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The question whether information extracted from the electroencephala§f@® of epilepsy patients can
be used for the prediction of seizures has recently attracted much attention. Several studies have reported
evidence for the existence of a preseizure state that can be detected using different measures derived from the
theory of dynamical systems. Most of these studies, however, have neglected to sufficiently investigate the
specificity of the observed effects or suffer from other methodological shortcomings. In this paper we present
an automated technique for the detection of a preseizure state from EEG recordings using two different
measures for synchronization between recording sites, namely, the mean phase coherence as a measure for
phase synchronization and the maximum linear cross correlation as a measure for lag synchronization. Based
on the observation of characteristic drops in synchronization prior to seizure onset, we used this phenomenon
for the characterization of a preseizure state and its distinction from the remaining seizure-free interval. After
optimizing our technique on a group of 10 patients with temporal lobe epilepsy we obtained a successful
detection of a preseizure state prior to 12 out of 14 analyzed seizures for both measures at a very high
specificity as tested on recordings from the seizure-free interval. After checking for in-sample overtraining via
cross validation, we applied a surrogate test to validate the observed predictability. Based on our results, we
discuss the differences of the two synchronization measures in terms of the dynamics underlying seizure
generation in focal epilepsies.
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[. INTRODUCTION sures, namely, the difference between the largest Lyapunov

An important issue in epileptology is the question whetherexponents of two channe[49], and nonlinear interdepen-
epileptic seizures can be anticipated prior to their occurrenceélence measurg®0], as well a multivariate approach based
Much research has been done on this topic, and recent stu@in simulated neuronal cell mod¢R1], have been applied to
ies have shown that a number of characterizing measurdse EEG of epilepsy patients.
derived from the theory of dynamical systems are to some A major problem with most of the studies presented to
extent capable of extracting information from the electroendate is that they do not sufficientlpr not at al) investigate
cephalogram(EEG) that allow the definition of a preictal the specificity of the described precursors by analyzing inter-
state, i.e., the state preceding a seizizais). ictal EEGs(i.e., EEGs recorded during the selzurg-free inter-

After some early work on the predictability of seizures val) as control. Furthermore, many of these studies relaon

dating back to the 19704 ], attempts to extract seizure pre- posteriori knowledge, e.g., by selecting the besF chan_nel out
cursors from the EEG were carried out by different groupsOf a large number of channels, or bear the risk ofian

. . . . sampleovertraining of parameters used to calculate measures
using mostly linear approachg®,3] or analysis of spike oc- for the extraction of predictive information
currence[4—7]. The earliest attempts to use nonlinear time '

. ; : . In our earlier worl{22], we analyzed the degree of phase
series analysis were started in the 19H8$] using the larg- synchronization between EEG signals from different record-

est Lyapunov exponent to describe changes in brain dynamay sites and found a sensitivity to both physiological and
ics. The first studies to describe characteristic Changeﬁathological synchronization in patients with temporal lobe
shortly before an impending seizure in a larger group of pagpjlepsy. In particular, we discovered the phenomenon of a
tients[10-13 used the correlation dimension as a measurgjistinct drop in synchronization before seizures that was usu-
for neuronal complexity in the EEG or the correlation den-ally not found during the interictal state. This decrease in
sity, respectively. These studies were followed by others ussynchronization was found to occur well in advance, some-
ing measures such as dynamic similafityd—17. In arecent  times hours before a seizure, leading us to conclude that a
study, certain signal patterribursts”) and changes in sig- seizure may be seen as the mere “tip of the icebétgf] in
nal energy[18] were reported to be of predictive value. the sense of it being the climax of successive changes in
Common to all of these analyses is the fact that they emploprain dynamics that start long before the actual seizure.
univariate measures. It is only recently that bivariate meaThese findings have since then been confirmed by another
study [23] qualitatively describing preictal drops in phase
synchronization in patients with focal epilepsies of neocorti-
*Electronic address: fmormann@yahoo.de cal origin.
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In the present study, we characterize the degree of syrthe dynamics. Nevertheless, all analyses in this study were
chronization between EEG signals recorded continuouslgarried out for the latter two measures as well. Since results
from different locations within the brain and retrospectively were almost identical for all three measures, in the following
analyze changes over time using the mean phase coherenge only report on results obtained usiRgas a measure for
as a measure for phase synchronization and the maximuphase synchronization.
linear cross correlation as a measure for lag synchronization. In order to determine the mean phase coherence of two
Our specific aim is to design an automated technique for theignalss,(t) ands,(t), it is first of all necessary to deter-
detection of a preictal state and to test its performance imine their phasesp,(t) and ¢,(t). For this purpose we
terms of both sensitivity and specificity on a group of tenfollow the analytic signalapproacH 35,36 which renders an
patients with temporal lobe epilepsy. The parameters of thenambiguous definition of the so-called instantaneous phase
underlying algorithm are optimized for the entire set of pa-for an arbitrary signas(t):
tients and the apparent performance is checked for in-sample
overtraining via cross validation. A surrogate test for the en-

