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Abstract

Recent studies involving individual neurons in the seizure focal and surrounding areas have established heterogeneous firing
patterns in single cells. However, the patterns become more homogeneous approaching the seizure offset. In this article, we show
that similar observations are possible from intracranial recording if the right quantitative or engineering techniques are used. We
have observed an increase in Hilbert transformation—based phase synchronization in the focal electrocorticoencehalogram
(ECoG) in the gamma band (30-40 Hz) towards the end of the majority of focal epileptic seizures. An amplitude correlation mea-
sure shows an enhanced principal component (and hence enhanced correlation among the channels involved) approaching the
offset of the large majority of seizures. Surprisingly, there are seizures which show the enhanced phase synchronization approach-
ing offset but no enhanced amplitude correlation during the same period and vice versa. This study shows that suitable computa-
tional tools can sometimes compensate for more expensive and technologically demanding data acquisition systems. A possible

neurophysiological explanation behind the observed phenomenon is also presented.
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Introduction

Recently single neuron studies have been undertaken in seizure
focal and neighboring areas during ictal' and interictal® periods.
It has been observed that even in areas remote from the seizure
focus (up to 4 cm away) neuronal firing patterns alter minutes
before seizure onset, are heterogeneous during seizures, and
change homogeneously at seizure offset.” It has been observed
that amplitude correlation in the focal ECoG increases toward
the end of a partial generalized seizure.* We will show that the
same is true for lower gamma frequency (30-40 Hz) phase syn-
chronization, in the epileptic focal ECoG channel pairs (we have
3 focal channel data). All 3 pairs and their average have been
considered for each of the 87 seizures in 21 patients. As the sei-
zure progresses, more and more inhibitory neurons become
active in the seizure generating network, which may be respon-
sible for greater synchronization toward the end of the seizure
rather than in the earlier onset and progression.

For the purpose of measuring phase synchronization, in this
article we have used the classical Hilbert transformation—based
method® which is computationally efficient. This indicates that
a trade-off is possible between data acquisition and quantitative
analytical algorithms to achieve the same results, at least in some

focal epilepsy, Hilbert transformation, gamma band phase

cases. Since epilepsy is the second most prevalent neurological
disorder, after stroke, and affects about 50 million of the world
population,® it is worth exploring computational studies that
have the potential to reduce the complications and expense of
monitoring single neurons.

Synchronization is a fundamental mechanism by which dif-
ferent brain regions coordinate to build up sensory awareness
of the environment’ and maintain memory processes.®’ Abnor-
mal synchronization is implicated in neurological disorders
such as epilepsy'®!" and Parkinson disease.'> Unfortunately,
there is no general agreement about synchronization in signal
processing,’® biology or even physics."® Different notions and
techniques of synchronization have been in use in neural signal
processing.'*'> The notion of synchronization can be divided
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Table 1. Patient Details.

Patient Gender Age Seizure Type H/NC Electrode® Origin # Seizures
| F 15 SP, CP NC g s Frontal 4
2 M 38 SP, CP, GTC H d Temporal 3
3 M 14 SP, CP NC gs Frontal 5
4 F 26 SP, CP, GTC H dgs Temporal 5
5 F 16 SP, CP, GTC NC gs Frontal 5
6 F 31 CP, GTC H d, gs Temporo/occipital 3
7 F 42 SP, CP, GTC H d Temporal 3
8 F 32 SP, CP NC gs Frontal 2
9 M 44 CP, GTC NC g s Temporo/occipital 5
10 M 47 SP, CP, GTC H d Temporal 5
I F 10 SP, CP, GTC NC gs Parietal 4
12 F 42 SP, CP, GTC H dgs Temporal 4
13 F 22 SP, CP, GTC H d,s Temporo/occipital 2
14 F 4] CP, GTC H and NC d s Fronto/temporal 4
15 M 31 SP, CP, GTC H and NC d, s Temporal 4
16 F 50 SP, CP, GTC H d, s Temporal 5
17 M 28 SP, CP, GTC NC S Temporal 5
18 F 25 SP, CP NC S Frontal 5
19 F 28 SP, CP, GTC NC S Frontal 4
20 M 33 SP, CP, GTC NC d, gs Temporo/parietal 5
21 M 13 SP, CP NC g s Temporal 5

