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Sudden phase changes are related to cortical phase transitions, which likely change in frequency and spatial
distribution as epileptogenic activity evolves. A 100 s long section of micro-ECoG data obtained before and
during a seizure was selected and analyzed. In addition, nine other short-duration epileptic events were also
examined. The data was collected at 420 Hz, imported into MATLAB, downsampled to 200 Hz, and filtered in the
1-50 Hz band. The Hilbert transform was applied to compute the analytic phase, which was then unwrapped,
and detrended to look for sudden phase changes. The phase slip rate (counts/s) and its acceleration (counts/sz)
were computed with a stepping window of 1-s duration and with a step size of 5 ms. The analysis was performed
for theta (3-7 Hz), alpha (7-12 Hz), and beta (12-30 Hz) bands. The phase slip rate on all electrodes in the theta
band decreased while it increased for the alpha and beta bands during the seizure period. Similar patterns were
observed for isolated epileptogenic events. Spatiotemporal contour plots of the phase slip rates were also con-
structed using a montage layout of 8 x 8 electrode positions. These plots exhibited dynamic and oscillatory
formation of phase cone-like structures which were higher in the theta band and lower in the alpha and beta
bands during the seizure period and epileptogenic events. These results indicate that the formation of phase
cones might be an excellent biomarker to study the evolution of a seizure and also the cortical dynamics of
isolated epileptogenic events.

etal., 2013] and in the study of the cognitive behavior of the brain [Ruiz
et al.,, 2010]. One can observe the amplitude and phase-modulated

1. Introduction

The formations of phase slips and phase cones are related to the
coordinated activity of cortical neurons. It is theorized that the electrical
activity of the cortex at any given time is very close to the state of
criticality [Beggs and Timme, 2012] and any slight external or internal
input could cause a state transition which will cause a group of neurons
to fire in a coordinated fashion [Freeman et al., 2006a]. These state
transitions produce sharp phase slips, also called phase jumps [Pikovsky
et al.,, 2001], in the analysis of the EEG data by use of the Hilbert
transforms. In coordination with similar phase slips on nearby electrodes
form spatial patterns, called phase cones, and have been used to localize
the epileptogenic sites from the seizure-free interictal EEG data [Ramon

waves in theta (3-7 Hz) and alpha (7-12 Hz) bands with carrier fre-
quencies in the beta (12-30 Hz) and low gamma (30-50 Hz) bands
[Freeman et al., 2006a, Kozma and Freeman, 2017; Ruiz et al., 2010].
We have applied these similar techniques to study the dynamics of the
phase slips and phase cones near to the seizure and epileptic activities
from the micro-ECoG (pECoG) data of a subject which is something new
and helps in better understanding of the dynamics of the seizure activity.

The data collected with implanted subdural microgrids provide a
unique way to study the cortical electrical activity in humans and ani-
mals with high spatial (~1-5 mm) resolutions [Shokoueinejad et al.,
2019; Wang et al., 2017; Kim et al., 2022]. These signals are called

Abbreviations: MAG, Magnification Factor; micro-ECoG or pECoG, micro-Electrocorticogram; PSR, Phase Slip Rate (counts/s); PSRs, Phase Slip Rates; PSA, Phase
Slip Acceleration (counts/s?). The differentiation (d/dt) of PSR is PSA.; RDM*, Relative Difference Measure.

* Some preliminary results were presented as a poster at the American Epilepsy Society Meeting, AES 2020; 4-8 Dec 2020. Abstract number: 72. Title: Phase
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micro-electrocorticograms (micro-ECoG or pECoG) and have been used
in several studies. In particular, an 8 x 8 microgrid of 3-mm interelec-
trode spacing has been used to study finger movements [Kuo et al.,
2019, 2023]. Similarly, an 8 x 8 microgrid of 1.25 mm interelectrode
spacing has been used to study the cortical phase slips during awake and
sleep states [Freeman et al., 2006a, 2006b] and also in the different
behavioral states of the brain, such as reading, telephone conversations,
looking at photographs, etc. [Panagiotides et al., 2011]. This is a unique
data set of one human subject collected at the University of Washington
with a 1.25 mm spacing microgrid [Freeman et al., 2006a, 2006b]. The
data collected with microgrids provide a better spatial resolution as
compared with subdural grid or strip electrodes to study the oscillatory
patterns of the cortical brain dynamics [Kleen et al., 2021; Seymour
et al., 2017; Wang et al., 2017]. In particular, high resolution (1-1.25
mm) microgrids are very close to the size of cortical columns (~1.0 mm)
and can pick up the local field potentials at mesoscopic scales in the
brain [Pizarro et al., 2017] which, as shown, also helps in better control
of finger movements [Kuo et al., 2019, 2023].

The description of the pECoG data set used in this study and the
procedures to compute phase slips are given below in the Methods
section. In the Results section, a detailed spatiotemporal analysis of the
phase slip rates (PSR) and phase slip accelerations (PCA) during the
seizure activity is given. Similar analyses for isolated epileptic events are
also given. A critical analysis of our methods, results, and limitations of
our study are included in the Discussion section.