S(t
tire set of recordings is carried out to serve as a test for ¢(t)=arcta 0 3)
statistical validity. Finally, the results obtained using the two S(
different synchronization measures are compared and dis-
cussed. where
~ 1 +> 5(t')
Il. MATERIALS AND METHODS S(t)= = Pf — dt’ (4

A. Phase synchronization and mean phase coherence

One of the types of synchronization examined in this
study, the so-called phase synchronization, is the oldest co
cept of synchronization in physid24] and was originally
introduced for the description of two coupled harmotiiia-
ean oscillators[25]. Only recently has this concept been ex-

is the Hilbert transform of the signéP denoting the Cauchy
"Srincipal valug. Application of the convolution theorem
turns the last equation into

~ 4 )
tended to nonlinear time serif26] and applied to biological s(t)=—i-F H{F[s(t)Isignw)}, ()
time series such as the electrocardiogram and respiratory sig- ) L _

nals from healthy human27-30 as well as magnetoen- where F denotes the Fourier transform add ~ the in-

Cephak)grams and e|ectromyograms from Signa|s from Pajierse Fourier transform. From this notation it becomes evi-
kinsonian patient§31] and EEG signals from both epilepsy dent that the Hilbert transform performs a phase shift of the
patients[22] and animal models of epilep§@2]. Tradition-  original signal by /2 in the frequency domain while the
ally, phase synchronization is defined as the locking of thd?0wer spectrum remains unchanged. Note that another way

phases of two oscillating systerasand b: of defining the phase variable based on the wavelet transform
has been proposd@®7]. Recently, it has been shown, how-
Pat) — Pp(t) =const. (1)  ever, that this definition is closely related to the definition

based on the Hilbert transforf32)].
To quantify the degree of phase synchronization for two time

seriess, andsy, we use thenean phase coherendefined as o : i _
B. Lag synchronization and maximum linear cross correlation

Ny _ A further type of synchronization is thag synchroniza-
R=IN Z ell¢a1A0=4ul130) =1 —v¢ (2)  tion [38] which is characterized by a condition in which the
1=0 state variables,(t) ands,(t) of two systems are shifted by

where 1At is the sampling rate of the discrete time series® time lagr but are otherwise identical:

of lengthN and V¢ denotes theircular variance[33] of an Sa(t+7)=5(1). (6)
angular distribution obtained by transforming the differences
in phase onto the unit circle in the complex plafie. the
literature,R is sometimes also referred to as the intensity otA
the first Fourier mode of the phase distributifi34].) By
definition R is restricted to the interv4l0,1] and reaches the
value 1 if and only if the condition of phase locking is CO”(Sa,Sb)(T)=f
obeyed, whereas a uniform distribution of phagesich
would be expected, on the average, for unsynchronized time
serie$ will result in R=0. This function yields high values for such time lagsfor
Note that by definition the mean phase coherence is difwhich the signals,(t) ands,(t+ 7) have a similar course in
ferent from other statistical measures for phase synchronizaime. It is therefore well suited as a quantitative measure for
tion described in the literature such as the index based olag synchronization. In order to keep this measure indepen-
conditional probability and the index based on Shannon endent of the variance of the signag(t) ands,(t), we use a
tropy [31] but that all of them reflect the same properties ofnormalized cross correlation function

common measure for the similarity of two signag(t)
andsy(t) is thelinear cross correlation functiomefined as

+ oo

sa(t+ 7)sp(t)dt. (7)
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tact distance 4 mim EEG signals were recorded using a
128-channel amplifier system with bandpass filter settings of
0.5 — 85 Hz(12 dB/octave using a common average refer-
ence. The sampling rate was 173.61 Hz, and analog-digital-
conversion was performed at 12-bit resolution.

