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Synchronization is a fundamental characteristic of complex systems and a basic mechanism of self-organization. A traditional, accepted
perspective on epileptiform activity holds that hypersynchrony covering large brain regions is a hallmark of generalized seizures.
However, a few recent reports have described substantial fluctuations in synchrony before and during ictal events, thus raising questions
as to the widespread synchronization notion. In this study, we used magnetoencephalographic recordings from epileptic patients with
generalized seizures and normal control subjects to address the extent of the phase synchronization (phase locking) in local (neighbor-
ing) and distant cortical areas and to explore the ongoing temporal dynamics for particular ranges of frequencies at which synchrony
occurs, during interictal and ictal activity. Synchronization patterns were found to differ somewhat depending on the epileptic syndrome,
with primary generalized absence seizures displaying more long-range synchrony in all frequency bands studied (3-55 Hz) than gener-
alized tonic motor seizures of secondary (symptomatic) generalized epilepsy or frontal lobe epilepsy. However, all seizures were charac-
terized by enhanced local synchrony compared with distant synchrony. There were fluctuations in the synchrony between specific
cortical areas that varied from seizure to seizure in the same patient, but in most of the seizures studied, regardless of semiology, there was
a constant pattern in the dynamics of synchronization, indicating that seizures proceed by a recruitment of neighboring neuronal
networks. Together, these data indicate that the concept of widespread “hypersynchronous” activity during generalized seizures may be

misleading and valid only for very specific neuronal ensembles and circumstances.
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Introduction

The correlation or synchronization of cellular activity in the brain
is considered to be important for information processing. Deter-
mination of neuronal synchronization has been performed using
several approaches, from classical cross-correlation to more
modern phase synchronization or dynamical interdependence
analyses (Schiff et al., 1996; Le Van Quyen et al., 1998; Varela et
al., 2001). Although there is evidence that cognitive functions
may be mediated by specific patterns of neuronal activity, char-
acterized by rapid changes in synchronization (Friston, 2001;
Varela et al., 2001; Lutz et al., 2002), abnormally high levels of
neuronal synchrony in extensive brain regions are commonly
accepted as the hallmark of epileptiform activity, both ictal (sei-
zures) and interictal. This view is derived from the seemingly
highly correlated patterns of activity observed in electroencepha-
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lographic (EEG) recordings during seizures, covering large por-
tions of the neocortex. However, this view is currently being chal-
lenged. Although visual interpretation of the EEG recording of a
generalized seizure suggests a highly synchronized pattern, more
careful analysis of the ictal electroencephalogram reveals that the
synchrony between periodic components of a seizure is not
nearly perfect. The study by Quiroga et al. (2002) portrays these
considerations, with examples of apparently highly synchronized
seizure activity that reveal, after a more sophisticated analysis,
that the synchrony is no higher than during normal brain activity.
Subtle phase shifts diminish the apparent “hypersynchrony” dur-
ing seizure activity, subtle effects that are only revealed by a more
sophisticated analysis.

The physical concept of synchrony, entrainment with phase
locking (Hoppensteadt and Izhikevich, 1997), has to be relaxed
when applied to noisy brain recordings. For biological time se-
ries, neuroscientists use a number of tools that explore the rela-
tive information that is contained in one series with respect to
another series. In this line of work, concepts such as generalized
synchronization (Pikovsky et al., 2001) and similar conceptual-
izations such as nonlinear interdependencies (Schiff et al., 1996),
as well as mutual information, coherence, phase-locking ap-
proaches (wavelet and Hilbert transform), and linear analysis
methods (Netoff et al., 2004), are commonly used (Quiroga et al.,
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2002). These methodologies have been applied to EEG recordings
during epileptiform activity and have raised questions as to the
presumed high synchronization preceding the seizure (Mor-
mann et al., 2000; Chavez et al., 2003). In vitro studies have also
cast doubts on this concept (Netoff and Schiff, 2002). Neverthe-
less, the recording of high-amplitude waveforms during seizures
clearly indicates there must be highly synchronized activity
somewhere in the brain. Typical scalp EEG recordings represent
field potentials that include cellular spiking activity as well as
synaptic potentials, and thus we can postulate that at least local-
ized synchrony may be higher during seizures.

