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Abstract

onset zone.

seizure onset zone was analyzed.

and contribute to the spreading of epileptiform activity.

Background: Brain function is thought to rely on complex interactions of dynamic neural systems, which depend on
the integrity of structural and functional networks. Focal epilepsy is considered to result from excessive focal synchro-
nization in the network. Synchronization analysis of multichannel electrocorticography (ECoG) contributes to the
understanding of and orientation of epilepsy. The aim of this study was to explore the synchronization in multichan-
nel ECoG recordings from patients with neocortical epilepsy and characterize neural activity inside and outside the

Methods: Four patients with neocortical epilepsy, who became seizure-free for more than 1 year after surgery
guided by ECoG monitoring, were included in this study. ECoG data recorded during pre-surgical evaluation were
analyzed. Synchronizations in phase and amplitude of different frequency bands between ECoG channels was ana-
lyzed using MATLAB. We generated 100 surrogate data from the original ECoG data using Amplitude Adjusted Fourier
Transform to calculate the enhanced synchronization. The relationship between synchronization characteristics and

Results: We found synchronization clusters in the 14-30Hz and 30-80Hz bands around the onset areas during both
interictal and the beginning of ictal periods in all four patients.

Conclusions: The enhanced-synchronization clusters play a central role in epilepsy, and may activate the onset areas

Keywords: Epilepsy, Synchronization clusters, ECoG, Seizure onset areas

Background

Brain function is thought to rely on complex interactions
of dynamic neural systems, which depend on the integ-
rity of structural and functional networks [1, 2]. Epilepsy
is a network disease and epileptogenic networks are the
brain regions involved in the production and propaga-
tion of epileptic activities [3—5]. Studies on functional
and structural networks in epilepsy have revealed specific
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disruptions in the connectivity and brain networks [6, 7].
Excessive synchronization of a large number of neuronal
populations is the main cause of epilepsy [8, 9]. Electri-
cal activity recorded by electrocorticography (ECoG) can
provide continuous information on intracortical inter-
actions [10]. Phase synchronization analysis has been
demonstrated useful for inferring functional connectiv-
ity using multichannel electroencephalograph (EEG)
[11-13]. One study using functional magnetic reso-
nance imaging (MRI) showed that the phase-synchro-
nization clusters have a common neuroanatomical basis
[14]. Phase synchronization analysis showed significant
decreases/increases of the local/global efficiency in 3-,
5-a, 0-a and 8-0 bands in the cross-frequency coupling
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network, and a significant decrease in the local efficiency
in o and 6 bands of the within-frequency coupling net-
work. The frequency coupling may provide a new per-
spective to investigate alterations of brain structure
during a seizure [15]. Amplitude is another important
information in EEG. In this study, we set out to analyze
phase and amplitude synchronization of multichannel
ECoG recordings in patients with neocortical epilepsy.

Matierials and methods

Patient selection

ECoG was recorded at a sampling rate of 1600 Hz from
15 patients implanted with subdural electrodes for epi-
lepsy surgery evaluation at our epilepsy center. Four
patients with normal MRI were verified to be neocorti-
cal epilepsy by ECoG analysis, and were seizure-free for
more than 1 year after the surgery. Other patients were
excluded from the study because of the non-neocortical
type of epilepsy or that they still had seizures after the
operation. The study was approved by the ethics commit-
tee of Xuanwu Hospital, Capital Medical University and
all the patients signed informed consent.

ECoG recordings

Subdural implantation of stainless electrodes was per-
formed according to the seizure semiology and scalp EEG
recording, with a distance of 10mm between the elec-
trode centers. The onset zone and area for resection were
determined based on ECoG recording.

ECoG was recorded using a 128-channel Grass/Twins
monitoring system (Grass Technologies, West War-
wick, USA) at the sampling rate of 1600 Hz, with a low-
frequency cutoff of 0.1Hz and a high-frequency cutoff
of 500Hz. We selected 3 min of interictal ECoG activity
during wakefulness and 5-10seconds of the beginning
of ictal ECoG for analysis. ECoG data were transformed
into European Data Format and analyzed using MAT-
LAB software (MathWorks, Natick, USA).

