networks of
coupled chaotic oscillators and exhibit “seizure-like” behaviors, we have shown that an
increase in the strength of coupling between these oscillators result in a progressive
dynamical entrainment that leads to “seizures” if the existing internal feedback loops in
those networks fail to compensate for it (lasemidis et al. 2003b; Prasad et al. 2005; Tsakalis
et al. 2006; Tsakalis and lasemidis 2006). Our subsequent studies on the control of the above
models by external input (electrical stimulation) show that “seizures” can be avoided only if
the stimulus successfully resets the dynamically entrained sites (Tsakalis and lasemidis
2006; Chakravarthy et al. 2007). These findings have motivated us to further quantify the
resetting of the human epileptic brain.

Elucidation of the mechanisms of the resetting process from EEG data is a challenging task.
In this paper, we utilize two metrics of this process: (a) Level of Resetting (LR), quantified
by the difference of the average entrainment (synchronization) value of critical brain sites at
10 min before a seizure's onset (immediate preictal state) and 10 min after a seizure's end
(immediate postictal period); (b) Resetting Ratio of Time constants involved (RRT),
quantified by the ratio of the time it takes the critical sites to disentrain postictally
(desynchronization period) over the time they were entrained preictally (synchronization
period). Based on these two metrics of resetting, we test the hypothesis that seizures occur in
order to negate the long-term, excessive preictal synchronization and revert to a
desynchronization state postictally. In order to show the robustness of this phenomenon with
respect to the measures used to measure synchronization, we compare three different
measures of dynamical synchronization/entrainment, namely amplitude, phase and STLa«
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on the basis of their ability to detect resetting at seizure points using the LR and RRT
metrics. Due to the current interest in the field, and the proposed measures of energy and
phase as alternatives to STL 5« for the study of EEG dynamics and seizure prediction
(lasemidis et al. 2005), it was deemed important to comparatively evaluate all three
measures' seizure resetting detection capabilities in a retrospective study. Quadratic integer
programming techniques of global optimization were applied to select critical electrode sites
per measure for every recorded seizure. Results following such an analysis with 43 seizures
recorded from two patients with temporal lobe epilepsy demonstrated that: (1) Brain
resetting of critical cortical sites synchronized in phase, energy and STLax, @S measured by
LR or RRT, occurs much more frequently at seizure points than at randomly selected points
in the available days of interictal EEG recordings in both patients; (2) Dynamical resetting
of STLmax Synchronization using the RRT criterion consistently resulted to higher
probability of resetting at seizures than the other two measures. Among the other two
measures, the phase-based synchronization measure outperformed the energy-based
synchronization in the detection of resetting at seizures using the RRT criterion. On the
other hand, no consistent difference between the dynamical resetting performance of the
three measures of synchronization could be established by using the LR criterion at seizures;
(3) Interictal periods are intermittent states where the transition from a prolonged
synchronization of critical sites to faster desynchronization is a rare phenomenon. The
implications of these findings for the understanding of ictogenesis, seizure prediction and
control are discussed.

The organization of the paper is as follows. In Sect. 2, the three measures of synchronization
utilized in the analysis of the EEG are described. In Sect. 3, we explain the formulation of a
quadratic integer programming problem to select critical electrode sites for monitoring the
epileptic brain's synchronization. Section 4 describes the two metrics used on the measures
of synchronization to detect resetting. In Sect. 5, the EEG data and the results of their
analysis are presented. Discussion of the results and conclusions are provided in Sect. 6.

2 Measures of EEG synchronization

2.1 Measure of energy (E) profiles

A classical measure of a signal's strength is calculated as the sum of its amplitude squared
over a time period T,

t+T

EW=)x

(1)

where x; are the amplitude values of the scalar, real-valued x signal in consideration. For
EEG analysis, the energy (E) values are calculated over consecutive non-overlapping
windows of data, each window of T second in duration (here T = 10.24 s), from different
locations x in the brain over an extended period of time. Examples of E profiles over time
from two electrode sites that show entrainment before a seizure are given in Fig. 1(a) (left
panel) for Patient 1. The highest E values were observed during the ictal period. This pattern
roughly corresponds to the typical observation of higher amplitudes in the original EEG
signal ictally (during a seizure) (Esteller et al. 2005). As we show below (Sect. 3), even
though no other discernible trends exist in each individual E profile per electrode,
synchronization trends between the E profiles across electrodes over time in the preictal
period do exist.
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2.2 Measure of maximum phase (®mnax) profiles

The notion of phase synchronization was introduced by Huygens (Hugenii 1986) in the 17th
century for two coupled frictionless harmonic oscillators oscillating at different angular

frequencies 1 and w respectively, such that «.==, In this classical case, phase
synchronization is usually defined as locking of the phases of the two oscillators:

Pn.m=n¢y (1) — mep> (t) =constant 2

where n and m are integers, ¢1 and ¢, denote the phases of the oscillators, and ¢y, r is
defined as their relative phase. In order to investigate synchronization in chaotic systems,
Rosenblum et al. (1996) relaxed this condition of phase locking by a weaker condition of

phase synchronization (since 2= may be an irrational real number and each system may
contain power at many frequencies around one dominant frequency):

|n.ml=In1 (1) — mep> () |<constant. ?)