Data sets for each patient included one or two seizures
with a minimum of 10 min recording time before seizure
onset and at least one interictal recording of at least 15 min
length to serve as control. The total number of seizures ana-
lyzed in this study was 14. During interictal and preictal
recordings, patients were awake and at rest. All recording
epochs were free from artifacts. In two of the 14 seizure
recordings patients were asked to hyperventilate prior to sei-
zure onset to provoke the onset of the seizure. Epochs were
selected by EEG technicians prior to and independently from
the design of this study.

Since opinions differ as to how long before a seizure the
mechanisms leading to this event actually begin, any record-
L R ings within 4 h prior to seizure onset were excluded from the

interictal controls and instead regarded as preictal recordings.
FIG. 1. Schematic view of intrahippocampal depth electrodesIn order to neglect the postictal period, which is character-
ized by an altered appearance of the EEG, recordings within

cor(s, ,Sy)(7) 1 h after a seizure were discarded from the analysis. Differ-
C(s5,Sp)(7)= arh , (8) ent interictal data sets were usually recorded on different
Jeorr(s, ,s,)(0) - corr(s, ,S,) (0) days. The average length of the 35 analyzed interictal EEG

h 0 q 0 heval ¢ recordings was 25 min. The total amount of data analyzed,
where corré, ,S,)(0) andcorr(sy,sp)(0) are thevalues of . y,ding seizure recordings, was 31 h. The average interictal
the linear autocorrelation functions at=0 limiting the recording time per patient was 90 mirange 15 — 192 min

range of the cross correlation function to the inteM@ll].  rhe ayerage preictal recording time was 50 min per seizure
As an actual measure for the degree of lag synchronlzatlonange 10 — 105 min

we use thanaximum linear cross correlation

Crnax=max C(s,,Sp)(7)}, ) D. Data analysis
T The recorded data were analyzed using a moving-window

technique[39]: EEG signals were divided into segments of
4096 sampling points each, corresponding to a window
length of 23.6 s at the given sampling rate, and windows
overlapped by 20% so the distance in time between the start-
ing points of two consecutive windows was 18.9 s. This win-
dow length can be regarded as a compromise between the
required statistical accuracy for the calculation of the degree

The analyzed EEG signals were recorded from ten epioef synchronization and approximate stationarity within a
lepsy patients with medically intractable focal epilepsies ofwindow’s length[40,41].
the mesial temporal lobe undergoing invasive presurgical di- Prior to the calculation of the mean phase coherence,
agnostics at the Department of Epileptology of the Univer-three steps of data preprocessing were carried out for each
sity of Bonn, Germany. Focal epilepsies are characterized bglata window. First, the data in each window were demeaned,
the fact that seizures do not instantly affect the entire brairwhich corresponds to setting the dc Fourier coefficient (
but rather begin in a circumscribed region of the brain, called=0) to zero. Next, to avoid edge effects, each window was
the epileptic focus Since the localization of the epileptic tapered using a cosine half waydanning window before
focus could not be accomplished by means of noninvasivperforming the Fourier transform. Finally, since the calcula-
EEG recordings, intracranial electrodes were implanted fotion of the Hilbert transform in principle requires integration
the purpose of identifying the focal seizure origin as a pre-over infinite time, which cannot be performed for a window
requisite for possible epilepsy surgery. All patients achievef finite length, 10% of the calculated instantaneous phase
complete seizure freedom after surgery so the epileptic focugalues were discarded on each end of every window.
can be assumed to be contained within the resected area.  Given the symmetry of both synchronization measures,