We wanted to undertake an in-depth analysis of interictal and
ictal phase-locking patterns, focusing on magnetoencephalo-
graphic (MEG) recordings of generalized seizures in patients with
different epileptic syndromes using the Hilbert transform ap-
proach. We observed higher local (in small neighboring cortical
areas; see Results) synchrony in the recordings from the patients
during the seizures; however, distant synchrony did not show a
similar increase during most of the seizures and sometimes was
even lower than during interictal states. Different frequency
bands showed specific phase-locking patterns. It was also ob-
served that, in the same patient, for specific channels, seizures can
have a different time—frequency structure. These observations
indicate that the concept of hypersynchronous activity during
seizures may not be as accurate as previously thought.

Materials and Methods

MEG recordings and selection of subjects. Four patients were identified for
study on the basis of a high likelihood for seizure occurrence during the
MEG recording. All gave informed consent to have the MEG recording
performed. Patient 1 is an 18-year-old woman with primary generalized
epilepsy and absence seizures who is taking a low dose of valproate anti-
epileptic medication monotherapy, and whose electroencephalograms in
previous years had documented a very active generalized 3—4 Hz spike
and wave abnormality, sensitive to hyperventilation. The other three
patients suffered from intractable epilepsy, and previous video-EEG in-
vestigations had documented the occurrence of multiple daily general-
ized tonic motor seizures (primarily during sleep in patients 2 and 3;
diurnal and nocturnal in patient 4). Patient 2 is a 42-year-old woman
with two areas of focal cortical dysplasia situated deep in the right frontal
lobe, visible on brain magnetic resonance imaging (MRI), and is receiv-
ing antiepileptic polypharmacy (phenytoin, lamotrigine, valproate, and
topiramate at the time of recording). Patient 3 is a 21-year-old woman
with developmental delay and secondary (symptomatic) generalized ep-
ilepsy and is taking phenytoin, lamotrigine, and clobazam. A previous
partial anterior corpus callosotomy had been performed at another in-
stitution many years before without benefit. Patient 4 is a 38-year-old
woman with a partial anterior right hemispheric hemimegencephaly-like
structural abnormality on brain MRI who is taking carbamazepine and
topiramate. Six non-epileptic individuals on no medications (three men,
three women; age range, 23—36 years) were studied as control subjects.

Subjects were tested supine inside the magnetically shielded room.
MEG and simultaneous EEG data were recorded continuously (625 Hz
sampling rate; DC, 100 Hz bandpass; third-order spatial gradient noise
cancellation) using a CTF Omega 151 channel whole-head system (CTF
Systems, Port Coquitlam, British Columbia, Canada).

Phase synchronization analysis. For each patient and control subject, 16
2 min segments of recording were analyzed. Each of these segments was
initially demeaned and bandpassed. We used a constrained least square
finite impulse response (FIRCLS) filter (Rosenblum et al., 1996) with a
bandpass of =2 Hz around a central frequency. Frequencies from 3 to 55
Hz were studied in each subject (central frequencies for the FIRCLS
filter). On these series, the Hilbert transform was applied, and successive
values of instantaneous phases were derived from the corresponding
analytic signal. These phase series were then analyzed using sliding win-
dows of 2.5 s. Other window sizes were also tested with similar results
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regarding the most conspicuous features observed and described in this
study. In each window, the analysis consisted of extracting the mean
phase coherence statistic as described by Mormann et al. (2000). Addi-
tionally, we calculated a significance measure, synchrony index (S) (Le
Van Quyen et al., 1998), as the difference between the original and the
mean surrogate value, divided by the SD of the surrogate. A significance
Svalue of 3, representing 3 SDs, indicates a significant difference between
the real pair and the surrogate mean population for that pair at p =
0.0025. Surrogates were obtained following the same procedure and pa-
rameters used for the original series, but applying a time shift between
each pair. In this way, we ensure that the series are not phase locked in
general. The time shift was selected randomly from 1 per sampling fre-
quency (625 Hz) to the highest possible allowed by our data. A total of
200 surrogates were obtained for each pair of channels. For each subject,
an S value was obtained for each possible pair and each window. The
number of channels in each MEG recording was ~146, not necessarily
fixed because in some traces certain channels were discarded because of
the presence of artifacts.