2. Methods
2.1. uECoG data

We studied a 34-year-old woman with refractory focal impaired
awareness seizures who underwent standard intracranial subdural strip
electrode recordings to establish the localization of seizure onset. These
subdural strip electrodes were placed over lateral and basal-temporal
regions for preoperative evaluations prior to surgical intervention
[Panagiotides et al., 2011]. In addition, after receiving IRB approval and
with informed consent, a1 x 1 cm, 8 x 8 contact microgrid with 1.25
mm interelectrode separation was applied to the surface of the right
inferior temporal gyrus, near the location of the seizure-onset zone. The
data were collected at the regional Epilepsy Center, Harborview Medical
Center, University of Washington in Seattle. The subject underwent
surgery and was free from seizures after the surgery and returned to
normal life.

Electrographic data was recorded for eight days, with simultaneous
video [Freeman et al., 2006a, 2006b; Panagiotides et al., 2011]. During
these eight days, several epileptogenic and seizure related events were
observed. The observed seizures were motor and non-motor related
events. From these, we found eight data sets with good quality epilep-
togenic events and one long duration (~100 s) data set with seizure
activity. These were free from motion artifacts and were selected for
phase slip analysis. During the long-duration seizure, the subject did
have progressive cognitive changes that included slowed thinking,
increased anxiety, confusion, etc., but no motor-related symptoms. The
first electrographic changes at the beginning of the seizure preceded the
first clinical signs of the seizure by approximately 10 seconds.

In addition, for a comparative analysis, we used interictal data which
was at least 2 h away from any seizure and epileptogenic activity. A 97 s
long duration data was randomly selected for interictal phase slip
computations and these results were compared with the ones derived
from the seizure data.

Refer to Fig. 1 for details of the microgrid location and Fig. 2 for an
example of the pECoG data. The electrode numbers are marked in the
image coordinate system, i.e., the first pixel at the top left. This is also
similar to the row and column numbering for a matrix. This is different
from the (x, y) Cartesian coordinate system for plotting the data where
the origin is at the bottom left, x increases from left to right and y
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Fig. 1. (Left) X-ray of the skull showing the location of the microgrid with an
arrow, (right) a schematic layout of the 8 x 8 micro-electrode grid with an
interelectrode separation of 1.25 mm.

increases from bottom to top. In Fig. 2, the first electrode #1 is at the top
left and the last electrode #64 is at the bottom right. The electrode
positions in the 8 x 8 grid system are also included. As an example,
electrode #1 is at the grid position of (1, 1), #8 at the grid position of (1,
8), #57 at the grid position of (8, 1), and the electrode #64 at the grid
position of (8, 8), respectively.

2.2. Phase slip extraction

The data was collected at 420 Hz, i.e., 420 samples/s, imported into
MATLAB, down-sampled to 200 Hz, and filtered in the appropriate band.
For example, filtered in 3-7 Hz for computing PSR and PSA in the theta
band. The Hilbert transform was applied to compute the analytic phase,
which was then unwrapped, and detrended to look for sudden episodic
phase changes on multiple electrodes at the same time. Fig. 3 gives a
pictorial representation of these mathematical procedures. The top plot
is the 5-s pECoG data from one of the microelectrodes.

The Hilbert transform was applied to the pECoG data, and the phase
was extracted. It comes out as a sawtooth pattern, not shown in Fig. 3,
and it was unwrapped to give an approximately linearly increasing
phase with time as shown in the second plot from the top. It shows
episodic phase shifts marked by the sudden jumps in the unwrapped
phase. These could show up on a few or on all 64 electrodes of the
microgrid. Refer to Fig. 4 where the left plot shows the episodic phase
shifts for all 64 electrodes and the right plot gives a detailed view of
nearby four electrodes numbered as 27, 28, 29, and 30.

Now coming back to Fig. 3 again, the third plot from the top is for the
phase frequencies. These were obtained by taking the derivative of the
unwrapped phase which will be in the units of rad/sec. Dividing this by
2n gives us the phase frequency in cycles/s or Hz. There are sharp
positive and negative peaks which are called phase slips that arise due to
the coordinated activity of cortical neurons. However, the application of
the Hilbert transform to EEG data will also generate these phase slips
from random noise activity. To separate from the random noise activity,
one needs to incorporate the biological and electrophysiological infor-
mation regarding the firing of neurons [Freeman et al., 2006a; Ramon
and Holmes, 2015, 2020; Ramon et al., 2018, 2023; Ruiz et al., 2010].
These include: (1) phase slip frequency is within a given temporal band,
e.g., 7-12 Hz for the alpha band, (2) sign of the positive or negative
peaks did not change for at least two consecutive time steps, (3) the
magnitude of the two consecutive peaks was within the mean+2c of the
two peaks, and (4) episodic phase shifts of similar shape and size were
observed on the nearby eight or more electrodes surrounding the
particular electrode in the study and were within the range of conduc-
tion velocities of cortical axons, 1-10 m/s [Budd and Kisvarday, 2012;
Swadlow and Waxman, 2012]. Application of these criteria will signif-
icantly reduce the counting of phase slips due to random noise.