EEG recordings were performed under video control usthe number of possible combinations of different electrode
ing stereotactically implanted elastic intrahippocampal deptltontacts(ten in each hemispheramounts to 190. Taking
electrodeqFig. 1), each equipped with ten cylindrical con- into account that the statistical significance of the time pro-
tacts of a nickel-chromium alloflength 2.5 mm; intercon- files increases with the mean values of the respective syn-

whereC,.,=1 means that the two systems exactly fulfill the
criterion of lag synchronization while unsynchronized sys-
tems will result inC,,,, values close to zero. Note th@t, .y
resembles the similarity function used|i88].

C. Patient characteristics and data acquisition
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chronization measure, which in turn decrease with increasing 2 42
distance between EEG conta¢®?], we restricted the fol- P= Sez b

lowing analysis to neighboring channel combinations,
thereby reducing the number of combinations to 18. Thus,

the mean phase cohererReand the maximum linear cross zures for which a preseizure state could be detectedf gnd

correlation C,,,,x Wwere computed for all combinations of . i . ;
. . : : is the specificity rate, defined as 1 minus the average number
neighboring contacts and for every consecutive window re-

2 . . . . of false positive detections per hour of interictal EEG for the
sulting in 18 different time profiles for every recording and _ .. . .
. . . entire group of patient¢for more than 1 false positive per
for each synchronization measure. Since the algorithm ¢

a . o
be implemented employing the fast Fourier transfoaa, it Hour, fsp was set to zero for the particular combinationrof

is possible to process even a large number of channels in re Igg 25';2[1 ti?]i)e(r:iiltgljlf(:::%r: d(i)r]: thvia?spreecdlzgtta):j rgtet'h??e%J:ﬁ'
time on a conventional computer. 9 y

of the moving-average window, keeping it thereby propor-
tional to the specificity(the ratio of true negatives to the
number of points in the smoothed projil&lote that there are

One aim of this study was to design an automated algoether ways of defining a performance, e.g., by normalizing
rithm to detect a preictal state based on a decrease in phaiee specificity to the duration of the preictal recordings avail-
synchronization described in our earlier wdrR2] and to  able for each patient, and that they always represent a certain
distinguish it from the interictal state. In order to obtain aweighting of sensitivity and specificity. For our purpose we
baseline in terms of a reference level for the interictal statehave deliberately chosen a performance measure that puts a
we calculated the mean valug; and standard deviatiom;; high emphasis on specificity.
for bothR andC,,4 (in the following both denoted b)) by It is important to point out that na posterioriknowledge
processing the synchronization profiles from all interictal re-in the sense of a “best channel selection” was used, which
cordings of a particular patient for every combination ofwould require an appropriate statistical correction for mul-
neighboring channelsandj. tiple testing. For a positive detectia least oneof the chan-

In relation to any given baseline, a local drop can benel combinations analyzed needed to have a positive PSD
characterized by two independent parameters: its depth arahd, accordingly, for a negative detectiati combinations
duration. The depth of such a drop can be measured in unitseeded to have negative PSDs. The depth parameters
of the standard deviation of the baseline epoch, whereas itgried from O to 6 interictal standard deviations while the
duration can be quantified by the time during which theduration parametest was varied from 0 to 30 windowgor-
mean value of a profile drops below a certain threshold. responding to~10 min).

For a practical implementation, we first applied a back-
ward moving-average filter of widtkd to smooth the time G. Cross validation
profiles of Xj;(t) and then declared a preictal state if the
smoothed profileé(ﬂ-(t) dropped below the interictal mean
m;; by more tharr standard deviations; :

11)

wheref. is the sensitivity, defined as the fraction of sei-

E. Detection of a preseizure state

As always with in-sample parameter optimization, there is
a risk of overtraining an algorithm in the sense that param-
eters are optimized on a given sample to yield a performance

positive  if Xidj(t)<mij_r0'ij1 for _this sample(estimated perf_ormanicahat may not be
PSD= ; . (10) achieved in an out-of-sample trietue performance To re-
negative otherwise, duce the risk of an overestimation of our method's perfor-

where PSD stands for preseizure state detection mance due to in-sample optimization, we performed a cross
P ' validation analysis. For the given sample of patients, a ten-