We considered “local” synchrony measurements to be the average of S
values between channels separated by <4 cm and “distant” phase locking
to be the average of S values separated by >4 cm. Neighbor gradiometers
(magnetic field sensors) are separated by a distance ranging from 3 to 4
cm. When defining 4 cm for local synchrony, we make sure that at least
one neighbor is included in the analysis for each channel.

Results

Description of patient data

Patient 1 had one generalized absence seizure, brought on by
hyperventilation. There was no associated movement artifact. A
second attempt to activate a seizure with hyperventilation in a
later recording epoch was unsuccessful (and unaccompanied by
any measurable change in synchronization). Patient 2 had two
generalized tonic seizures recorded, both arising spontaneously.
Review of the accompanying on-line video and the combined
EEG and MEG recordings showed essentially no associated cra-
nial movement artifact with the clinical events. Patient 3 had 12
generalized tonic seizures recorded, all arising spontaneously.
Review of the combined EEG and MEG recordings did show
some high-amplitude, low-frequency cranial movement artifact
during the clinical events. Figure 1 shows examples of the appar-
ently synchronous ictal onset patterns recorded simultaneously
by scalp electroencephalogram and magnetoencephalogram in
patients 1-3. Patient 4 had no seizures during the MEG record-
ing, and so in this case, only interictal background activity was
available for analysis.

Local and distant synchrony
The first question we addressed was related to the extent of syn-
chronization during ictal and interictal activity and whether this
was dependent on the time scale (frequency band). Phase-locking
values were determined at several frequency bands, from 3 to 55
Hz (details for the windows used are described in Materials and
Methods). Figure 2 shows, for three patients and one control
subject, the local phase locking across all frequencies, defined as
the average of S values in every pair of channels that are separated
by <4 cm, and the distant phase locking across all frequencies,
defined as the average of S values separated by >4 cm (as detailed
in Materials and Methods).

The graphs in Figure 2 represent phase locking during epochs
(2 min each) in which the patients had a seizure. The enhanced
local synchronization is clear in all of the patients during the ictal
events, in almost all frequency bands (left column). Distant
(Global graphs) phase locking is most evident in the case of the
primary generalized absence seizure, at all frequency bands, and
not just the 3—4 Hz peak frequency of the ictal spike and wave
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Figure1. Ictal EEG (left) and MEG (right) onsetsin patient 1 (top row), patient 2 (middle row), and patient 3 (bottom row). Left,
The electroencephalogram shows widespread, apparently synchronous, generalized 3—4 Hz spike and wave (patient 1) or spike
and wave followed by 2030 Hz rhythmic (3 ictal activity (patients 2 and 3). The top two EEG channels are the left frontal
electrodes Fp1.and F3, and the hottom two EEG channels are the right frontal electrodes Fp2 and F4 in each patient. Pz was used
as the common reference electrode. The cutoff frequency was 1 Hz for the high-pass filter and 100 Hz for the low-pass filter. Right,
The top two MEG channels are the left and right anterior temporal regions, respectively, and the bottom two MEG channels are the
left and right anterior frontal regions, respectively. The MEG trace shown in patient 3 was high-passed with a cutoff frequency of
6 Hz to partially eliminate the movement artifact that occurs 1 s after the onset of the seizure. This filter was applied only for
visualization purposes and was not used in the numerical analyses of the study.
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Figure 2. Distant versus local phase synchrony. Each row, from top to bottom, corresponds to patient 1, patient 2, patient 3,
and control 1, respectively. First column (local synchrony), Mean S value among channels separated by <4 cm. The onset and
offset of each seizure are marked with thick lines. Second column (global, or distant, synchrony), Mean S value among channels
separated by >4 cm. Third column, The thick line represents the local S values for the 36 Hz central frequency, and the thin line
shows the global S for the same frequency.
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activity (Fig. 1). Seizures in patient 3 did
show some augmented distant synchrony
in lower-frequency bands (3-15 Hz), al-
though this may have been related in part
to the low-frequency movement artifact
visible during the clinical seizures in this
patient. The progression toward the sei-
zure in patient 2 merits some comments.
Note the enhanced synchronization at dif-
ferent frequency bands as time progresses
toward the seizure: just before the ictus,
the phase locking is found at high frequen-
cies (>40 Hz). Considering that the MEG
signals represent a summation of intracel-
lular currents in neurons receiving excita-
tory or inhibitory synaptic inputs, the
phase-locking trend we see in this patient
as the seizure approaches can be inter-
preted physiologically as starting with low-
frequency synaptic inputs (at the start of
the episode; bottom part of the graph),
which progressively recruit cells firing at
higher frequencies that also result in
higher frequencies of synaptic activity, so
that at seizure onset most cells are proba-
bly firing at high frequencies. Thus, the ob-
servation of this “walk” of phase locking in
the case of a secondarily generalized sei-
zure could be the manifestation of the un-
derlying cellular activities moving toward
a recruitment of high-frequency firing
cells. Perhaps related to this, it has been
shown that frontal lobe onset seizures,
when recorded intracranially, tend to start
with high-frequency EEG activity (Fisher
etal., 1992).