The phase slip rate (PSR) in counts/s was computed with a stepping
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Fig. 2. An example of the pECoG data that includes some epileptic activity. A few electrode numbers are also marked for reference.

window of 1 s and with a step size of 5 ms which is based on the sampling
rate of 200 Hz of the pECoG data. An example of the PSR and its ac-
celeration is given in the fourth and fifth plots, respectively, from the
top. The PSR tells us how fast the coordinated activity of neurons is
changing with time which is dependent on the number of neurons taking
part in the formation of episodic phase shifts. The change in the PSR is
given by its acceleration which can be obtained either by differentiating
the PSR or from the second derivative of the unwrapped phase. The
acceleration tells us how fast the PSR is changing which could be related
to the change in the rate at which the population of neurons is taking
part in the formation of stable phase slips.

The first and second order differencing of time series data is very
common in financial forecasting [Hyndman and Athanasopoulos, 2018]
and also in the field of biomedical research [Brandenburg, 2019; Lar-
a-Benitez et al., 2021]. However, its application to EEG data to analyze
self-organized criticality and the phase reset is relatively new [Thatcher
etal., 2009, 2014] and this could also be applied to study the behavior of
phase slips during epileptogenic events. The first and second order dif-
ferencing of a time series, y(t), is related to first and second order de-
rivatives (dy/dt and d?y/df®) by the digitization interval, dt. The
first-order differencing or derivative removes the linear trends in a given
time series data. The second order differencing or derivative gives the
curvature of the time series at a given point in time [Ravishankar, 1994].
If the curvature is zero, i.e., a flat horizontal line, the PSR will be
increasing (or decreasing) linearly at a constant rate. If it is not flat, then
the change in the PSR will be nonlinear.

The analysis was performed for theta (3-7 Hz), alpha (7-12 Hz), and
beta (12-30 Hz) bands. Spatiotemporal contour plots of the phase
change rate with 5 ms intervals were constructed using a montage layout
of 8 x 8 electrode positions.

2.3. Phase slips from random data

The above analysis was also performed on the randomized pECoG
data, and it was found that phase slips were zero in all the bands. This
shows that our reported results are from the biological processes that
give rise to the coordinated activity of cortical neurons which are above
the random noise.

2.4. Statistical and comparative analysis

We used the Student’s t-test and/or Kolmogorov-Smirnov test, also
called, the K-S test or KS test to compare the similarities or differences
between the means of two variables. The ANOVA analysis was per-
formed to compare the means of more than two variables. The K-S test
can be performed on two data vectors, x;, and x», using a MATLAB
function, kstest2 (x, x2). As an example, x; and xz could be the phase
slip rates in theta and alpha bands, respectively. The test is performed on
the cumulative distribution functions, F(x;) and F(x5) of the data vec-
tors, x; and Xz, respectively. The null hypothesis is that the two distri-
butions are the same. If the null hypothesis is rejected, that would mean
that the two distributions are different.
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Fig. 3. A pictorial representation of phase slip extraction. (Top) A 5-s pECoG trace from one of the microgrid electrodes; (second from the top) unwrapped phase of
the pECoG data; (third from the top) phase frequencies in Hz obtained after taking the derivative of the unwrapped phase and dividing by 2x; (fourth from the top)
phase slip rate in counts/s; (bottom) acceleration of the phase slips in counts/s>
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Fig. 4. (Left) Unwrapped phase of all 64 electrodes, (right) unwrapped phase of four adjacent electrodes numbered 27, 28, 29, and 30.

Z-score analysis was also performed to check for the differences in
the normalized values of phase slip rates. It is difficult to perform a
Student’s t-test or ANOVA analysis on Z-scores to check if two distri-
butions are the same or different because the data is already normalized
to the mean (u = 0.0) values. However, this can be achieved with the K-S

test.

We used quantitative indices to compare the spatial profiles of
baseline values with the epileptic event values. This was done with the
Relative Difference Measure (RDM*) and magnification factor (MAG)
[Meijs et al., 1989; Ramon et al., 2014; Schimpf et al., 2002]. It is a very
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common technique to quantify the differences between two spatial plots.
The RDM* is defined as:

(€Y

m ZRM ZTM
\/ E ZRM \/ Z ZTM

where index, j = 1:m, runs over all 64 microgrid electrodes, ZfM and ZIM

are the RMS values of the phase slips (or PSR) at the kth electrode for the

reference measurements (RM) and the test measurements (TM),
respectively. The magnification factor is defined as:

JE @y

C

k=1
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The RDM* is a measure of the difference in spatial profiles of two
data sets and MAG is a measure of differences in the magnitude of the
two data sets. If two data sets are the same, RDM* will be zero and MAG
will be unity. The degree of differences is quantified with higher values
of RDM* in the range of 0.0-1.0. The maximum value of RDM* is 1.0 if
the test measurements are zero. The variation in the value of MAG from
unity will quantify the differences in the magnitude of the two data sets.
Values of MAG greater than 1.0 would mean that the test measurements
(TM) are higher in magnitude as compared with the reference mea-
surements (RM). And the reverse is true if MAG is less than 1.0.

For a comparative analysis, an epileptic event could be one or few
seconds long and the baseline could be similarly one or few seconds long
data before the epileptic event. The RMS (Root Mean Square) values of
phase slips for baseline and the epileptic event for all 64 electrodes were
computed. Phase slips are both positive and negative (Fig. 3, second plot
from the top), therefore, RMS values are the best to use. These values
were then used to quantify the spatial differences over all sixty-four
electrode values between the baseline (reference measurements, RM)
and the nearby epileptic event (test measurements, TM).
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3. Results
3.1. Analysis of seizure data

3.1.1. Seizure data plots

One of the data sets had a prolonged seizure activity of about 100 s
duration. In our data set, it is marked as seizure #9. Analysis of this data
set is given in Fig. 5.