Note that this technique is equivalent to using a movmg-f?ld cross validation was carried out using the “leaving-one-

eoncs lve and o oot o i rglesbemothes QUL Metod 43,4, e, each o heten patets was s
9 sequently used as a test sample while the remaining nine

rofile within a window of lengthd, and comparing this area : S . .
?o a rectangular reference argea of wicdtlang a hgight of patients served as training samples, i.e., for parameter opti-
mization. The overall performance of the individual test

interictal standard d eviations. samples was then compared to the performance of the entire
Hence, we obtain two parametarandd that govern the : . . . -
roup as defined in the previous section. Similar values for

mean depth of a_drop over a cer'Fam time to be usec_j as Both performance estimates indicate that the parameters have
threshold for preictal state detection. In order to estimate

both the sensitivity and specificity of the designed aIgorithm,n.Ot been overtrained. The standard error of the sensitivity is
e : L . given by
we applied it to all preictal and all interictal recordings, re-

spectively. [f(1—f)
E= se( . SQ (12)

F. Parameter optimization

In order to determine suitable values for the two param-wheren is the number of test cas@se.,n=10 in this study.
etersr andd, we carried out an in-sample optimization for The standard error for the specificity is calculated accord-
the entire group of patients by maximizing the performanceangly, and the resulting error of the performance can be cal-
P of our method defined as culated using Gaussian error propagation.
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FIG. 2. Examples of EEG segments from neighboring channels of one patient during the interictal, preictal, and ictal state as well as
values for the mean phase cohereRcand the maximum linear cross correlatién,,, calculated from these segments.

H. Test for statistical validity described above for an interictal EEG recording and a re-

Time series such as the profilis (t) that were obtained cording conta_umng a seizur_e fr_om one patient. It is easy_to
from measured data usually contain fluctuations and therdlCte that preictal synchronization values are lower than in-
fore in principle have a nonzero probability of crossing anyter|c.tal values. A rem_arkable aspect is the S|m|Iar|ty of _the
threshold within their range of definition. This has to be keptProfiles for the two different measures for synchronization.
in mind whenever a threshold criterion is applied to real data] © duantify this similarity the linear correlation coefficiefit r
Concerning our analysis, this means that there is no guarag€Ween the two synchronization measures was calculated
tee that the observed effects are indeed due to different chal" @ll Possible channel combinations for all profiles of each
acteristics of the interictal and preictal state but instead coul@tient. Correlation coefficients were found to range from
be caused, at least in part, by these fluctuations. Given thg-32 t0 0.69 for different patients, indicating a medium de-
respective duration of the interictal and preictal recordings9€€ ©f linear correlation between the two measures.
there is a nonzero probability of finding a “preictal” drop in '€ dependence of the performance of the algorithm on
at least one of the 18 possible combinations of neighborind’€ Parametersandd in terms of both sensitivity and speci-
channels just by chance. Therefore, the null hypothesis to bECitY is illustrated by Fig. 4. Optimum performance for the
tested is that the observed performance values are merefj€an phase coherengecould be obtained, e.g., for values
caused by fluctuations in synchronization that are not relatefi=4 @ndd=~2.5 min (eight windows, and amounted t®
to the existence of a preictal state. =0.93 for the entire group. For the maximum linear cross

With this aim, we designed a surrogate of the analyzed setorrelationCp,,, parameter values of, e.g.=3.8 andd
of recordingg45]. For each patient and every recording site ~3-5 min (11 windows led to the same maximum perfor-
we replaced any preictal intervéile., any recording within 4 mance. Using these parameters for the ten patients analyzed
h before seizure onseby randomly selected interictal ones N this study, we found positive PSDs in 12 out of 14 seizure
and vice versa, applying constraints to keep the ratio of pret€cordings corresponding to eight out of ten patients. For the
ictal and interictal time constant for the entire group and todiven parameters there was not a single false positive detec-
maximize the overall amount of data contained in the surrolion during the entire 15 h of interictal recordings for either
gate set. The same process of preictal state detection afdEasure, corresponding to a specificity of 1 for the whole
optimization was then applied to this surrogate set of recorddroup of patients. Concerning the variability of optimum pa-
ings. To test the null hypothesis, the maximum performancéameters among the different patients, we found that for each