The estimation of instantaneous phases ¢1(t) and ¢,(t) is nontrivial for many nonlinear
model systems, and even more difficult when dealing with noisy time series of unknown
characteristics. Different approaches have been proposed in the literature for the estimation
of instantaneous phase of a signal. In the analysis that follows, we take the analytic signal
approach for phase estimation, (Panter 1965), that defines the instantaneous phase of an
arbitrary signal s(t) as

¢ (¢) =arctan T(t) @

where

+oo § (T)

__1> v.
s 0 N, ®)

is the Hilbert Transform of the signal s(t) (P.V. denotes the Cauchy Principal Value that
avoids the singularities at T = t). From (5), the Hilbert transform of the signal can be
interpreted as a convolution of the signal s(t) with a non-causal filter h(t) = 1/xt. The Fourier
transform H(w) of h(t) is — jsgn(w) where sgn(w) is often called the signum function where

1, w>0,
sgn(w)=4 0, w=0,

1, w<O. (6)

Hence, Hilbert transformation of s(t) is equivalent to a type of filtering of s(t) in which
amplitudes of its spectral components are left unchanged, while their phases are altered by

+71/2, positively or negatively according to the sign of . Thus, s (¢) can then be obtained by
the following procedure. First, a one-sided Fourier spectrum Z(w) (in which the negative
half of the spectrum is equal to zero) is created by multiplying the Fourier transform S(w) of
the signal s(t) with that of the filter H(w) (i.e. Z(w) = S(w)H(w)). Next, the inverse Fourier
transform of Z(w) is computed to obtain the complex-valued “analytic” signal z(t). Since
Z(w) only has a positive-sided spectrum, z(t) is given by:
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[P TSEE qpey
2()=5- fiml(w)dw=ﬂ [:°Z () dw. o

The imaginary part of z(t) then yields s (). Mathematically, s (¢) can be compactly
represented as

~ 1 oo
sW=-iz=[, S (W Hw)do. ©

It is important to note that the arctangent function used to estimate the instantaneous phase
in (4) could be either a two-quadrant inverse tangent function (ATAN function in
MATLAB) or a four-quadrant inverse tangent function (ATAN2 function in MATLAB).
The ATAN function gives phase values that are restricted to the interval [-a/2,+n/2) and, on
exceeding the value of +x/2, fall to the value of —x/2 twice in each cycle of oscillation,
while the ATAN2 function when applied to the same data gives phase values that are
restricted to the interval [—=,+=n) and, on exceeding the value of +=, fall to the value of —=
once every oscillation's cycle. In order to track instantaneous phase changes over long time
intervals, this generated disjoint phase sequence has to be “unwrapped” (Rosenblum et al.
1998) by adding either &, when using the ATAN function, or 2z, when using the ATAN2
function, at each phase discontinuity. Thus, a continuous phase profile ¢(t) over time can be
generated.

The ¢(t) from EEG data were estimated also within non-overlapping moving windows of
10.24 second in duration per electrode site. In the calculation of phase, to avoid edge effects
in the estimation of the involved Fourier transforms, each EEG segment was tapered with a
Hamming window before taking the Fourier transform. Per EEG segment, a set of phase
values are generated that are equal in number to the number of data points in this window.
The maximum phase value (¢max), minimum phase value (¢min), mean phase value (¢mean)
and the standard deviation of the phase values (¢sg) were estimated per window. Only the
dynamics of ¢pmax Were subsequently followed over time herein, because they were found to
be more sensitive than the other three phase measures to dynamical changes before as well
as after seizures.

Examples of synchronized ¢nax profiles over time around a seizure in Patient 1 are given in
the left panel of Fig. 1(b). The preictal, ictal and postictal states corresponded to medium,
high and low values of ¢max respectively. The highest ¢max Values were observed during the
ictal period, and higher ¢nnax vValues were observed during the preictal period than during the
postictal period. Interestingly, this pattern roughly corresponds to the typical observation of
higher frequencies in the original EEG signal ictally, and lower EEG frequencies postictally.

2.3 Measure of chaos (STLmax) profiles

Under certain conditions, through the method of delays described by Packard et al. (1980)
and Takens (1980), sampling of a single variable of a system over time can determine all
state variables of the system that are related to the observed state variable. In the case of the
EEG, this method can be used to reconstruct a multidimensional state space of the brain's
electrical activity from a single EEG electrode that records referentially from a
corresponding brain site. Thus, in such an embedding, each state in the state space is
represented by a vector X(t), whose components are the delayed versions of the original
single-channel EEG time series x(t), that is:
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X®O=x@),x(t+1),...,.x(t+(d-1D71)) (9)

where 1 is the time delay between successive components of X(t), and d is a positive integer
denoting the embedding dimension of the reconstructed state space. Plotting X(t) in the thus
created state space produces the state portrait of a spatially distributed system using the
subsystem (brain's site) where x(t) is recorded from. The most complicated steady state a
nonlinear deterministic system can have is a strange and chaotic attractor, whose complexity
is measured by its dimension D, and its chaoticity by its Kolmogorov entropy (K) and
Lyapunov exponents (Ls) (Grassberger and Procaccia 1983a, 1983b). A steady state is
chaotic if at least the maximum of all Lyapunov exponents (Linax) IS positive.