The plots of the time course of the S
values (Fig. 2, right column) are useful to
appreciate in detail the variations in local
and global synchrony. Again we see here
that only in the case of the absence seizure
did both local and global indices have a
similar increase during the ictus. For 36
Hz, the relative jump in synchronization
(relative to its baseline) during the seizure
is higher in the global synchrony, although
this is not necessarily the case for other
frequencies. In patient 3, with symptom-
atic generalized epilepsy, there is a lesser
rise in global synchrony during the seizure,
whereas in patient 2, with a frontal onset
secondarily generalized seizure, global
synchrony increases only after the event. It
can be seen that the global S value is lower
than the local S value in all cases. No con-
sistent trend in synchrony during the ap-
proach to seizure onset was detected across
the patients. The time course of S values in
control subjects displayed only small fluc-
tuations about the baseline, as depicted in
the fourth graph in Figure 2. Note also that
the baseline levels for local and global syn-
chrony are very similar in the four cases.
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To examine in more detail the phase-
locking patterns between specific cortical
areas, we analyzed the synchrony between
all channels, individually. The graphs in
Figure 3 represent S values in specific MEG
channels (called “index channels” here)
versus the rest of the channels on the scalp.
We arranged the channels in each graph by
order of proximity to the index channel. A
finer determination of the synchrony pat-
tern is achieved with this visualization. For
patient 1 (top row), the channel selected as
index was LF32; for patient 2 (middle
row), the channel selected as index was
LP12; and for patient 3 (bottom row), the
channel selected as index was LP21. Each
column shows a different frequency: four
equidistant frequencies from 4 to 38 Hz.
During the absence seizure (patient 1),
high synchrony values tended to be
present even with distant channels at
higher frequencies, but especially at the
predominant 4 Hz time scale, whereas in
the cases of tonic motor seizures, signifi-
cantly high values are apparent only for
neighboring channels. Note the cone-like
appearance of the region of high syn-
chrony during the seizure in patient 3,
which is also evident in the third and
fourth columns in patient 2, indicative of a
successive recruitment of neighboring ar-
eas into the phase-locked region, reaching
the maximum distance in the middle of
the seizure. This same mechanism appears
to operate in reverse toward the end of the
seizure, in this case with progressive desynchronization: more
distant channels start to desynchronize first, followed by a pro-
gressive desynchronization of closer channels. This trend was
seen for most of the channels. The cone-like structure (the cone is
seen in three dimensions; in the two-dimensional plots shown in
the figures this appears as a triangle) was seen in most areas, as
depicted in Figure 4. Interestingly, this cone-like structure was
not clearly evident at the lower-frequency bands in the case of the
absence seizure (patient 1), which may be a manifestation of the
presumed differences underlying seizure generation and mainte-
nance in this epileptic syndrome. The thalamocortical reverber-
ation characteristic of absences will probably cause a more uni-
form cortical recruitment because of the strong uniform thalamic
input. We address this issue in the Discussion. The higher gener-
alized synchronization observed in patient 3 at 4 Hz is attribut-
able to the low-frequency movement artifact during the seizure
(still visible in the traces shown in Fig. 1). Even under this cir-
cumstance, the well structured patterns are readily apparent at
higher frequencies in which the movement artifact has no power.
The bands of high synchrony present in patient 2 (26.6 and 38
Hz) do not correspond to any visible artifact. Similar high-
synchrony bands during interictal activity have been observed in
previous studies [Le Van Quyen et al. (2003), their Fig. 4A].