Abbreviations: SP, simple parietal; CP, complex parietal; GTC, generalized tonic-clonic; H, hippocampal; NC, neocortical.
2 Electrode: grid (g), strip (s), depth (d). Seizure frequency varies between 0.1 and 6.8 per day (table | of ref**).

into two broad categories; phase synchronization or phase
coherence® and amplitude synchronization or amplitude corre-
lation.* Since phase synchronization is an important notion in
neuroscience, it would be worthy to have an efficient method
for its calculation. The most popular phase synchronization
measuring methods in neuroscience are Hilbert transformation
based’ and wavelet transformation based.'® They produce
almost identical results.'”'® Fast fourier transformation
(FFT)-based phase synchronization measures have also been
proposed.'®*° The most efficient implementation of the Hilbert
transformation—based measure takes O(nlogn) time for an
input size of n.

Amplitude correlation has been applied widely on electroen-
cephalogram (EEG)/ECoG channel pairs. The definition and
measure for amplitude correlation (cross-correlation or auto-
correlation) are fairly uniform in the literature and provide
much useful information about the evolving signals.*'* In the
current study, we have implemented a multichannel zero time
lag, amplitude cross-correlation measure* on our focal ECoG
data, and compared our phase synchronization findings. This
article includes a detailed list of seizures where phase and
amplitude synchronization measure output did or did not
match. A theoretical time complexity analysis of the phase and
amplitude coherence methods has been undertaken.

Patient and Data

We have tested our hypothesis on the publicly available ECoG
data from the Seizure Prediction Project of the Albert-Ludwig-
Universitat Freiburg, Germany.?' The ECoG data were

acquired using Neurofile NT digital video EEG system (It-
med, Usingen, Germany) with 128 channels, 256 Hz sampling
rate, and a 16-bit analog to digital converter. In all cases,
ECoGs from all the three focal sites (channels 1, 2, and 3 are
seizure focal channels for all patients, see’' for detail) have
been analyzed. See Table 1 for patient details. The patient pop-
ulation has been studied earlier”>* where further details are
noted.

ECoG data are from 21 medically intractable focal epileptic
patients.”! For each patient there are 2 to 5 hours of data, during
each hour exactly one seizure occurred lasting a few tens of
seconds to minutes (Table 1).

Phase and Amplitude Synchronization

In this article, by phase of a time domain signal, we imply the
instantaneous phase determined by Hilbert transform.> We call
this measure Hilbert phase synchronization.

Hilbert Phase Synchronization

Hilbert phase synchronization between 2 ECoG channels has
been calculated as phase synchronization between 2 chaotic
oscillators.”® Phase locking between 2 periodic oscillators is
defined as>2°

|¢n,m(t)| <c, (I)n,m(t) = n(bl(t) - m¢2(t)7 (1)

where c is a constant, ¢, ¢, are phases of the ECoG from the
first and the second channel, respectively. Equation (1)
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describes n : m phase locking between 2 signals. In the current
work, we consider n =m =1 case. Let s(¢) be any time
domain signal. We define

V(0) = s(0) + - 5(t) = A(2) - exp(i - 6(7)) (2)

where §(¢) is the Hilbert transform of the signal §(¢), j = v/—1,
A(t) is the envelope (instantaneous amplitude) of \(¢) and
& () is the (instantaneous) phase of \(¢). We define ¢(¢) and
A(t)to be the instantaneous phase and envelope of s(t),

respectively.
LT
)=~
s |

—00

§(t)
:dt (3)

In equation (3) only the Cauchy principle value is consid-
ered. For A(¢) and ¢(¢) to have a clear physical meaning,
the signal s(r) must be a narrow band.?” In our study, we
consider the lower gamma band (30-40 Hz) for the phase
synchronization analysis, which is a sufficiently narrow
band. Here the ratio of center-frequency-to-band width is
35/10 = 3.5, which is much larger than in the case of the
normal gamma range of 30 to 80 Hz. In the latter case, it
is 55/50 = 1.1. Hence, the phase synchronization study in
the lower gamma range is more justified than a phase syn-
chronization study in the normal gamma range.” The lower
gamma range can be considered as representative of the nor-
mal gamma range from the physiological point of view**2%;
30 to 40 Hz is the range in which the amplitude of EEG
goes up during auditory stimulation and after 40 Hz it
comes down.>’ The representation in equation (2) allows
removal of the influence of amplitude from the phase
synchronization between 2 signals, thus allowing a direct
measurement of phase locking between them.