It shows (top plot in Fig. 5) one trace of approximately 100 s long
HECoG data on electrode #28. Intermittent epileptic activity is present
from the beginning to the end of the pECoG trace. The seizure onset time
is from 0.0 s. In addition, there is a prominent epileptic event around 9.5
s and a prolonged increasing amplitude pECoG seizure activity during
the period of 40-97 s. Similar epileptic activity patterns were observed
on all sixty-four electrodes of the microgrid. A distinctive pattern of
seizure activity is recognizable between the period of 57-97 s. The
evolution of seizure activity is present during the period of 40-57 s. The
bottom three plots in Fig. 5 are for phase slips in theta, alpha, and beta
bands.

The PSR in the theta band goes down during the seizure activity
(57-97 s) with a concave temporal shape during this period. In contrast,
the PSR in alpha and beta bands goes up with a convex shape during this
period. In addition, low-frequency oscillations are riding on the broad
concave or convex shapes of PSRs.

A one-way ANOVA analysis was performed on the PSR values of
electrode #28. It was found that the PSR for theta, alpha, and beta bands
are significantly (p < 0.01) different from each other. A similar analysis
was performed for other remaining electrodes and the PSR values for all
electrodes were found to be significantly (p < 0.01) different from each
other.

3.1.2. Z-score analysis of seizure data

A Z-score analysis of PSRs for electrode #28 was also performed.
These are plotted in Fig. 6. The temporal changes in the Z-scores over the
0-97 s period are given in Fig. 6(A). The cumulative distribution func-
tions of Z-scores are given in Fig. 6(B). Here F(x) is the cumulative
distribution of x where x is one of the Z-scores. As an example, x could be

Beta Band (12-30 Hz)

T|me (s)

ZOM/N\/\N\WM
0 I 1 I ]

70 80 90 100

Fig. 5. Phase slip analysis of the seizure activity. (Top) pECoG activity on electrode #28. It shows a prominent epileptic event around 9.5 s and sustained seizure
activity during the period of 40-97 s (Three bottom plots) The phase slip rates in theta, alpha, and beta bands, respectively. Notice during the 60-90 s period, the

theta band activity goes down while alpha and beta band activities go up.
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Fig. 7. Acceleration of the phase slip rate on electrode #28 in all three bands. (Top) EEG trace, (bottom three plots) acceleration in the theta, alpha, and beta bands.
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the Z-score in the theta, alpha, or beta band. An expanded view of a
small segment of F(x) is given in Fig. 6(C).

The Z-scores for each band are normalized to a value of zero mean, y
= 0.0. Most Z-scores are within the limits of y + 206, where ¢ is the
standard deviation. This covers 95.44% of all the Z-score values. How-
ever, some remaining (<4.56%) values are in the higher range (>u +
20). We performed this K-S test on the Z-score values given in Fig. 6(A)
for theta, alpha, and beta bands. A combination of theta and alpha Z-
scores, or theta and beta Z-scores, or alpha and beta Z-scores were used
for the K-S test. The null hypothesis was rejected for all three cases,
suggesting that Z-scores for electrode #28 shown in Fig. 6(A) are
different from each other (p < 0.01). A similar analysis was performed
for Z scores of PSR values for other electrodes and the outcome was
similar. This shows that statistical analysis results are the same whether
performed on the PSR values or on Z-scores of PSR values.

3.1.3. Analysis of phase slip acceleration of seizure data

The accelerations of phase slips for all three bands are given in Fig. 7.
Between zero and 40 s, the activity is mostly the low level seizure ac-
tivity and after that, during 40-97 s it is the sustained seizure activity.
During the period of 40-45 s, the acceleration in the theta band slightly
rises and then falls rapidly to zero. This pattern is also present in the
alpha and beta bands with well-defined epileptic events at 41 and 44 s.
After that, low-level acceleration activity in the theta band continues
during the 50-57 s period with overriding small oscillations. This is also
reflected in the oscillatory changes in the PSR between 100 and 140
counts/s (Fig. 5) in the theta band. After that, the PSR (Fig. 5) in the

Phase Slip Rate (PSR)
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theta band has a negative parabolic shape with superimposed oscilla-
tions. Related to this, the acceleration (Fig. 7) has varying oscillations in
the range of 0-22 counts/s. In contrast, the PSA in the beta band is less
in magnitude (0-10 counts/sz) with intermittent sharp well-defined
peaks. A similar pattern is present for the beta band (bottom plot in
Fig. 7) with the magnitude of the peaks in the range of zero to 4 counts/
s? during the period of 50-97 s.

The coordinated phase slip activity, i.e., PSR and PSA, on all 64
electrodes for the 0-97 s period is given in Fig. 8. This coordinated phase
activity on all electrodes has also been observed before during the sleep
and awake states [Freeman et al., 2006a, 2006b] which is similar to
what we are seeing in the seizure activity. A pattern to note is that during
the early seizure period (~0-50 s), the PSR is lower on all electrodes as
compared with the seizure activity during the 50-97 s period. In the
theta band, the PSR activity is high (~200 counts/s) during the 43-60 s
period, then it slowly declines during the 57-80 s period and increases
slightly during the 80-97 s period. It is slightly different in alpha and
beta bands. The alpha band activity in 60-97 s duration has a convex
shape on all electrodes which peaks around 75 s. Overall there is phase
coordination on all electrodes at a given time point. A similar pattern is
present in the beta band activity within the magnitude range of 0-60
counts/s.