found for the original set of recordings was compared to thaPf the eight patients for whom a preseizure state could be
for the surrogate set. detected, there was a large contiguous region of parameter

combinations rendering a performance of 1, while for the
remaining patients there was no such region. These two pa-
tients were the same for both synchronization measures.
Examples of the raw data analyzed in this study are given The number of channel combinations with positive PSD
in Fig. 2. Displayed are original EEG segments recordedor the remaining patients ranged from 1 t¢riiean 3 for R
simultaneously from two neighboring recording sites of aand from 1 to 8mean 3 for C,,,4 for the different seizures.
patient during the seizure-free interval, during the period preFor all but one seizure with positive PSD, there was at least
ceding a seizure, and during the seizure itself, along with thene channel combination exhibiting positive PSD for both
corresponding values for each of the two synchronizationmeasures. Furthermore, this combination was usually the one
measureRR and C .. that exhibited the most prominent drops in synchronization
Figure 3 shows an illustration of the detection techniquefor both measures.

Ill. RESULTS
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FIG. 3. (Color onling Interictal and preictal synchronization profiles from one patient. Displayed are both the original and the smoothed
profiles of one channel combination for both the mean phase cohdrdiipper row and the maximum linear cross correlatiop, ., (lower
row) along with the mean value and standard deviatf@rizontal gray bajscalculated from the interictal recordings as well as the detection
threshold(horizontal thick black lingcalculated from these values using optimized parameters. The seizure is marked by a gray vertical bar.
Note that the preictal state has already started at the beginning of the recording containing the seizure.

The duration of the detected preictal state could not exPSD, the degree of synchronization remained above the PSD
actly be determined in most cases since the preictal state haldreshold while in the remaining cases it started decreasing
already started at the beginning of the preictal recordingsshortly after the seizure.

The anticipation time for a seizure was defined as the time Results of the cross validation yielded a corrected perfor-
interval between the first positive PSD found in any of themance ofP=0.91 for the mean phase coherence that did not
combinations of neighboring channels during the preictal pedeviate from the in-sample performance given above by
riod of 4 h before the seizure and the seizure onset andhore than the standard error B=0.11. For the maximum
ranged, as determined from the data available, from 4 min ujinear cross correlation, the corrected performance was ex-
to more than 219 mirimean 86 mih for the mean phase actly the same as the original performance.

coherence and from 7 min up to more than 218 ifmrean As a check for statistical validity of the observed effects,
102 min for the maximum linear cross correlation. Antici- the surrogate test was carried out as described above. Results
pation times exceeding the preictal recording time are due tof the parameter optimization for the surrogate set of record-
gaps in these recordings. The difference in anticipation timefgs are displayed in Fig. 5. Note that for both synchroniza-
found for the two measures did not exceed 10 min except fotion measures the maximum the performance is obtained for
two seizures where anticipation times 0, ,, were signifi-  parameters yielding either a high sensitivity or a high speci-
cantly longer than foR. ficity, but no parameter values could be found for which both

Analyses of the preictal drops revealed that in 9 out of thesensitivity and specificity rate simultaneously exceed a value
12 detected preictal states, at least for one combination thef 0.54.
preictal drop lasted until the onset of the seizure whereas in
the remaining cases the preictal synchronization level rose
above the PSD threshold befdi@though usually very close IV. DISCUSSION
to) seizure onset. During the actual seizure activity, the usual
finding was a steep increase in synchronization reaching or
even surpassing the interictal mean value. As for the postictal Results show that the period preceding a seizure can be
period, we found that in 7 out of the 12 seizures with positivecharacterized by a decrease in synchronization between dif-