It has been shown”® that when 2 signals are in phase syn-
chrony ¢, ,(?), cycles are through a set of “preferred” values.
If there is no synchrony, then ¢, ,, will exhibit a large number
of values. The distribution of unique values of phase differ-
ences between 2 signals that are not in phase synchrony would
thus resemble a uniform distribution.

Quantifying the deviation of the phase differences with
respect to a uniform distribution would provide a measure of
phase synchronization. Shannon entropy can be used to quan-
tify such a deviation.?® Since the value of phase differences can
take on values uniquely in [0, 27|, we divide the interval into N
number of phase bins. We denote the Shannon entropy of the
phase differences across all the bins by S. Then

§=—=2_pin(p) (4)
i=1

where p; is the probability of the phase difference being in the
ith bin. By computing Sy,.x = In(N), the entropy corresponding
to a uniform distribution, we can compute a normalized
measure of phase synchronization (y)

S
Stnax .

v=1- (5)

If y = 1 signals are in perfect phase synchrony and if y = 0 the
signals are in perfect phase asynchrony.

Computation

The above method can be used to determine the phase synchro-
nization between a pair of signals for any duration of time by
using a sliding window. The signals are first band-pass filtered
in order to get a narrow band for which the instantaneous
Hilbert phase has to be determined. Consider a window of size
T seconds starting at time ¢ = fy, that is the segments of the
signal in the interval [ty, # + T]. We compute a value of y cor-
responding to ¢ =f;. Next, we shift the window to time
t =t+ 06t and compute y. This procedure is repeated until
the synchronization has been computed over the requisite time
interval of interest to obtain a time-varying synchronization
profile.

Note that the integral in equation (3) is a convolution and
therefore it can be computed in a time-efficient manner by
using FFT.

§() = IFFT(—j sgn(w)FFT(s)) (6)

where sgn() is the signum function. The phase of the signal is
then extracted using equation (2) for all points in the interval
[0, to + T]. Then the interval [0, 27] is divided into N bins and
the distribution of the phase differences is computed. Upon
computing the entropy of this distribution using equation (4),
v can be evaluated by equation (5).

After computing v, we test the null hypothesis of no
synchronization, that is the synchronization we observe is not
significant or Hy : v = 0. The decision rule we use to test this
hypothesis is: Reject Hy if y > y,. For a given P value, vy, is
chosen as the 100(1 — P) percentile of the distribution of
vy values obtained by evaluating the phase synchronization
between a large number of pairs (100 in our case) of
independent shifted time surrogate signals. It has been shown
that this method of obtaining vy, is equivalent to using white
noise signals instead of shifted time surrogates.'®

It should be noted that it is possible to use the wavelet trans-
form to extract phase and amplitude information from the sig-
nals.'® However, it has been shown that the results obtained by
using wavelet transform are virtually indistinguishable from
those obtained by the Hilbert transform.'”'® Also the time com-
plexity of the wavelet analysis is higher than the Hilbert method.