In relation to the PSR, the acceleration on all electrodes is also given
in Fig. 8. An interesting feature to note is that during the initial 0-40 s
period, all three bands have high amplitude and exhibit an oscillatory
pattern in space, i.e., over 64 electrodes, and in time. During the next
period, 45-67 s, the acceleration is low in magnitude on all electrodes in

Phase Slip Acceleration (PSA)

Theta Band

Alpha Band
40

100

Beta Band

40
20

zp%a% o 100
6,
% © 0 0 / -\"\mEKS\

Fig. 8. Coordinated activity of phase slip rates (PSR) and phase slip acceleration (PSA) in theta, alpha, and beta bands on all 64 electrodes during the time period of

zero to 97 s.
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all three bands. After that, it slightly goes up and has an oscillatory
pattern during the seizure period of 67-97 s.

3.1.4. Spatial profiles of phase cones

The spatial profiles of PSR provide a unique view to observe the
formation and dissipation of phase cone structures which have been
suggested and observed before in the rabbit data [Kozma and Freeman,
2017; Myers et al., 2014], and also in human microgrid data during
awake and sleep states [Freeman et al., 2006b]. We are seeing similar
spatial patterns during the seizure period also. It will be difficult to show
these patterns over the complete 100 s duration of the seizure data.
However, in short duration of few seconds it is feasible and it is shown in
Fig. 9. This duration was chosen to see a complete waxing and waning
cycle of a phase cone formation. The x and y coordinates are marked in
the top right plot. The z-axis is the PSR values which is also color coded.
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Refer to the bottom right plot for the color scale for PSR.

The PSR values are larger in the theta band as compared with the
alpha and beta bands. In the theta band one can see the formation of a
phase cone pattern in the rear starting from 43 s which maximizes at 46
s, and then begins to subside till 48 s. After that formation of a new
pattern begins to emerge at 49 s. In the alpha band, the magnitudes are
smaller than the theta band, but, one can still see formation of a phase
cone in the frontal area which peaks around 45 s and then slowly begins
to disperse in the following frames. For the beta band, there is formation
of a phase cone in frontal area from 40 s onwards and becomes pre-
dominant in the 44 s time-frame. After that it begins to fade and disperse
in the rear area between 46 and 48 s time-frames. In the beta band, there
is formation of phase cone in the frontal area starting at 42 s which peaks
around 44 s, and then begin to diminish and shift slightly toward the left
frontal area. Also, one can see the formation of a new phase cone in the
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Fig. 9. Spatial profiles of phase slip rates during the seizure period of 42-49 s.
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48 s frame in the rear area.

3.1.5. Comparison of PSR and PSA during interictal and seizure periods

A comparative analysis of the PSR and PSA during the interictal and
seizure periods was performed. A 97 s long duration of the interictal data
was randomly selected which was free from any epileptogenic activity
[Freeman et al., 2006a, 2006b; Panagiotides et al., 2011]. This duration
is similar to the duration of the seizure #9 data. The PSR and PSA were
computed for this interictal data and then averaged over the 97 s period.
Similarly, PSR and PSA for the seizure were averaged over the 97 s
duration. This was done for each electrode. These averaged quantities
for the alpha band are given in Fig. 10. The top plot is for the averaged
PSR (counts/s) in the alpha band for the interictal and the seizure data,
and the bottom plot is for the averaged PSA (counts/sz). An interesting
thing to note is that the averaged PSR for each electrode is higher for the
interictal data as compared with the seizure data. While the reverse is
observed for the averaged PSA. The reason could be that the synchro-
nization between the nearby neurons is disrupted during the prolonged
seizure activity. More about this is explored in the discussion section.

The similarities and/or differences in values between the interictal
and seizure PSR were determined with a paired Student’s t-test and also
with the K-S test. With both methods, it was found that PSR values in the
alpha band (Fig. 10) band were significantly (p < 0.01) different.
Similarly, it was found that PSA values for the interictal and seizure were
also significantly (p < 0.01) different. This analysis was repeated for PSR
and PSA values in the theta and beta bands and the results were similar
to what was observed in the alpha band.

3.2. Analysis of an isolated epileptic event

As shown in Fig. 5, there is a well-defined epileptic event between 9
and 10 s where one can perform a detailed analysis. For this purpose for
a short duration of 5-10 s, the PSR and the acceleration (PSA) for
electrode #28 in all three bands are plotted in Fig. 11. For a comparative
analysis, we will call 8-9 s as the baseline period and 9-10 s as the
epileptic event period. Both are of the same duration of 1.0 s.