According to Takens, in order to properly embed a signal in the state space, the embedding
dimension d should at least be equal to (2D + 1). Of the many different methods used to
estimate D of an object in the state space, each has its own practical problems (Kostelich
1992). The measure most often used to estimate D is the state space correlation dimension v.
Methods for calculating v from experimental data have been described in (Abarbanel 1996)
and were employed in our work to approximate D in the ictal state. The brain, being
nonstationary, is never in a steady state at any location in the strict dynamical sense.
Arguably, activity at brain sites is constantly moving through steady states, which are
functions of certain parameter values at a given time. According to bifurcation theory
(Haken 1996), when these parameters change slowly over time, or the system is close to a
bifurcation, dynamics slow down and conditions of stationarity are better satisfied. In the
ictal state, temporally ordered and spatially synchronized oscillations in the EEG usually
persist for a relatively long period of time (for e.g., the range of minutes for TLE). Dividing
the ictal EEG into short segments ranging from 10.24 to 50 s in duration, estimation of v
from ictal EEG has produced values between 2 and 3 (lasemidis et al. 2000; Sackellares et
al. 2000), implying the existence of a low-dimensional manifold in the ictal state, which we
have called “epileptic attractor”. Therefore, an embedding dimension d of at least 7 has been
used to properly reconstruct this epileptic attractor.

Although d of interictal (between seizures) “steady state” EEG data is expected to be higher
than that of the ictal state, a constant embedding dimension d = 7 has been used to
reconstruct all relevant state spaces over the ictal and interictal periods at different brain
locations. The advantages of this approach are that (a) existence of irrelevant information in
dimensions higher than 7 would not influence the estimation of the dynamical measures, and
(b) reconstruction of the state space with higher d requires longer moving windows and non-
stationary data. The disadvantage is that possibly relevant information about the transition to
seizures in higher dimensions than d = 7 may not be captured.

The Lyapunov exponents measure the information flow (bits/sec) along local eigenvectors
as the system moves within such attractors. Theoretically, if the state space is of d
dimensions, we can estimate up to d Lyapunov exponents. However, as expected, only D + 1
of these will be real. The others are spurious (Panter 1965). Methods for calculating these
dynamical measures from experimental data have been published in (lasemidis and
Sackellares 1991; Sackellares et al. 2000). The estimation of the largest Lyapunov exponent
(Lmax) in a chaotic system has been shown to be more reliable and reproducible than the
estimation of the remaining exponents (Vastano and Kostelich 1986), especially when D is
unknown and changes over time, as in the case of high-dimensional and nonstationary data
(e.g. interictal EEG). A method to estimate an approximation of Ly, from nonstationary
data, called STL (Short-Term Lyapunov) (lasemidis and Sackellares 1991; lasemidis et al.
2000), has been developed via a modification of Wolf's algorithm that has been used to
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estimate Ly, from stationary data (Wolf et al. 1985). The STLa«, defined as the average of
local maximum Lyapunov exponents in the state space, can be calculated as follows:

\
2 0X; j (ti+At
ST L= Y log, s 201

N, At 2 AX (1)

(10)

i=1

where 86X (tj) = X(tj) — X(t) is the perturbation of X(t;), that is the point on the fiducial
orbit at tj (X(t;) is the nearest neighbor to X(tj)), and 86X (tj + At) = X(tj + At) — X(tj + At) is
the evolution of this perturbation after time At. At is the evolution time for 6X;, that is, the
time one allows for 6X; j to evolve in the state space. If the evolution time At is given in
seconds, STLax has units of bits per second. N, is the number of local Lyapunov exponents
that are estimated within a duration T of the data segment. Therefore, if At is the sampling
period for the time domain data, T = (N — 1)At ~ NaAt + (d — 1)t. The STLax algorithm is
applied to sequential EEG epochs of 10.24 seconds recorded from electrodes in multiple
brain sites to create a set of STLyax profiles over time (one STLax profile per recording site)
that characterize the spatio-temporal chaotic signature of the epileptic brain. Long-term
profiles of STL4x, Obtained by analysis of continuous EEG at two electrode sites in Patient
1, are shown in the left panel of Fig. 1(c). The figure shows the evolution of STL44 as the
brain progresses from interictal to ictal to postictal states. There is a gradual drop in STLpax
values over tens of minutes preceding a seizure at some sites, with no observable gradual
drops at other sites. The seizure itself is characterized by a sudden drop in STLy,5x Values
with a consequent steep rise in STLyax. This behavior of STL 5 indicates a gradual preictal
reduction in chaoticity at some sites, reaching a minimum within the seizure state, and a
postictal rise in chaoticity that corresponds to the reversal of the preictal behavior. What is
most interesting and consistent across seizures and patients is an observed synchronization
of STLmax values between electrode sites prior to a seizure. We have called this phenomenon
preictal entrainment (dynamical synchronization), and it has constituted the basis for the
development of epileptic seizure prediction algorithms (lasemidis et al. 2001, 2002, 2003c).