Multichannel Amplitude Correlation

If there are r channels, then » X r cross-correlation matrix has to
be formed. The matrix is calculated for cross-correlation over a
window with m time points. Then r eigen values of the matrix
are calculated and sorted in descending order, and the window
is slided and the process is repeated. Then the temporal plot of
the highest eigen value is generated by the highest eigen values
at all time points. Similarly, the plots for the second highest,
third highest, . . ., lowest eigen value plots are generated. If the
highest eigen value plot is increasing with respect to time, the
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overall amplitude correlation is growing up. If it is decreasing,
the overall correlation is also decreasing. For detail see ref.*

Computational Complexity

Time complexity of Hilbert transform by equation (6) is
O(nlog n), where n is the number of time points in the discrete
signal. For study of phase synchronization between a pair of
signals, two Hilbert transforms, one for each signal, are
required. If an m time point long sliding window (m <n) is
shifted one time point at a time (the so-called continuous shift-
ing), it is possible to compute the phase difference distribution
in each window in O(1) time for all windows except the first.
Thus, the time complexity in computing all the requisite phase
difference distributions is O(n — m + mlog N) = O(n), where
O(mlog N) is the complexity in obtaining the phase difference
distribution in the first sliding window, N is the number of bins.
Computation of vy itself is a single operation and each evalua-
tion is O(1), with (n — m) evaluations. Thus, the complexity
of the algorithm O(nlogn).

In the multichannel amplitude correlation method, the time
complexity for measuring the correlation coefficient between
two signals in a window of length m time points is O(m). Pair-
wise correlation coefficient measure for » channels will take

O(“rz;nm) = O(r*m) time. The eigen value computation

requires O(r*) time. Even if the most efficient, the quick sort,
is applied, it will take on an average O(rlogr) time. So the total
time taken will be O(r?m + r* + rlogr). The time taken for con-
tinuously sliding window of length m across n(>> m) time
points is O((n — m)(r*m + r* + rlogr)) ~ O(nmr?).

Results
Data Conditioning

The data are band-pass filtered for gamma band (30-40 Hz)
using an equiripple band-pass FIR filter with the following spe-
cification: first pass band at 30 Hz; second pass band at 40 Hz;
a transition bandwidth of 1 Hz which determines both the stop
bands at 29 Hz and 41 Hz; pass band attenuation of 0.1 dB; stop
band attenuation of 40 dB.

To remove the time domain delay due to the filtering oper-
ation, each filter is applied twice. First, a filter is applied to the
data in the forward temporal direction and then applied to this
filtered data in the reverse temporal direction, thus the delay
introduced due to filtering is negated irrespective of whether
the delay is linear with frequency as in FIR band-pass filter
or nonlinear as in the case with IIR filter. This technique of
removing the delay is possible since the data are being pro-
cessed off-line. These conditioned data are used in the analysis
of all the methods described.

Hilbert Phase Synchronization

The conditioned data are used for evaluating the Hilbert phase
synchronization method. The analysis window is of 10 seconds

in duration. The analysis window is shifted by 1 sample (data
point) at a time, that is continuous sliding. The pairwise
response for all the 3, focal channels, that is all 3 possible
different combinations, are evaluated. A multichannel trend
among the 3 focal channels is evaluated as the average of all
possible pairwise responses (Figure 1).

The criterion for identifying a given seizure displaying
high-phase synchronization during seizure offset is enumer-
ated here. The significance level is denoted as SL (In Figure
1 the SL is the horizontal [red] line in all the subplots). Here
SL is equal to the maximum Hilbert phase synchronization
value in 95% of the 100 pairs of shifted surrogate signals.
Maximum synchronization during the first half of the seizure
period is denoted as M1, and maximum synchronization dur-
ing second half of the seizure duration is M2. If M1 is less
than the SL then the threshold (T) is set to SL. If M1 is greater
than SL then the T is set to M1. The criteria are—M?2 should
be greater than or equal to 1.25 times the T and minimum
value of 0.1 (If M2 < 0.1, we ignore it altogether).

We generated a plot like Figure 1 for all the focal ECoG
channels, for each of the 87 seizures recorded in 21 patients.
We have applied the criterion of the previous paragraph on
each of the four subplots associated with each of the 87 sei-
zures, to determine whether or not the phase synchronization
is increasing in the second half of the seizure compared to the
first in each of the focal channel pairs and also in their ensem-
ble average (the average of the seizure that occurred in the
seventh hour of recording of patient 1 is shown in the bottom
right plot of Figure 1). Since we have made our observations
testing a publicly available ECoG database, we have furnished
our findings with patient-specific channel details in Table 2 for
future researchers to compare. In this article, we report our
findings on all the 87 seizures of 21 patients irrespective of
whether or not they support the trend that we want to observe.
Then we have summarized the detailed observations of Table
2 in Table 3 in order to find the trends. The most important
trends have been highlighted in boldface. In this subsection,
we will discuss the average pairwise phase synchronization
trends, and in the next subsection we will discuss the ampli-
tude correlation trends.