In the theta band, the PSR rises approximately in a linear fashion
from 27 to 70 counts/s during the baseline period and decreases from 70
to 58 during the epileptic event. In contrast, the PSR in the alpha and
beta bands goes down during the epileptic event. For the alpha band, the
PSR ranges from 40 to 20 counts/s during the baseline (8-9 s) and

Current Research in Neurobiology 6 (2024) 100126

between 20 and 7 counts/s during the epileptic event (9-10 s). The PSR
in the alpha band has a linear decline from 8.3 to 9.5 s and then begins to
rise gradually. The beta band PSR, in contrast, declines during the
baseline period and then afterward remains flat, close to the zero value,
during the epileptic event period of 9-10 s. So for this particular elec-
trode #28, the changes in PSR for the theta band are substantial while
the changes in the alpha and beta bands were relatively small.

The acceleration goes down in all three bands during this epileptic
event period. The acceleration in the theta band during the epileptic
event period (9-10 s) is about 10 counts/s> while in alpha and beta
bands is about 1-3 counts/s? which is very low as compared with the
theta band activity.

The spatial profiles of phase slip rates before and during (8-9.75 s)
the epileptic event are given in Fig. 12. The profiles are plotted on a
montage layout of an 8 x 8 electrode grid. The x and y coordinates are
shown in the top plot of the beta band. The first electrode will be at the
front left corner (x = 1, y = 1) and electrode #64 will be at coordinates
(x =8, y = 8) at the right back corner of the plot. The electrode numbers
increase from left to right on the x-axis and front to back on the y-axis.
This is different from the image coordinate system used in Fig. 2 to show
the pECoG data on all sixty-four electrodes in the 8 x 8 grid.

There are spatial formations of phase cone structures in all three
bands which change with time. The magnitude scale is the same for all
these plots. In the theta band, there is an increase in the magnitude of
phase cones as one moves from 8 s toward 9.25 s time frames and then it
begins to decrease after that. Looking at the plot at 9.25 s for the theta
band, one can see a distinct peak at the back on the fourth electrode, i.e.,
electrode position (4, 8). A negative peak is toward the right front area in
the 8.5 s frame which is overshadowed by other peaks in the later time
frames. The behavior of spatial profiles in the alpha band is significantly
different from the theta band. There are distinct formations of two
different phase cones in the 8 s frame (top plot, alpha band) which
slowly diminishes till the 9 s frame. During 9-9.75 s the phase cones
have disappeared and there is some newer activity at the right back edge
of the frames. Similar spatial patterns are visible for the beta band ac-
tivity. This behavior of spatial phase cones in the alpha and beta bands
has been suggested previously [Freeman et al., 2006a, 2006b]. It was
suggested that, in general, the spatial structure of phase cones will be
well-defined and stronger before an event and will slowly disintegrate
near and during an event. An event could be a cognitive event or an
epileptic event that, in theory, could disrupt the coordinated phase
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Fig. 11. Coordinated activity of phase slip rate and the phase slip acceleration in theta, alpha, and beta bands for an isolated epileptic event during 9-10 s.

activity of cortical neurons.

A statistical analysis of the differences in spatial profiles during the
baseline and epileptic event was performed using the Relative Difference
Measure (RDM*) and MAG, defined by equations (1) and (2). For this
epileptic event, the RDM* values for PSR in theta, alpha, and beta bands
are: 0.1079, 0.5392, and 0.8162, respectively which are higher than
zero and significantly different from each other. These values suggest
that in the theta band, the RMS values of PSR during an epileptic event
are about 11% (with round-off) higher as compared with the baseline.
Similarly, these changes are about 54% and 82% respectively for the
alpha and beta bands. The MAG values in the theta, alpha, and beta
bands are: 1.0707, 0.5654, and 0.138, respectively. The differences
between these MAG values are also significant. In summary, these values
of RDM* and MAG combined together reflect that the PSR of an epileptic
event over the nearby baseline values are significantly different. An
ANOVA analysis is given in the next section.

3.3. Analysis of other isolated epileptic events

Similar to the event shown in Fig. 11, we randomly selected nine
other isolated epileptic events from the seizure data, and the RMD* and
MAG analyses were performed on them in theta, alpha, and beta bands.
These values are given in Table 1. From the mean+std values of ten
events in Table 1, one can infer that during an epileptic event, the
changes in RDM* are 15.7%, 42%, and 66.7 % in the theta, alpha, and
beta bands, respectively. As stated earlier, MAG = 1.0 means that the
two data sets are the same. For the theta band, the MAG is 1.07, sug-
gesting that the epileptic event values are 7% higher than the baseline
values. This is a very small change in the magnitude values. For the
alpha band, the MAG is 0.89, suggesting that the epileptic event values
are about 11% lower than the baseline. Similarly, in the beta band, the
epileptic event values are 14% lower than the baseline values. A one-
way ANOVA analysis with two groups was performed on the RDM*
and MAG values given in Table 1. One group was RDM* and the other
group was MAG. It was found that the values in the theta, alpha, and
beta bands are significantly different from each other (p < 0.01).

10

4. Discussions

These results suggest that one can study the changes in phase slip
rates, phase slip acceleration, and spatiotemporal phase cone formations
before and during an epileptic seizure or an epileptic event, such as an
epileptic spike. These phase slips are related to the cortical phase tran-
sitions and may be helpful biomarkers in the study of the evolution of
seizures and suggest that even within small regions, such as 1 x 1 cm
size of the brain tissue one can observe changes related to cortical phase
transitions. We have shown these from the microgrid data of one subject
only. However, such data sets are difficult to collect, but, it will be good
to confirm these findings from data sets of a few other subjects. Even
from one subject, we have uniformity of results for ten isolated epilep-
togenic events. This, in one way, confirms that our procedures and re-
ported results are reliable. We and others have used similar
mathematical procedures to look for cortical phase transitions from EEG
and ECoG data sets [Kozma and Freeman, 2017; Ramon et al., 2013,
2018, 2023; Ruiz et al., 2010].