2.4 T-index as an index of synchronization of measures of EEG dynamics

A statistical measure of synchronization between two electrodes i and j, with respect to a
measure (e.g. STLyax, E Or ¢max) Of their dynamics, has been developed before (e.g.
lasemidis et al. 2000) and is described below. Specifically, the Tj; between electrode sites i
and j for each measure STLyayx, E and ¢may at time t is defined as:

(11)

1
where D;; and 7;; denote the sample mean and standard deviation respectively of all m
differences between a measure's values at electrodes i and j within a moving window w; = [t,

t —m - 10.24 s] over the measure profiles. If the true mean ;; of the differences D; is equal

to zero, and o7; are independent and normally distributed, 7;; is asymptotically distributed as
the t-distribution with (m — 1) degrees of freedom. We have shown that these independence
and normality conditions are satisfied (lasemidis et al. 2003c). Therefore, we define
desynchronization between electrode sites i and j when Tj; is significantly different from
zero at a significance level. The desynchronization condition between the electrode sites i
and j, as detected by the paired t-test, is
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T,'tj>ta/2.mfl =T (12)

where ty2 m—1 = Tty is the 100(1 — «/2) critical value of the t-distribution with m — 1 degrees

of freedom. If T;; < ta/2,m—1 (which means that we do not have satisfactory statistical
evidence at the o level for the differences of values of a measure between electrode sites i
and j to be non-zero within the time window wy), we consider sites i and j synchronized with
each other at time t. Using a = 0.01 and m = 60, the threshold Ty, = 2.662. It is noteworthy
that similar STLmax, E Or ¢max Values at two electrode sites do not necessarily mean that
these sites also interact. However, when there is a progressive convergence over time of the
measures at these sites, the probability that they are unrelated diminishes. This is exactly
what occurs before seizures, and it is illustrated in the right panels of Fig. 1 for all the three
measures considered herein. A progressive synchronization in all measures, as quantified by
Tij, is observed preictally. Note that synchronization occurs at different sites per measure.
The sites per measure are selected according to the optimization procedure described below

in Sect. 3.

3 Quadratic integer optimization of spatial synchronization

Not all brain sites are progressively synchronized prior to a seizure. The selection of the
ones that do (critical sites) is a global optimization problem that minimizes the distance
between the dynamical measures of synchronization at these sites. For many years, the Ising
model (Domb and Green 1974) has been a powerful tool for studying phase transitions in
statistical physics. The model is described by a graph G(V, E) having n vertices {vy,...,Vn},
with each edge e(i, j) € E having a weight J;j (interaction energy). Each vertex vj has a
magnetic spin variable oj € {—1,+1} associated with it. A spin configuration ¢ of minimum
energy is obtained by minimizing the Hamiltonian:

H(o)= Z Jijoioj overall o e {-1,+1}".
1<i<j<n (13)

This optimization problem is equivalent to the combinatorial problem of quadratic bivalent
programming. Its solution gives vertices with proper spin at the global minimum energy.
Motivated by the application of the Ising model to phase transitions, we have adapted
quadratic bivalent (zero-one) programming techniques to optimally select the critical
electrode sites during the preictal transition (lasemidis et al. 2001, 2003c) that minimize the
objective function of the distance of STLax, E OF ¢max between pairs of brain sites.

More specifically, we considered the integer bivalent 0-1 problem:

n
min  x'Tx with x e (0,1)" subject to constraintZ.ri:k
i=1 (14)

where n is the total number of available electrode sites, k is the number of sites to be
selected, and x; are the (zero/one) elements of the n-dimensional vector x. The elements of
the T matrix, Tjj, i=1,...,nand j = 1,...,n were previously defined in (11). If T is a positive
semidefinite matrix, then the objective function is a convex function. In this case the
quadratic program has a global minimizer if there exists at least one vector x satisfying the
constraints and the objective function is bounded below on the feasible region. If the matrix
T is positive definite then this global minimizer is unique. If T is zero, then the problem
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becomes a linear program. From optimization theory, a necessary condition for a point x to
be a global minimizer is for it to satisfy the Karush-Kuhn-Tucker (KKT) conditions. The
KKT conditions are also sufficient when the objective function is convex. On the other
hand, if the matrix T is not positive definite, the optimization problem becomes NP-hard
since the objective function becomes non-convex (Pardalos and Rosen 1987). If the
constraint in (12) is included in the objective function x'Tx by introducing the penalty

n n

M=ZZ|TU|+ 1,

J=1i=1 (15)

the above optimization problem in (12) becomes equivalent to an unconstrained global
optimization problem

)

x’Tx+,u[Z.\'i —k] ] where x € (0,1)".

i=1

min

(16)