In Figure 4, we explore the topographical distribution of the
cone-like structure. Here, we select a window around one of the
most well defined seizures in patient 3. Each plot is of the same
kind as those shown in Figure 3, except for the short peri-ictal
time span. Here, for each plot, the cranial position of the index

Neighbour rank

Figure 3.
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Plot of S values for patient 1 (row 1), patient 2 (row 2), and patient 3 (row 3). A given channel is selected (index
channel), and its S value with the rest of the channels is plotted. Time runs along the y-axis from 0 to 120 s, whereas on the x-axis,
the channels are arranged from left to right according to their distance over the scalp from the given index channel. The lines at the
bottom indicate the approximate distance between the index and the channel assigned to that specific rank. The index channels
used for patients 1, 2, and 3 were LF32, LP12, and LP21, respectively. Each column corresponds to a given central frequency as
indicated at the top. The onset and offset of each seizure is marked on the left side of the central plot (third column). Every plot on
the same row shows the same time segment. The high-synchrony bands lasting ~30 s that appear ~ 1 min before the seizure in
patient 2 (row 2, third and fourth columns) were observedin this patient only on this particular day, when there were two seizures.
Recordings obtained on other days without seizures in this patient did not show these prominent synchrony bands. The respective
time courses of the raw EEG and MEG signals did not show any conspicuous difference during these bands of high synchronization.

channel is indicated on the diagrammatic head. Observe that the
possible recruitment mechanism (indicated by the cone structure
as mentioned above) seems to occur around the same area. The
poor participation of more peripheral areas, especially in the
frontal regions, could hypothetically be related to this patient’s
previous partial anterior corpus callosotomy, although this is
speculative.

Fluctuations in synchrony

The phase-locking pattern between two specific channels was
determined during the different ictal events in each patient to
explore the possibility that synchronization during seizures may
not be as fixed as commonly presumed. Although most of the
channels showed relatively constant enhanced synchrony in a
particular frequency band during seizures in the same patient,
there were some that displayed highly variable synchronization
from seizure to seizure, as depicted in Figure 5. In this figure, two
channels were chosen in the patient with symptomatic general-
ized epilepsy, one in the left temporal region and another in the
right frontal region, and five epochs (2 min each) are shown,
containing seven seizures. The S value tends to be higher in most
of the ictal episodes compared with the interictal periods, but
note that there is one seizure (Fig. 5d) in which these regions did
not synchronize; indeed they seem to show a lower synchrony
during the ictus. There was a high variability of the synchrony
pattern for each seizure, although they all belonged to the same
patient. The frequencies in which higher phase locking occurs are
in the range 6—30 Hz during the ictal events, with some excep-
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Figure 4.
position of each index channel is mapped on the diagrammatic head.

tions such as the seizure in Figure 5e, in which higher frequencies
(up to 45 Hz) show an increased significance value. To further
illustrate that desynchronization between specific cortical areas
also occurs in other syndromes, Figure 5f shows one epoch in
which the patient with absence epilepsy had two channels that
had a reduced S value during the ictal event compared with the
preictal and postictal periods. However, although not uncommon,
this marked desynchronization between particular channels during
the ictal period was not the rule in the patients studied.