We have shown changes in phase slip rates and their accelerations
during the evolution of a one-long seizure. In this respect, our results are
limited because we were able to identify only one good gradually
evolving artifact-free seizure. This certainly needs to be confirmed from
the analysis of more data sets and we hope that some other research
groups with similar data sets will take the lead on this. Further studies
are also needed to better characterize these phenomena in the context of
pharmacologic treatment of epilepsy and in the context of the larger
brain network recordings with electrode arrays like stereo EEG, subdural
grids, and microgrid recordings. In addition, the tools developed here for
epileptogenic events can also be applied to the study of the coordinated
phase-related activity of cortical neurons under different conditions,
such as resting state or different cognitive states of the brain.

The phase slip acceleration was computed after second order dif-
ferencing of the unwrapped phase which was obtained from EEG data
using the Hilbert transform. The second order differencing of EEG time
series data or its derived unwrapped phase is not a common procedure
for the analysis of the EEG data. However, as mentioned earlier, it is a
very common procedure in economic forecasting [Hyndman and Atha-
nasopoulos, 2018]. It has been applied to study the phase resetting of the
default mode networks and also for the self-organized criticality of brain
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Fig. 12. Spatial profiles of phase slip rates during the 8.0-9.75 s period in theta, alpha, and beta bands. Notice spatial formations and dissolutions of phase cones in

all three bands at different time points.

networks [Thatcher et al., 2009, 2014] which leads toward the cortical
phase transitions due to internal or external stimuli [Freeman et al.,
2003; Kozma and Freeman, 2017]. In this study, we have applied similar
procedures to examine the phase slip acceleration during epileptic sei-
zures. This is something new to our knowledge and opens a new way to
examine how fast the cortical phase transitions change during a seizure
or an epileptogenic event.

One thing to note is that the phase slips are not related to the
amplitude of the electrical data, i.e., EEG, ECoG, or pECoG. These are, in
contrast, related to small perturbations in the electrical data which on
the application of the Hilbert transform give rise to a +x phase shift at
each perturbation [Ramon et al., 2023]. So even during the seizure,
when the EEG amplitude becomes larger, it does not automatically in-
crease the rate of formation of phase slips or phase cones. The PSR and

PSA rather depend on the phase coordination of a group of neurons at
mesoscopic (~0.5 mm) scales that give rise to the burst oscillations and
the formation of small perturbations in the EEG data [Kozma and
Freeman, 2017; Freeman and Quiroga, 2013]. An interesting feature
was found that during the prolonged seizure activity, the PSR decreased
in the theta band while increasing in the alpha and beta bands. Refer to
Figs. 5-7. In addition, there are low-frequency (<1 Hz) oscillatory pat-
terns overriding the profiles of phase slip rates and phase slip acceler-
ations. Periodic slow waves have been observed in ictal and seizure EEG
data [Kantzeli et al., 2021; Yasugi et al., 2018]. It is a possibility that
these oscillations and behavior of PSR in different EEG bands might be
related to slow changes in the local field potentials caused by groups of
neurons joining and/or leaving the seizure activity [Wu et al., 2018].
This needs to be further investigated.
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Table 1
Relative Difference Measure (RDM*) and Magnification (MAG) factor analysis of
ten epileptic events.

Event# Theta (3-7 Hz) Band Alpha (7-12 Hz) Beta (12-30 Hz) Band
Band

RDM* MAG RDM* MAG RDM* MAG
1 0.1079 1.0773 0.5392 0.5654 0.8162 0.1738
2 0.1804 0.7866 0.2802 1.0572 0.7068 1.9618
3 0.0895 1.0303 0.3869 1.2908 0.7575 0.8808
4 0.0930 1.0780 0.4580 0.4300 0.8540 0.2500
5 0.2191 1.1455 0.4768 0.6542 0.5739 0.5121
6 0.2347 1.2723 0.5114 0.3529 0.5878 0.3367
7 0.1612 1.2715 0.3120 0.9560 0.1312 0.5589
8 0.1580 1.0749 0.3340 0.8044 0.3439 0.7114
9 0.1588 0.9844 0.3549 1.3494 0.7685 1.0673
10 0.1689 0.9864 0.5465 1.4364 1.1288 2.1554
ptstd 0.16 + 1.07 + 0.42 + 0.89 + 0.67 + 0.86 +

0.05 0.14 0.1 0.39 0.28 0.69

ANOVA (p < 0.0D).