Note here that since the objective function is a quadratic function, it is easy to combine the
Lagrangian term with the quadratic term. Therefore, we square the constraint before adding
it to the objective function, as shown in (16). The electrode site i is selected if the

corresponding element x; in the n-dimensional solution x* of (14) is equal to 1. The
optimization for the selection of critical sites was performed in the preictal windows w1 (t*)
= [t*, t* — 10 min) over a measure's profiles, where t* is the time of a seizure's onset,
separately for each of the three considered measures. After the optimal sites selection, the
average T-index across all possible pairs of the selected sites is generated and followed
backward in time from each seizure's onset t*. In the following sections, for simplicity, we
denote these spatially averaged T-index values by “T-index”. For demonstration purposes,
the corresponding T-indices between two critical sites (k = 2) for each measure were
depicted in Fig. 1 (right panel) before and after one of the recording seizures in Patient 1.
After the optimal sites selection from each of the three measures E, STLyax and ¢max profiles
within the preictal window wq(t*) per seizure, the average T-index of the selected sites was
estimated backward and forward in time with respect to t*. The resetting characteristics of a
seizure are then estimated from these T-index profiles by using the procedure described
below in Sect. 4.

4 Resetting characteristics

4.1 Level of resetting (LR)

One way to quantify the observed differences in the level of synchronization of the critical
sites around seizure onset points t* is to estimate a statistically significant difference
between their preictal synchronization and postictal desynchronization levels. Thus, the
synchronization level (Lsyn(t*)) per each considered measure is defined as the average value
of its differences among all pairs of selected critical sites within the 10-minute preictal
window w4 (t*) (see Fig. 2(a)). In analogy, the desynchronization level (Lgesyn(t*)) is defined
as the average value of a measure's differences among the pairs of the previously selected
preictal critical sites within a 10 minute postictal window after the end of a seizure, that is
w1 (t* + seizure duration + 10 min) (see Fig. 2(b) for an illustration of this procedure). The
hypothesis was that higher levels of preictal synchronization are reduced significantly during
the corresponding postictal period, and that this phenomenon occurs more often around
seizure points t* than around any other point t of the recording.
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Criterion for resetting hypothesis based on LR—We define a resetting occurring at
time t if the statistical difference between Lgesyn(t) and Lgyn(t) is significant i.e. if the null
hypothesis of Lgesyn(t) = Lsyn(t) is rejected in favor of the alternative hypothesis Lgesyn(t) >
Lsyn(t) at a significance level of o 0.01 using a two-sample one tailed t-test (Ty, = 2.662 with
parameters as in Sect. 2.4). The assumptions of normality and indepedance of the Lgy,(t*)
and Lgesyn(t*) values per measure were validated using the well-known Shapiro-Wilks test
for normality and the Ljung-box test for independence of observations. We refer the reader
to the paper by lasemidis et al. (2004) for further details about these tests. If p,y is the
probability of resetting based on LR at a time point t, and we denote by x; the random
variable of the number of resettings observed at | time points, x| follows the binomial (I, p Rr)
distribution with mean Ip, g and variance Ip_r(1 — pLr), Where p_r can be estimated by the

maximum likelihood estimate p, , as

(17)

The sample estimates of p, , are calculated from | randomly (following a uniform random
distribution) chosen time points t (I-tuple of time points) within the available time interval of
recordings from each patient, excluding ictal periods (on average 2.5 minute ictal duration
per seizure for the two analyzed patients). It is important to note that the sampling

distribution of 3, . is closely related to the distribution of x;. While x; follows the distribution

of the count of total number of resettings observed at | time points, 7, , follows the
distribution of the proportion of resettings observed at | time points (total number of
resettings observed at | time points divided by ). Therefore, by the multiplicative properties

of mean of probability distributions, the sample mean of 3, , is related to the mean of x| by
dividing the mean of x by I, i.e. Ip_ g/l = p_r. Thus, 7, is an unbiased estimate of the

probability of resetting p; g. Using the same properties as above, the variance of p, , is equal
to the variance of x; divided by 12, i.e. Ip_r(1 — pLr)/I? = pLr(1 — pLR)/. This indicates that

the variance of this estimator decreases with increase in sample size |. Therefore, p, , is a
consistent estimate of p g. A Monte-Carlo estimation of the probability distribution of 7, , is
then performed by generating the histogram of 3, , from 25,000 I-tuples (I differs from
Patient 1 to Patient 2, being equal to the number of recorded seizures per patient). The p,, at
seizure points t*, denoted by p7,, is then compared to the distribution of 7, s at time points t
to statistically decide if p],>p,,.