A. Preseizure state detection
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FIG. 4. (Color) Optimization of parametersee text Color-coded values for sensitivity, specificity rate, and performance are displayed
in dependence on the parameté($ilter width in minuteg andr (average depth of drops in units of the interictal standard devidfboriooth
R (upper row and C,., (lower row). Parameter combinations yielding maximum performance are marked by bold frames.
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FIG. 5. (Color) Same as Fig. 4, but for the surrogate set of recordings.
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ferent EEG recording sites. This decrease in synchronizatiomeasures and stands in agreement with earlier studigs

can be detected using the automated technique introduced ih5,19) while in other studies seizure precursors were

this study. The overall performance of the method based omostly found within or near the focal arde.g.,[11,18).

the given data indicates that it works well for most patientsThis finding indicates that the process of seizure generation
although it fails in some cases. The optimization of the padin focal epilepsy may not necessarily be confined to the focal
rameters used in the detection algorithm was carried out foarea but may instead involve more distant areas of brain
the entire group of patients and can be regarded as for théssue, even in the nonfocal hemisphere.

most part free from overtraining as confirmed by cross vali- Evaluation of the postictal period shows that in the ma-

dation.(To actually prove this point, validation in an out-of- jority of cases the interictal level is retained after the seizure
sample trial would be necessary, which, however, goes beegardless of which measure was evaluated. This effect cor-
yond the scope of this studyThe results of the surrogate test responds well to the hypothesis of a seizure acting as a re-
for statistical validity indicate that our findings are indeedsetting mechanism from unstable dynamics to a more stable
caused by different characteristics of the interictal and preicene [46]. Such a resetting phenomenon, however, was not
tal periods and cannot be explained by merely random flucfound in all cases, which could be interpreted in the sense

tuations of the synchronization profiles. that the resetting attempt is not always successful, particu-
larly as there was no apparent correlation of a “futile reset-
B. Comparison of the synchronization measures ting” with an increased occurrence of subsequent seizures.

. The results of this study generally show a similar perfor-
When comparing the mean phase coherence as a measure 2= !
- ) . mance for both synchronization measures. In particular, the
for phase synchronization and the maximum linear cross cor- . . I :
. R outcome of the patients in terms of positive or negative PSD
relation as a measure for lag synchronization it should be as the same for both measures. Furthermore. anticioation
kept in mind that the latter depends on both amplitudes an . ’ ' cipa
mes were found to be in the same range, and combinations

phases of the time series while the former depends solely on., " : o
the phases, i.e., in the case of phase synchronization ampW'th positive PSD matched for both measures in the majority

tudes may be completely uncorrelated or even chaotic. _of patients. This in<_jicates that the preic?a.l changes in dyr_lam—
As for the duration of the detected state it is possible td¢S analyzed in this study can be sufficiently characterized

distinguish between the anticipation horizéthe time be- USing a linear measure. If these changes in synchronization

tween detection and seizure onsand the actual duration of had been nonlinear in nature, we would have expected a

the preictal statéfrom the beginning of a significant drop to superior performance of the mean phase coherence as a non-

seizure onsé¢twhere the difference between the two is givenlinear measure. A way to further investigate this issue would

by the above defined parametérFor both of the different be the use of bivariate surrogategs/] to discern linear as-

synchronization measures, the duration of the anticipatiopects of synchronization from nonlinear ones which, how-

times is mostly of the order of several tens of minutes. Thisever, goes beyond the scope of this study.

stands in contrast to earlier studidd—17 where mean an-

ticipation times from 2 to 11 min have been reported. The C. Future perspectives

different range of anticipation times implies that changes in _ ) ) _

dynamics tracked by synchronization measures are different FOr the four patients with more than one seizure with

from those tracked by other, mostly univariate nonlineaP0Sitive PSD, we found that although the PSD was usually
measures. It should not be omitted that in some recent studeéstricted to a few channel combinations, in three cases there