A limitation of our study was that the analysis was performed at the
sampling rate of 200 Hz, which was sufficient to find stable phase slips
above the noise in the theta, alpha, and beta bands. However, it failed to
produce any reliable results in the low gamma (30-50 Hz). The temporal
profiles showed only intermittent activity in the low gamma band. A
similar study was performed on the rabbit data, sampled at 500 Hz
where they were able to see phase cone formations up to 40 Hz
[Freeman and Barrie, 2000; Myers et al., 2014]. In another recent study,
the phase slip formations during visual cognitive processes were
examined with EEG data collected at a high sampling rate of 16.384 kHz
[Ramon et al., 2023]. In this study, a high sampling rate helped in a
detailed spatiotemporal analysis of phase slips in the theta alpha and low
gamma bands. Thus, a higher sampling rate seems to help for better
detection of cortical phase transitions and computations of associated
phase slip rates in the low gamma band. Perhaps, based on previous
studies [Ramon et al., 2013, 2018, 2020] a sampling rate of 1.0 kHz or
higher might be better suited for cortical phase transition studies in the
EEG frequency ranges of low (30-50 Hz) gamma, high (50-80 Hz)
gamma, and ripple (80-250 Hz) bands.

There is a presence of slow (~0.1-7 Hz) wave oscillations and also
there are differences in the spatiotemporal profiles of phase slip rates of
theta alpha and beta bands. Similar slow-wave oscillations in delta and
theta bands have also been observed in the phase-amplitude coupling
derived from subdural grid recordings of epileptic patients [Hashimoto
et al., 2021, 2022], in spatial phase cone patterns near epileptic spikes
derived from 256 channel scalp EEG recordings [Ramon et al., 2018],
and in the phase slip rates during visual object naming tasks in normal
subjects [Ramon et al., 2023]. Most of these slow wave oscillations and
related temporal variations in different EEG bands probably arise from
the cortical rhythms in the brain which can be modeled by use of neural
mass models in the normal and diseased states [Bhattacharya et al.,
2011; Jansen and Rit, 1995; Jirsa et al., 2023; Pinotsis et al., 2012]. One
can model these oscillations in small volumes of cortical tissue at
mesoscopic scales (~0.5 mm) using simple neural mass models [Jansen
and Rit, 1995]. This can be achieved by changing the values of
connection weights between pyramidal neurons, excitatory in-
terneurons, and inhibitory interneurons to model the cortical rhythms.
For larger areas of the brain, one can use interconnected neural mass
models [Bhattacharya et al., 2011; Jirsa et al., 2023] to simulate
cortico-cortical and thalamocortical oscillations in normal and diseased
states by changing the connection weights and the velocity of propa-
gation on fiber pathways [Swadlow and Waxman, 2012]. One must go
deeper into the physics of cortical electrodynamics for simulations of
cortical phase transitions. As stated in the Introduction the electrical
activity of the cortex is constantly in a metastable state and a slight
input, internal or external, could cause a state transition which could be
modeled as a dissipative many-body field theory problem [Capolupo
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et al., 2013; Freeman and Vitiello, 2006; Kozma and Freeman, 2017] or
as neural avalanches [Beggs and Timme, 2012; Wang et al., 2023], or as
mean-field models [Toker et al., 2022]. These models can predict the
formation of low-frequency oscillations. A combination of these theo-
retical models and simulation methods might help to explain our
observed results and we hope that some research groups can explore this
further.

This p-ECoG data was originally collected by Walter J. Freeman III
and has been used to study changes in the phase differences during
awake and sleep states, and during pre-ictal and seizure periods
[Freeman et al., 2006a, 2006b]. From the same data, they studied spatial
variations of the p-ECoG potentials and found them to be significantly
different under various behavioral states, such as reading, telephone
conversations, looking at photographs, etc. [Panagiotides et al., 2011].
In any of these studies, phase slip rates or phase slip accelerations were
not computed or studied. In this regard, the work reported here is
relatively new and should be considered as a natural and logical
extension of previous works of Freeman’s group [Freeman et al., 2006a,
2006b]. We have recently published some protocols and related results
on changes in PSR during visual object naming tasks [Ramon et al.,
2023]. Similar protocols have been utilized here to compute PSRs from
the p-ECoG during prolonged seizure periods. To our knowledge,
applying phase slip acceleration (PSA) techniques to seizure evolutions
is relatively new. In the future, these might become additional routine
biomarkers to analyze the EEG data of normal subjects and patients. This
will help to map how fast the cortical phase transitions influence the
brain’s electrical activity.

The micro-seizures are observable in p-ECoG data which are difficult
to see in scalp EEG or subdural grid recordings [Stead et al., 2010; Sun
etal., 2022]. Also, it has been suggested that an interelectrode spacing of
3.0 mm is needed for the extraction of cortical patterns from scalp EEGs
[Ramon et al., 2009]. This criterion also applies to subdural grid re-
cordings. Thus, in essence, microgrid recordings are the best choice to
map microseizures. The PSR computed from the p-ECoG data gives us a
high-resolution picture of the formation and dissolution of spatial phase
cones at the mesoscopic scale which is difficult to ascertain from scalp
EEG or subdural grid recordings. Thus, PSR and PSA derived from
p-ECoG data are unique complimentary tools to traditional methods,
such as EEG power spectral density and phase-amplitude couplings to
examine the seizure formations at millimeter scales.

Overall, the summary of our findings is that phase slip rates and
phase slip accelerations change significantly during prolonged non-
motor seizure activity and possibly can be used as additional bio-
markers to study the spatiotemporal behavior of seizures. These tools are
generic and can also be used to analyze the EEG data during various
conditions, such as resting state and during cognitive tasks.
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