Synchronization analysis
The steps of ECoG synchronization analysis are as follows.

1) Signals were separated into the following frequency
bands: 0-4Hz, 4-8 Hz, 8—14Hz, 14-30Hz, 30-80 Hz
and 80-160Hz, using two-way least-squares finite
impulse response band-pass filters.

2) We used the Hilbert transform to calculate the phase
and amplitude for all channels.

Let x(¢) be the ECoG signal in a certain frequency band
at time £, and let y(¢) be the Hilbert transformation of x().
The instantaneous phase was calculated as:
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@(t) = tan~! (y(t) /x(D)).

The instantaneous amplitude was calculated as:

A =\ ) + ().

3) The phase difference between different channels was
calculated as:

Agij(t) = ¢i(t) — ¢;()

4) The phase- and amplitude-synchronization indices
between different channels were calculated using the
following formulas:

phase-synchronization index:

)

1 M ag
- E bij (@)
PSI; = M‘ t=1e] j

and amplitude-synchronization index:

<Ai() > + < A4;(®) >

APSI; = 5

Then the two indices were combined into the inte-
grated synchronization index as follows:
APS], ,j*PSI ij
" .
max (APSI;;*PSI ;)
5) We composed synchronization matrices using the
integrated synchronization indices of each channel
pair:

IAPSI; =

IAPSI = (IAPSI;;)

nxn'

Hlustrations of implanted electrodes and sites of
resection are shown in Figs. 1, 2 and 3. An example of
synchronization matrices and enhanced synchroniza-
tion matrices for different frequency bands for patient 1
is shown in Figs. 4 and 5.

Criteria for enhanced synchronization

We generated 100 surrogate data from the original ECoG
data using Amplitude Adjusted Fourier Transform [16,
17], which attempts to preserve both the linear structure
and the amplitude distribution. This method consists of
the following steps:

(1) scaling the data to a Gaussian distribution (Gaussi-
anization);

(2) performing a random permutation transformation
to the generated data;

(3) inverse transformation of data in the first step (de-
Gaussianization).
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Fig. 1 lllustrations of implanted electrodes and site of resection in patient 1 (Numbers indicate channels for ECoG recording. Red numbers
represent the seizure onset area according to ECoG analysis. Dashed lines in panel ¢ show the resected area during surgery)

Fig. 2 Diagram of electrode locations in patient 1 (Red dots indicate seizure onset areas according to ECoG)
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Fig. 3 lllustrations of electrodes and resected areas of patients 2-4 (Red numbers indicate the seizure onset areas according to ECoG analysis.
Number 2-4 represent the patients 2—4. Red dots indicate seizure onset areas according to ECoG. Dashed lines show the resected areas during
surgery)

Then IAPSI matrix was calculated from each surro-
gate data. The mean and standard deviation (denoted as
SIAPSI and &) of the surrogate IAPSI matrices (sSIASPI)
were derived in all time windows to calculate the
enhanced synchronization (ES):

s _ { 1 IAPSI; > SIAPSI; + K¢
%=\ 0 IAPSI; < SIAPSI; + K§;

and K=5.
The enhanced synchronization matrices of different
frequency bands for patient 1 are shown in Fig. 5.
Symbol glossary in the above equations are as fol-
lows: i, j, a pair of channels (electrodes); t, time;
n, total number of channels; PSI, matrix of phase

synchronization for all channel pairs; M, the total
number of data points in each epoch; APSI, matrix
of amplitude synchronization for all channel pairs;
IAPSI, matrix of integrated synchronization for all
channel pairs.