4.2 Resetting ratio of time constants (RRT)

One way to quantify the observed differences in the rates of synchronization of the critical
sites around seizure points t* is to estimate the synchronization and desynchronization
periods from the corresponding average T-index profile, using the same statistical threshold
Tin = 2.662 for both periods. Thus, the synchronization period (Tsyn) is defined as the period
before the time point t, during which the average T-index values of the critical sites selected
within w(t) (see Fig. 2(a)), remain continuously below 2.662 within the windows wj(t) = [t,
t — 10 min). For seizure points, t = t* and Tgyn = Ty, (prediction time). In analogy, the
desynchronization period (Tgesyn) Was defined as the period after time t + 2.5 minutes
(allowing for a virtual seizure duration of 2.5 minutes i.e., comparable to a typical seizure
duration in our data) during which the average T-index values of the selected sites remain
continuously below 2.662 within the windows w»(t) = (t + 2.5 min + 10 min, t)(see Fig. 3).
The hypothesis was that preictal entrainment lasts significantly longer than the
corresponding postictal disentrainment and, in accordance with the previously observed
phenomenon of hysteresis and the theory of nonlinear dynamics at points of critical
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transitions (lasemidis 2003), this phenomenon occurs more often at seizure points than at
any other time points. This phenomenon is consistent with what is called “critical slowing
down” in the literature of the dynamics of phase transitions (Haken 1996).

Criterion for resetting hypothesis based on RRT—We define a resetting occurring
at time t if Toyn(t) < Tgesyn(t). If prr is the probability of such a resetting at a time point t,
and we denote by x; the random variable of the number of such resettings observed at | time
points, x; follows the binomial (I, prrt) distribution, where pgrgT can be estimated by the

maximum likelihood estimate p,,, as

(18)

The p,,,s are estimated from | randomly (following a uniform random distribution) chosen

time points t (I-tuple of time points) within the available time interval of recordings from
each patient, excluding ictal periods, as before. A Monte-Carlo estimation of the probability

distribution of ,. is performed by generating the histogram of 3, from 25,000 I-tuples.
The 7., at seizure points t*, denoted by p,., is then compared to the distribution of 7, s at

time points t to statistically decide if p},, >P.,. Both null resetting hypotheses in Sect. 4.1
and 4.2 were tested and rejected (see next section)—assuming that the involved distributions
were binomial. Therefore, it appears that resetting of the epileptic brain at seizures manifests
itself as a reversal of the pathology of long-term excessive entrainment (synchronization),

and that this reversal occurs mostly at seizures than at any other time points.

5.1 EEG data

A total of 43 seizures (see Table 1) from two epileptic patients with temporal lobe epilepsy
were analyzed by the methodology described above. These patients were the ones for whom
we had the most number of recorded seizures. A large scale analysis of the resetting
methodology using more patients is currently underway. The EEG signals were recorded
from 6 different areas of the brain by 28 electrodes (see Fig. 4) for the electrode montage).
Typically, a 3 hour before (preictal period) and 1 hour after (postictal period) each seizure
were analyzed with the methods described in Sects. 2, 3 and 4, in search of dynamical
synchronization/desynchronization and estimation of seizure resetting characteristics.

The patients in the study underwent a stereotactic placement of bilateral depth electrodes
(RTD1 to RTD6 in the right hippocampus, with RTD1 adjacent to right amygdala; LTD1 to
LTD6 in the left hippocampus with the LTD1 adjacent to the left amygdala; the rest of the
LTD, RTD electrodes extended posterioriliy through the hippocampi). Two subdural strip
electrodes were placed bilaterally over the orbitofrontal lobes (LOF1 to LOF4 in the left and
ROF1 to ROF4 in the right lobe, with LOF1, ROF1 being most mesial and LOF4, ROF4,
most lateral). Two subdural strip electrodes were placed bilaterally over the temporal lobes
(LST1 to LST4 in the left and RST1 to RST4 in the right, with LST1, RST1 being more
mesial and LST4 and RST4 being more lateral). Video/EEG monitoring was performed
using the Nicolet BMSI 4000 EEG machine. EEG signals were recorded using an average
common reference with band pass filter settings of 0.1-70 Hz. The data were sampled at 200
Hz with a 10-bit quantization and recorded on VHS tapes continuously over days via 3 time-
interleaved VCRs. Decoding of the data from the tapes and transfer to computer media (hard
disks, DVDs, CD-ROMSs) was subsequently performed off-line. The seizure resetting
analysis was performed retrospectively (off-line).
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5.2 Resetting results

For each of the 43 recorded seizures, the T-index profiles over time for each dynamical
measure per pair of recording sites were estimated, thus generating T-index matrices over
time. The 5 most synchronized sites within 10 minutes prior to each seizure onset were
selected by the optimization procedure described in Sect. 3 (critical sites per seizure). We

then tested the following two null hypotheses for each dynamical measure: (1) Ho:p;,=p,x
versus the alternative hypothesis H.:p;,>p,, and (2) Ho:p,,,, =P, Versus the alternative