The first three rows of Table 3 list the number of seizures
that show enhanced gamma band Hilbert phase synchroniza-
tion in the second half of the seizure compared to the first
half in different focal channel pairs and also in their
average.

The last 3 rows of Table 3 list the population trend of the
“criterion” of enhancement of gamma band Hilbert phase syn-
chronization in the second half of seizure duration compared to
the first, according to the specification described in the second
paragraph of this subsection. To simplify, we have expressed
interpretation in percentage only. Since the recording is by
more than 2 channels, in order to capture the multichannel
phase synchronization trend, we have focused on the average
of pairwise Hilbert phase synchronization across all the 3 focal
channels (see the boldface entries in the fifth column of
Table 3). Out of 21 patients, 18 (86%) exhibited enhanced
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Figure I. Hilbert transform—based phase synchronization between all 3 focal channels during seizure | (recorded at 7th hour) of patient | in the
lower gamma frequency band (30-40 Hz). Level of synchronization is significant above the horizontal line (maximum synchronization value of
95% of 100 pairs of surrogate signals). The 2 vertical lines signify epileptologist-identified seizure onset and offset time.

gamma band phase synchronization in the second half of the
seizure duration in at least 1 seizure (2-5 seizures have been
recorded in each patient). Thirty-nine (52%) of seizures
satisfied this criterion out of all the 75 seizures recorded
from 18 patients who had shown the criterion at least once.
These 39 seizures are 45% of 87 seizures recorded in all of
the 21 patients. We will continue discussing trends in the
next subsection as well as in the Conclusion.

Amplitude Correlation

The same conditioned data are again used for evaluating the
amplitude correlation—based method. An analysis window of
2 seconds is used. The analysis window is shifted by 1 sample
point at a time. The results are smoothed with a moving average
filter of 1 second to enable us to clearly visualize the trend

(Figure 2). The criterion for identifying a seizure as having
high amplitude correlation during seizure offset is described.
During the first half of the seizure, the maximum value that the
highest eigen value reaches is denoted as M1 and during the
second half of the seizure the maximum value is denoted as
M2. M2 should be at least 1.1 times M1 while at most being
a value of 3 for a 3-channel case (see ref*).

The patient-specific results for amplitude correlation
are shown in the last column of the Table 2. The trends in
Table 2 have been shown in Table 3, where the amplitude
correlation trends in percentages have been presented in the
last column (the boldface entries in the last 3 rows). Nineteen
of 21 (90%) patients show enhanced amplitude correlation
(here too the signals have been band-pass filtered between
30 and 40 Hz) in the second half of the seizure, compared to
the first. Correlation among all 3 focal ECoG channels has been
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Table 2. Details of Patient-Specific Results.?

High-Phase Synch in Gamma Band Toward Seizure Offset

Amplitude Correlation: Enhanced

Total Seizures Pairwise Pairwise Pairwise Avg. Highest Eigen Value Toward
Patient Number Occurred ch | &2 ch2&3 ch3 &l pairwise Seizure Offset (also see ref*)
I 4 All 4 1,2 1,2,4 All 4 All 4
2 3 All 3 1,3 3 1,3 3
3 5 1-4 1-4 -4 1-4 All 5
4 5 All'5 2-5 2-5 2-5 2-5
5 5 None None None None 1,3,4
6 3 | 3 I I |
7 3 1,2 None None 2 2
8 2 None None None None None
9 5 1,345 5 5 4,5 l,34,5
10 5 2,4 2,4 2,45 2,45 2,4
I 4 | 2,3 2,3 2,3 1-3
12 4 All 4 All 4 2-4 All 4 All 4
13 2 None I I I |
14 4 34 4 4 4 4
15 4 2 2 2 2 2,3
16 5 1,2,5 4 1,4 2,4 1,2,4
17 5 35 5 5 5 I,5
18 5 1,2 1,2 1,2,34 1,2 1,2,5
19 4 All 4 All 4 1,3,4 1,3,4 2,34
20 5 5 5 3 5 1,3,4,5
21 5 None None None None None

? Numerical values in the columns other than the first indicate either the total number of seizures recorded in a patient or the seizure number in the sense seizure

I, seizure 2, seizure 3, etc, from a single patient.