Results

In patient 1, we found cluster synchronization around the
seizure onset zone in the 14-30Hz and 30-80Hz frequency
bands during interictal and ictal periods. Cluster synchro-
nization refers to the phenomenon that clusters reach
synchronization and the synchronization states are neces-
sarily different from other areas [18, 19]. During the inter-
ictal period, synchronization clusters were found around
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Fig. 4 Matrices of integrated synchronization index during the interictal and ictal periods for patient 1 (Channels 8, 17, 49, and 66 of the ECoG were
omitted from analysis because of artifacts)

the onset zones in the 14-30Hz and 30-80Hz bands in ~ 14-30Hz, and 30-80Hz bands. We also found synchroniza-
the four patients. During the ictal period, synchronization  tion clusters in the 80—160Hz band at the onset areas dur-
clusters were found to cover the onset areas in the 8-14Hz,  ing interictal and ictal periods in two of the four patients.
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Fig. 5 Enhanced synchronization matrices during the interictal and ictal periods for patient 1
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Figure 6 shows the diagrams of enhanced syn- About 66.7-100% of the electrodes related to inter-
chronization clusters and seizure onset zones in the ictal enhanced synchronization and 60-82% of the
14-30Hz and 30-80Hz bands of the four patients. electrodes related to ictal enhanced synchronization
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Fig. 6 Diagrams showing electrodes with enhanced synchronization (a Interictal stage, b Ictal stage; number 1-4 represent the patients 1-4. Blue
circles indicate electrodes over the onset areas; solid red and black lines indicate enhanced synchronization in the 14-30Hz and 30-80 Hz bands,
respectively. Dashed black lines delineate resected areas during surgery)

were resected. The enhanced synchronization clusters
were around the seizure onset zones and the cores
of synchronization clusters were resected during the
surgery.

Discussion

Interactions and coordinated activity between neurons and
neuronal populations are the foundations of brain func-
tion [20]. In this study, we calculated phase and amplitude

synchronization and found synchronized clusters (14—
30Hz and 30-80Hz) in both interictal and ictal ECoG in
four patients with focal neocortical epilepsy. This result
was partly in accordance with another study which showed
different connectivity patterns, mainly in the gamma band,
between epileptogenic zones and other cortical areas [21].

Focal epilepsy was thought to be a result of exces-
sive focal synchronization [21] followed by the spread
of excitation to other areas. In patient 3, the enhanced
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synchronized network was found to be located not only
under electrodes adjacent to the onset zone but also
under distant electrodes. The two synchronized areas
were connected during the ictal period. When 66.7-
100% of the electrodes related to the interictal enhanced
synchronization and 60—82% of the electrodes related to
the ictal enhanced synchronization were resected, the
patients were seizure free after the surgery. However, as
shown in Fig. 6, the electrodes related to enhanced syn-
chronization were near the resected area.

The synchronization analysis of these four patients
reflected the networks during the interictal and ictal peri-
ods [22]. The synchronized clusters might be caused by the
increased coupling of neuronal activity [23]. We propose
that the synchronization cluster area was the core or the hub
of epilepsy network, which could activate the onset area to
induce seizures [15]. The cores are the regions that have very
high connectivity with other parts of the cortex and may be
the target for resection in epilepsy surgery [24, 25].

However, there are some limitations in our study. First,
we only studied the synchronization in 4 patients who met
the clinical and ECoG criteria. Second, the result of syn-
chronized network depends on the selection of area for
ECoG as we could not record the ECoG of the whole cor-
tex. Third, the patients who still suffered seizures after the
surgery were excluded from this study because we did not
know the exact onset zone in these patients. Future stud-
ies should be performed to analyze the synchronization
in patients who are seizure free after a second surgery and
compare the synchronization results with the results from
seizure-free patients after one surgery.

Conclusions

The neural activity in seizure onset zones was hypersyn-
chronized during not only ictal but also interictal periods.
The enhanced synchronization clusters in beta and gamma
bands are located around the seizure onset zones during
interictal and ictal periods. The results suggest that the areas
of enhanced synchronization clusters play a central role in
epilepsy and may activate the onset zone and contribute to
the spreading of epileptiform activity [26, 27]. The cores of
synchronized network are potential targets for resection.
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