RRT
hypothesis Hu:p},,, > P This is performed by comparing the observed probability of
resetting at seizures with the distribution of the values at time points in non-seizure periods,
for each of the two criteria of resetting. Then, at the 99% confidence level, we can reject the
two Hy if the p-value of the tests is less than 0.01. Having previously shown (lasemidis et al.
2004) that the optimal selection of brain sites increases the sensitivity of detection of
resetting, we test both hypotheses using only the optimally selected sites. In Figs. 5 and 6,
the probability distribution of resetting at non-seizure points using optimal groups of
electrode sites per measure for all three dynamical measures is shown for Patient 1 and 2
respectively. Figure 7 shows the overall distribution from seizures of both patients
combined. The probability of resetting at the | seizure points, using either of the two criteria,
was significantly greater than the corresponding values at | randomly selected points in
interictal periods for all three dynamical measures (see Table 2). Such an observation is
consistent with our previous findings that seizures are characterized by a progressive
spatiotemporal preictal entrainment of dynamical measures estimated at brain sites that may
last for minutes to hours, and then reset postictally. The consistent observation of resetting at
seizure points across all three dynamical measures considered herein, reflects the robustness
of this phenomenon with respect to the measures of dynamics utilized. Nevertheless, it is
noteworthy that using the measure of STLyax, We obtain the maximum sensitivity for
detection of resetting (e.g. ,,,=0.80 in Fig. 4(a) right panel). Also, it seems that using the
LR criterion versus the RRT, we obtain the maximum specificity (most statistical
significance).

Comparative performance of resetting criteria—The RRT criterion for resetting was
more significant than the LR criterion in detecting resetting of phase and STLax

synchronization at seizures overall (both patients). The mean of p;,, across the two patients
for the phase and STL,5x measures of dynamics was 0.63 and 0.80 respectively, and that of

;. overall (across both patients) for the same measures was 0.43 and 0.485 respectively (see
Table 2). No resetting criterion was found to be more significant over the other when
detecting resetting at seizures using the E measure of dynamics. Interestingly, within the
interictal periods, the probability distributions of resetting were very similar irrespective of
the measures of dynamics utilized. For the RRT criterion, the overall mean of the
distribution of .. across both patients, for the measures of phase, Energy and STLyax, Were
0.40, 0.40 and 0.39 respectively. On the other hand, for the LR criterion, the overall mean of
the distribution of 7, , across both patients, for the measures of phase, Energy and STLyax,
were 0.14, 0.15 and 0.055 respectively. Note here that, since for a binomial distribution a
probability of 0.5 maximizes its variance and produces the largest uncertainty in its mean,
the finding of an overall mean probability of less than 0.5 for resetting during the inter-ictal
periods (using either of the two resetting criteria on any of the three dynamical measures)
implies that the brain does not reset randomly during the interictal periods. More
specifically, such an observation defines the interictal period as a state where the transition
from a prolonged synchronization to a faster desynchronization is a rare phenomenon. These
results point out that resetting at a seizure can be characterized by the time constant, level
and/or level and time constant of resetting during the peri-ictal (around seizures) period.
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Further investigation into optimally combining the level and time constant criteria for
seizure resetting might reveal new insights into the mechanisms underlying the phenomenon
of seizure resetting.

Comparative performance of energy, phase and STL,5x measures of EEG
dynamics for the detection of resetting—Dynamical resetting of STL 5«
synchronization using the RRT criterion consistently resulted to higher probability of

resetting p,,, at seizures than of the other two measures (see Table 2). Also, the phase
synchronization measure outperformed the energy-based synchronization in the detection of
resetting at seizures using the RRT criterion. Using the LR criterion, no consistent difference
in the resetting performance of the three measures of synchronization at seizures was
observed (see Table 2). This result was consistent across both patients. Previous studies by
our group on seizure predictability have shown that dynamical synchronization using
STLmax Measure consistently results to longer seizure predictability times than using other
measures like Energy and phase (Sabesan et al. 2003,2007;lasemidis et al. 2003a). Since the
RRT criterion of resetting compares the duration of synchronization in the preictal period
with that of the postictal period, it appears reasonable that STLax-based resetting shows the
largest probability of occurrence at seizure points, followed by phase and then by Energy. It
was also observed that dynamical resetting in the interictal period, using either of the
resetting criteria, resulted to similar low values of probability of resetting for any of the
three dynamical measures.

6 Conclusion

We have described a method for analysis of characteristic spatiotemporal transitions in
complex dynamical systems. It involves the application of dynamical synchronization
measures in the time domain, the use of global bivalent optimization in the discrete spatial
domain and subsequent estimation of probability of dynamical resetting of synchronization
in the time domain. The results of the application of this methodology to the epileptic brain
show that the majority of analyzed epileptic seizures demonstrate a high probability of
resetting the pathology of brain dynamics, that is the pathological preictal synchronization of
normal brain sites with the epileptogenic focus. The underlying key principle is the
existence of long-term, excessive dynamical entrainment of critical brain sites prior to
seizures, and a reversal to desynchronization postictally. Resetting during interictal periods
did occurr but with significantly lower probability (p < 0.05). Furthermore, this study
showed that the observed resetting phenomenon at seizures is consistent across three
measures of brain dynamics and two criteria of resetting utilized, and therefore it appears to
be robust.