Comparison of synchronization patterns between control
subjects and epileptic patients

One might conceive that during interictal periods the epileptic
brain may display a higher degree of synchronization than the

Q N B~ )

Posterior

S plots for every channel during a seizure in patient 3 at 36 Hz. Each square represents S values during the seizure shown in Figure 3 (bottom row) for each of the 146 channels. The

non-epileptic brain, both in anatomical extent and in magnitude,
and therefore be prone to ictal synchronization or hypersynchro-
nization. To address this hypothesis, we examined the resting
synchronization patterns in six non-epileptic subjects and com-
pared the data with that observed in the patients under study with
epilepsy. Determination of the average extent of phase synchro-
nization in these subjects revealed no significant differences when
compared with the interictal recordings of the four patients. This
similarity in the “basal” activity can be seen in Figure 2, especially
in the right column. The similarity in the synchronization pat-
terns between controls and patients is important because it ar-
gues against effects of the anti-epileptic medications on the syn-
chrony we measured. Although these drugs are often effective at
reducing seizures, their anti-seizure actions may not be measur-
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Figure5.  Time-frequency plots of fluctuations in ictal synchrony patterns. a—e, S values for
two selected channels (LT21, RF32) in patient 3. Each figure corresponds to a 2 min segment.
The onset and offset of each seizure are marked with thick lines. f, S values for two selected
channels (RC11, RF41) in patient 1 (absence seizure).

able by this type of analysis, and thus the drugs are not a con-
founding factor, at least in our study.

Discussion

Our observations suggest that epileptic paroxysmal discharges
recruit neighboring brain areas into a somewhat fluctuating
phase-locked state, whereas for distant regions the synchroniza-
tion does not increase with the same absolute magnitude as in
neighboring areas. Because the extent of synchronization in non-
epileptic subjects was similar to that observed in the patients
during interictal periods, we cannot conclude that neuronal net-
works of the epileptic brain show higher baseline synchronization
than the non-epileptic brain.

Estimation of phase differences based on the analytic signal
concept (Gabor, 1946) is widely used in neuroscience (Stam et al.,
2003). Although estimation of coherence is also being used ex-
tensively to assess synchrony, coherence analysis does not distin-
guish between phase and amplitude dynamics and, in general, is
not equivalent to phase synchronization (Tass et al., 1998, 2003).
Thus, caution should be exercised when comparing results de-
rived from different analysis techniques and recording methods.
We must also consider that we are assuming that our measures of
synchronization accurately represent physiological adjustments
of relationships between characteristic times or phases (or fre-
quencies) between interacting systems, despite the noisy nature
of the MEG/EEG signals.

The observation of strong local synchrony agrees with a pre-
vious study using scalp EEG recordings, which reported that the
measurement of an enhanced nearest neighbor phase synchroni-
zation during seizures was efficient in detecting seizure activity
(van Putten, 2003). Indeed, the fact that large-amplitude field
potentials are recorded during seizures is a demonstration of
local synchronization with small phase difference. However, the
physiological interpretation of synchronization as measured
from these field potential-like (EEG/MEG) recordings is not triv-
ial. In the case of the magnetoencephalogram, we are recording
the summation of local field potential activity that is presumably
producing sufficiently coherent currents in a number of cells to
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generate externally detectable magnetic fields. It should be noted
also that, in contrast to the electroencephalogram, which detects
primarily activity in the underlying cortical areas dominated by
radially oriented extracellular currents, MEG recordings will be
primarily sensitive to activity in the tangentially oriented cortex
(sulci) that will produce dipolar patterns of magnetic field activ-
ity at the scalp surface on either side of the underlying sources.
Thus, more superficial cortical sources will produce ingoing and
outgoing magnetic fields at closely spaced MEG sensors com-
pared with deeper sources that would produce more widely dis-
tributed field patterns. Local field potentials represent a summa-
tion of synaptic inputs to the area where the electrode is located as
well as spike firing. Hence, synchronization in, for example, low-
frequency bands may be indicative of a common incoming syn-
aptic drive, because most paroxysmal cell firing tends to be at
higher frequencies. Thus, it is important to consider different
time scales in neuronal synchronization (Netoff and Schiff,
2002), because there could be desynchronization in the cell firing
(atshort time scales) and synchronization at the slower time scale
of bursting activity and synaptic inputs. Still, if there are strong
synaptic inputs generating measurable, large-field potentials, this
indicates that there is another brain area(s) that is synchronized
and sending strong correlated input. These are indications of
highly synchronized activity, but the origins may not be easily
interpretable. Concepts such as functional connectivity (Aertsen
and Preissl, 1990) have been developed to address the issue of
interacting brain areas, which may provide a firmer basis on
which to interpret observations related to synchronization.