Table 3. Summary of Results.”

A total of 87 seizures recorded from the focal ECoG of a total of 21 focal epileptic patients ~ Ch Ch Ch  Average of Amplitude

has been tested 1&2 2&3 3&1  pairwise correlation

Total number of seizures showing the criterion 45 34 36 39 51

Number of patients showing criterion at least once 17 17 17 18 19

Total number of seizures only from the patients showing the criterion at least once 73 72 72 75 80

Percentage of seizures satisfying the criterion from all the seizures only from the patients 62%  47% 50% 52% 64%
showing the criterion at least once

Percentage of seizures out of the total number of seizures from all the 21 patients whose focal ~ 52%  39% 41% 45% 59%
ECoG during seizures has been tested

Percentage of patients showing the criterion at least once out of all the 2| patients whose focal  81%  81% 81% 86% 91%

ECoG during seizures has been tested

Abbreviation: ECoG, electrocorticoencehalogram.

? Here the word criterion means the enhancement of phase or amplitude coherence during the second half of seizure compared to the first half. The most

important trends have been highlighted in boldface.

determined by Principal Component Analysis (PCA). This is
given by the highest eigen value of the cross-correlation matrix
among the focal channels. If this eigen value is increasing we
state the cross-correlation among the channels is increasing,
and if the highest eigen value is decreasing, we state the
cross-correlation is decreasing (see ref* for further details).
Fifty-one out of 80 (64%) of all seizures from the 19 patients
have shown enhanced amplitude correlation across the focal
channels during the second half of the seizure compared to
the first. This is in contrast to the 100% of the 100 seizures
of 60 patients showing the same trend as reported in ref.*

We have observed the trend only in 59% of all the 87 seizures
in 21 patients.

Table 4 lists the differences in the observed results between
phase synchronization and amplitude correlation. The second
column records the recording hour of the seizure for each
patient for which the phase synchronization method reported
a higher value during the second half of seizure duration com-
pared to the first (enhanced phase synchronization toward the
seizure offset), while the amplitude correlation method did not
show such a trend. The third column records the recording hour
of the seizure for each patient for which the amplitude
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Figure 2. Amplitude correlation study among all the 3 focal channels during seizure | (recorded at seventh hour) of patient | in the lower
gamma frequency band (30-40 Hz). The topmost graph represents the highest eigen value and the other graphs represent other eigen values
in decreasing order respectively. The 2 vertical lines signify epileptologist-identified seizure onset and offset time. It is noted that an increase
in synchronization as seen by an increase in the highest eigen value occurs during the end of the seizure offset.

correlation method reported a higher value during the second
half of seizure duration compared to the first (enhanced ampli-
tude correlation toward the seizure offset), while the phase syn-
chronization method did not show any such trend. Each
“recording hour” contains pre-ictal, ictal, and posti-ctal ECoG
(the number of the patient has been shown in the first column of
Table 4 and kept as it appeared in the Freiburg data set®')
during a particular hour as mentioned in the second or third col-
umn of Table 4.

Table 4 shows that there are 3 seizures recorded in 3 patients
which show enhanced phase synchronization toward seizure
offset but does not show enhanced amplitude correlation during
the same period. The same table also lists 15 seizures recorded
in 10 patients which show enhanced amplitude correlation
toward the seizure offset but not enhanced phase synchroniza-
tion during the same period. Patient 19 has seizures of both
types. Recent studies with single neuron recording in and
around the seizure focus have highlighted that different cells
start firing, differently some time ahead of a seizure onset. At
the onset, and during the initial progress of an epileptic seizure,

the firing patterns at the individual cell level remain quite
heterogeneous. But the patterns usually become more homo-
geneous toward the end of the seizure.' However, we could not
find any explanation why some the seizures have enhanced
phase synchronization toward the end but no enhanced ampli-
tude correlation, and some other seizures are reacting just the
other way round even at times in the same patients.