This study also demonstrates that a concrete neurophysiological function may be attributed
to epileptic seizures themselves. We showed that seizures occur after sustained dynamical
entrainment of the electrical activity of the brain. Further, we can seizures occur in order to
reset this entrainment. Indirect support for such a hypothesis can be found in the literature of
electroconvulsive therapy (ECT). The effect of the seizures induced by ECT, as well as
possible causes for the long-term anticonvulsive effect of ECT, were reviewed (Fink 2000).
According to this line of thought, a biochemical basis for the resetting of the brain may lie in
the release of brain's neuromodulators following seizures (Gwinn et al. 2002; Medvedev
2002). Thus, seizures appear to play a homeostatic role in order to restore the balance
between the synchronization and desynchronization mechanisms underlying seizure
generation (for simulation along these lines see Tsakalis et al. 2006; Tsakalis and lasemidis
2006). Interestingly, this balance is maintained during the inter-ictal periods as it is
suggested by the low resetting probability in the interictal periods. These results also suggest
that interventions, in the form of either electromagnetic stimulation or administration of low
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doses of AEDs early in the preictal period, with the goal of dynamically resetting the brain,
may alleviate the need for a seizure to occur. If this latter hypothesis proves true, it could
lead to a revolutionary approach to seizure control.
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Fig. 1.

Long-term synchronization prior to a seizure (Patient 1; seizure 15). Left Panels (vertical
lines here denote seizure onset-seizure duration was two minutes): (a) E profiles over time
of two electrode sites (LST1, LOF2) selected to be mostly synchronized 10 min prior to the
seizure. (b) ¢max profiles of two electrode sites (RST1, ROF2) selected to be mostly
synchronized 10 min prior to the seizure. (c) STLpyax profiles of two electrode sites (RTD3,
LOF2) selected to be mostly synchronized 10 min prior to the seizure (seizure's onset is
depicted by a vertical line). Right Panels: Corresponding T-index curves for the sites and
measures depicted in the left panels. Vertical lines here illustrate the period over which the
effect of the ictal period is present in the estimation of the T-index values, since 10-min
windows move every 10.24 s over the values of the measure profiles in the left panels and
the seizure lasted for 2 minutes, hence period between vertical lines is 12 minutes
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Fig. 2.

Estimation of the preictal synchronization level Ly, and postictal desynchronization level
Lgesyn Of critical sites per seizure. (a) The average difference between the measure values
(here STLpyax) Within the 10-min preictal window w;(t) is set equal to Lgyn. Similarly, the
average difference between the measure values within the 10-min postictal window after the
end of a seizure, that is wy(t* +seizure duration+ 10 min), is set equal to Lgegyn-. (b)
Magnification of (a) around the seizure
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80 60 40 20 0 +20

Estimation of the preictal synchronization time Tgyn and postictal desynchronization time
Tgesyn- The average T-index of the critical sites within the moving window w(t) is
continuously estimated moving backwards from the seizure onset. When the average T-
index > Ty, = 2.662, Tgyy is set equal to the right endpoint of w;(t). Similarly, the average T-
index within the moving window wo(t) of critical sites is continuously estimated moving
forward from the end of the seizure and when the average T-index > Ty, = 2.662, Tgesyn IS

set equal to the left endpoint of wo(t)

J Comb Optim. Author manuscript; available in PMC 2011 June 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sabesan et al.

Page 21

Fig. 4.

Schematic diagram of the depth and subdural electrode placement. This view from the
inferior aspect of the brain shows the approximate location of depth electrodes, oriented
along the anterior-posterior plane in the hippocampi (RTD—right temporal depth, LTD—
left temporal depth), and subdural electrodes located beneath the orbitofrontal and
subtemporal cortical surfaces (ROF—right orbitofrontal, LOF—Ieft orbitofrontal, RST—
right subtemporal, LST—Ieft subtemporal)

J Comb Optim. Author manuscript; available in PMC 2011 June 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sabesan et al.

Page 22

(a)

Probability

y

(b) >

Probabilif

()

Probability

. 05
n
SLR Port
Left Panel Right Panel

Fig. 5.
Probability distributions of resetting (blue) at non-seizure points versus probability of
resetting at seizure points (red) in Patient 1. Left Panels: Probability distributions of

resetting p,,, using LR on the measures of (a) STLyax-based synchronization. (b) E-based
synchronization. () ¢max-based synchronization. Right Panels: Corresponding probability
distributions of resetting p,,, using RRT on the same three measures of synchronization
depicted in the left panels. Red arrow in each sub-panel indicates the corresponding
probability of resetting at seizure points
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Fig. 6.

Probability distributions of resetting at non-seizure points versus probability of resetting at
seizure points in Patient 2. Left Panels: Probability distributions of resetting 7, , using LR on
the measures of (a) STLyax-based synchronization. (b) E-based synchronization. () ¢max-
based synchronization. Right Panels: Corresponding Probability distributions of resetting
Drer TOr the same three measures depicted in the left panels. Red arrow in each sub-panel
indicates the corresponding probability of resetting at seizure points
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Fig. 7.

Overall probability distributions of resetting at non-seizure points versus probability of
resetting at seizures across both patients. Left Panels: Probability distributions of resetting
7, using LR on the measures of (a) STLyax-based synchronization. (b) E-based
synchronization. (c) ¢max-based synchronization. Right Panels: Corresponding probability
distributions of p,,,. for the same three measures depicted in the left panels. Red arrow in
each sub-panel indicates the probability of resetting at seizure points
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