Synchronization patterns in epileptiform activity have been
studied for many years. The previous studies of Petsche et al.
(1984) on penicillin-evoked seizures in rabbit cortex revealed
that seizures begin locally and that the coherence in oscillation
frequency is inversely proportional to the area of cortical tissue
involved. More recent studies have described a decrease in syn-
chronization during the preictal period (Mormann et al., 2000,
Chavez et al., 2003), whereas others have found an enhancement
in local synchrony (van Putten 2003). However, there were dif-
ferences between the studies in the frequency bands at which
decreases in preictal synchronization were found. In our study,
we could not appreciate any reproducible trend in the changes in
preictal synchronization at any particular frequency band studied
(up to 55 Hz). Although we used similar methods to detect phase
synchrony, the other studies aforementioned were based on EEG
recordings using subdural grids or intracortical depth electrodes.
These methodologies have the disadvantage of needing a refer-
ence electrode, with consequent changes in phase synchrony that
can be attributed to the reference (Fein et al., 1988; Zaveri et al.,
2000). We have shown recently (Guevara et al., 2005) that esti-
mation of phase locking using the Hilbert (or wavelet) transform,
in the case of recordings with a common reference, can result in
spurious synchrony and in particular that the amplitudes cannot
be separated from phases, a precept of the analytic signal concept
(Gabor, 1946). In vitro studies, in which action potential record-
ings from individual neurons are performed, are better able to
explore in detail the nature of neuronal synchrony. In this regard,
a recent in vitro study demonstrated desynchronization at fast
time scales during seizure-like events and also failed to detect a
pre-seizure period in terms of changes in synchronization (Net-
off and Schiff, 2002), observations that agree with ours. Although
one should use caution in comparing in vitro with in vivo data,
these in vitro observations stress the importance of considering
synchronization across several frequency bands.

We observed differences in the dynamics of the global syn-
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chronization patterns of seizures in the patient with absence sei-
zures (patient 1) compared with the others, despite the wide-
spread and generalized visual appearance of the ictal MEG and
EEG recordings. The absence event in the patient with primary
generalized epilepsy displayed the most extended global syn-
chrony. This may conceivably relate to the accepted conceptual-
ization that absence seizures rely on a “reverberating” thalamo-
cortical loop for their generation and maintenance (Gloor and
Fariello, 1988; Crunelli and Leresche, 2002). Hence, the strong
low-frequency thalamic input will be equally “seen” by most cor-
tical areas at the same time. A lesser increase in global synchrony
was seen during seizures in the patient with symptomatic gener-
alized epilepsy, in which a thalamocortical pathophysiological
component is also presumed, albeit of a less organized and mul-
tifocal cortical distribution. For the patient with the focal (fron-
tal) epileptic syndrome, global synchrony did not increase during
the generalized seizure, notwithstanding the appearance of the
MEG and EEG recordings. It would appear that seizures that are
more strictly cortical in origin will have a more pronounced
spread through the neocortex, resulting in distinct patterns of
phase locking at several time points in different cortical areas. The
observation that phase synchrony in lower frequencies is more
distant than higher frequencies can be understood if we consider
the nature of the recordings: higher frequencies (>25 Hz) could
represent the intense spike firing during the seizure that may be
harder to synchronize between distant areas, whereas lower fre-
quencies represent bursting and synaptic input patterns that may
be widespread during ictal activity throughout large areas.