Conclusion

Different types of coherence measures are the technological
tools available for quantitative analyses of the binding problem
(see ref’). Phase synchronization and amplitude correlation
are the two most widely used coherence measurement tools.
They are different from each other.? In this article, we have
demonstrated that, in 18 patients, 3 (4%) of 75 seizures show
enhanced phase synchronization toward seizure offset, but not
enhanced amplitude correlation during the same period.
Another 15 (19%) of 80 show enhanced amplitude correlation
toward seizure offset, but not enhanced phase synchronization
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Table 4. Phase Synchronization Versus Amplitude Correlation.

Seizure Hour for
Enhanced Amplitude

Seizure Hour in Which
Gamma Band Phase

Patient Synchronization Increased Correlation in Gamma
Number Toward Seizure Offset Band Toward Seizure Offset
| - -

2 5th -

3 - 176th

4 - -

5 - 13th, 26th, 33rd
6 - -

7 — —

8 - -

9 - 26th, 38th

10 200th -

11 - 5th

12 - -

13 - -

14 - -

15 - 41st

16 - 8th

17 - 99th

18 - 14th

19 I5th 69th

20 - I3th, 55th, 82nd
21 - -

2 Seizure hour means | hour recording of pre-ictal, ictal, and post-ictal ECoGs
during the specified numbered hour.

during the same period. The question is what kind of binding
problems these 2 different coherence measures address and
what are their biological significances? In view of recent
single-neuron studies in and around the seizure focal points
during ictal and interictal periods,' it would be useful to study
phase and amplitude coherence simultaneously among such
individual neurons.

It is interesting to note that a seizure can reduce brain pH
from ~7.35 to 6.8 through lactic acid production, CO, accumu-
lation, and other mechanisms.®' This enhanced acidity, due to a
seizure, dampens excitatory neurons by reducing activities of the
Na™ and Ca™ " ions. At the same time, it may excite inhibitory
interneurons, because they have larger H"-gated current, which
is facilitated by extracellular acidity (for the detail see ref*! and
the references there in). From computational study, it is known
that phase locking in a network is maintained by interconnected
excitatory and inhibitory neurons in the network.>? We hypothe-
size—as a seizure progresses the extracellular acidity increases
leading to diminished firing of excitatory pyramidal neurons
and enhanced firing of inhibitory interneurons. This induces
greater synchronization in the seizure focal network toward the
end of seizure. Study of covariance between extracellular acidity
and synchronization across focal ECoG channels before, during,
and after seizure will be interesting future research. This may
help to understand some types of pharmacologically intractable
epilepsies and their intervention methodologies.

Single-cell study by analyzing ECoG signals is relatively
challenging, compared with local field potential study. By

studying firing rate simultaneity among individual neurons in
and around seizure focus, more homogeneous firing toward sei-
zure offset than after the onset has been observed.' In our study,
analyzing only 3 focal ECoGs (that is all we received from the
Freiburg project’') channel data, we have observed higher sig-
nal coherence toward seizure offset than after onset in the
majority of the seizures. Not surprisingly, this trend is widely
variable across the patient population and even among seizures
from the same patient. If this study can be extended to a larger
number of ECoG channels, from seizure focal area up to a cou-
ple of centimeters beyond, more interesting and insightful pat-
terns might be observed even in single individuals. One day this
may even lead to some progress in seizure prediction. Our
study underscores the fact that multiple signal processing tech-
niques should be employed to have a deeper observation than is
possible by a single technique alone.

One out of 21 patients had seizures, a fraction of which
showed one type of coherence trend but not the other, and also
another fraction showed the other coherence trend. This obser-
vation points toward an additional engineering challenge in the
endeavor to develop automatic seizure monitoring techniques.
Even in a single patient, multiple techniques might have to be
employed simultaneously, in order to augment the success of
automatic monitoring.
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