ies [18719,2]] similar anticipation times have been reported was at least one combination for which the PSD was pOSitive
as found in this study. Whether these findings reflect thdor all seizures of a particular patient. Also, it was usually
same dynamical aspects, remains to be investigated. {his combination that exhibited the most prominent drops in
should be pointed out that with the extended anticipatiorsynchronization. This finding stands in contrast to earlier
horizons found in this study, there is little information about studies[14,19 where electrode sites exhibiting predictive
when exactly the seizure will occur. We therefore avoid thefeatures were reported to change from seizure to seizure for
term “prediction” and rather speak of “anticipation” of sei- the same patient. The described stability over seizures could
zures, implying that we may know that a seizure has a certaibe used to further improve the specificity of the method by
probability to occur within a certain time frame but we do only considering channel combinations for a particular pa-
not know exactly when. An anticipation horizon of this tient that have proven to be sensitive for preictal state detec-
length could on the other hand enable patients to respond tion, and thus omitting possible false positive detections in
the threat of an impending seizure. the remaining channel combination#s expected for pa-
Concerning the location of the observed preictal drops irtients analyzed in this study, such a “best channel selection”
synchronization, it turned out that for half of the patientsyielded an even better performance but also a lower statisti-
with positive PSDdfour out of eighj, the most prominent cal validity as determined by the corresponding surrogate
preictal drops in synchronization were found in the nonfocaltest) Another way to improve the method’s performance in
hemisphere, while for the remaining patients they werdong-term evaluations could be an individual parameter ad-
found in the focal hemisphere, although not necessariljustment for each patient to obtain the best possible discrimi-
within the focus(as determined by electrographical seizurenation between interictal and preictal states. It should be
onse} itself. This effect was found for both synchronization pointed out, however, that both of these improvements would
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require a great deal of preanalysis and additional trainingvheret is the time index of the continuous time series of the
data for each patient in order to obtain the necessary informeasureX,= X(t), w is the time interval between two con-
mation. secutive analysis windowg.e., two consecutive values,),

In this context it is important to once again emphasize thaf is the duration of the baseline epoch, dni the time lag
the results described above were obtained from a retrospebetween thémoving) baseline and the time dprospective
tive study on selected data samples in the sense that, fanalysis. The standard deviation for the adaptive baseline
instance, any sleep recordings were excluded from the set ghould, of course, be determined accordingly. From our pre-
interictal data. The sensitivity and specificity obtained in thisliminary experience with long-term recordings, we would
study might therefore significantly differ from what one propose to use, for instance, a time lad-ef 24 h to adapt to
would find in a prospective study. The aim of this study wascircadian fluctuations and a baseline lengtbf a few hours.
merely to examine whether a statistically valid discrimina-
tion between preictal states and selected interictal states is in
principle possible with the method introduced. From our pre-

liminary experience with long-term recordings we would  Based on the findings of a preictal loss in synchronization
conjecture that including unselected interictal data such asetween EEG signals recorded simultaneously from different
different states of vigilance could decrease the predictiveocations in the brain, we have investigated the suitability of
performance, whereas best channel selection and patierthis phenomenon for characterization of the preseizure state.
specific parameters will on the other hand be likely to resulBy evaluating both sensitivity and specificity, by checking
in an increase in performance. The extended anticipation hdor in-sample overtraining via cross validation, and by apply-
rizons found in this study would leave enough time for in-ing a surrogate test for statistical validity, we have demon-
tervention strategies such as automated on-demand medicgrated that our method for preictal state detection in prin-
tion [48,49, electrical stimulatio}50-53, or local cooling  ciple allows us to discriminate the preictal from the interictal
[53], provided that a sufficient performance of the methodstate, thus satisfying a necessary condition for prospective
introduced can be obtained in a prospective setting. seizure anticipation. The similar performance of the two dif-
In order to adapt this method to such a prospective studferent measures for synchronization, one linear and one non-
design for continuous recordings, it is necessary to realizgnear, indicates that the changes in dynamics before seizures
that the definition of a baseline becomes a nontrivial probthat were found in this study are not necessarily caused by
lem. To avoid false detections due to trends or shifts in basenonlinear features of the dynamics.
line we would recommend the use of an adaptive baseline. A
simple realization of such an adaptive baseline could, for

V. CONCLUSION

instance, be given by defining the adaptive mearas ACKNOWLEDGMENTS
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