We can question whether it is reasonable to expect phase syn-
chronization in electrical brain recordings or whether this is a
spurious outcome of the analysis method. The latter seems un-
likely because phase synchronization occurs not only in periodic
oscillators but also in chaotic or stochastic ones (Rosenblum et
al., 1996). In general, synchronization is a generic property widely
found in many systems, and in the case of the brain, we propose
that the framework of periodic and aperiodic forcing (Hoppen-
stead and Izhikevich, 1997) could aid in comprehending neuro-
nal dynamics. The current developments in the theory of stochas-
tic synchronization (Pecora et al., 1997; Anishchenko et al., 2002)
promise advances in the characterization and functional under-
standing of brain synchrony patterns.

It seems reasonable to expect that neocortical tissue will never
be fully synchronized, even during paroxysmal activity represent-
ing the highly correlated firing of multitudes of neurons. There
are theoretical considerations that suggest that the neocortical
networks should not completely synchronize, and proposals have
been made to consider the cortex as composed of relatively inde-
pendent cell ensembles (Hoppensteadt and Izhikevich, 1998).
Other theoretical studies of synchronized oscillations in the pres-
ence of noise have revealed that synchrony still occurs, but for a
limited time interval (Stratonovich, 1967). Also, the proposed
“small world” models of the neocortex (Sporns and Zwi, 2004),
based on anatomical and functional observations, favor the idea
of local rather than extended global synchronization. An impor-
tant aspect to be emphasized is that of fluctuations in phase syn-
chrony, apparent not only in our studies but also during normal,
cognitive periods (Lutz et al., 2002; Gong et al., 2003). However,
the fluctuations in phase synchrony between two specific cortical
areas, from seizure to seizure in the same patient, are somewhat
surprising considering the robust correlated firing and the re-
cruitment of adjacent areas during ictal events. Within current
theoretical frameworks of brain function that propose informa-
tion processing to emerge from transient dynamic interactions in
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distributed brain areas (Bressler and Kelso, 2001; Friston, 2001;
Varela et al., 2001), seizures can be considered abnormal exten-
sions, in magnitude and in anatomy, of the normal transient
synchrony patterns.

The observation of dynamical changes in synchronization
patterns provides support for the notion of the continuous, non-
stationary nature of brain activity and the fast transitions between
coordinated activity states (Kryukov et al., 1990; Lopes da Silva et
al., 1994, 2003; Friston, 2001; Perez Velazquez et al., 2003; Perez
Velazquez and Wennberg, 2004). Indeed, study of the nonsta-
tionarities may reveal additional insights into seizure dynamics
(Dikanev et al., 2005), and some methods can be applied that are
able to handle nonstationarities, such as the search for unstable
periodic orbits (So et al., 1998). Alterations in synchrony have
been proposed to reflect relationships between neuronal activity
in possible epileptic foci and surrounding areas (Chavez et al.,
2003; Mormann et al., 2000). We propose an extension of this
idea, in that the epileptic “focus” may be defined locally for each
cortical area: any neuronal network that starts to synchronize
with the neighbors can be considered a focus, with activity rela-
tionships that will vary between adjacent regions depending on
the networks entrained and the frequencies at which they syn-
chronize. Thus, the end result will be a local synchronization and
distant desynchronization.

An interesting question from the theoretical perspective is
whether the synchronization is stable or not, because this pro-
vides insight into the generation and dissolution of seizures. Con-
sidering the brief existence of most seizures (excepting the special
cases of status epilepticus in which seizures do not stop sponta-
neously), and the difficulty at halting them even with strong ex-
ternal perturbations (Khosravani et al., 2003), we can propose
that the synchronization manifold where the activity lies is resis-
tant to perturbations (Hirsch et al., 1977; Josic, 1998; Kocarev et
al., 2000) and thus requires profound changes in parameters if it
is to be destroyed. In this regard, many parameters are dynami-
cally changing during seizures, from inhibitory transmission
(Perez Velazquez and Carlen, 1999) to the transient depletion of
neurotransmitters because of the intense neuronal firing. Future,
more refined studies should address the specific anatomical loca-
tion of the measured synchronization and the possible functional
role of synchrony fluctuations as the ictus advances, using novel
methodologies proposed recently (Tass et al., 2003).
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