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Abstract

Infraslow activities and high-frequency oscillations (HFOs) are observed in seizure-
onset zones. However, the relation between them remains unclear. In this study, we
investigated phase-amplitude coupling between infraslow phase (0.016-1 Hz) and
HFOs' amplitude of focal impaired awareness seizures followed by focal to bilateral
tonic-clonic seizures, in a 28-year-old right-handed man with a dysembryoplastic
neuroepithelial tumor. We recorded five habitual seizures. After the time of seizure
onset, a significant increase in the power of HFOs was observed, and the power was
significantly coupled with 0 (4-8 Hz) phase. In contrast, coupling of infraslow activi-
ties and HFOs surged a few minutes before the seizure-onset time, and ictal HFOs
discharged after that. Collectively, our results show that coupling of infraslow activi-
ties and HFOs precedes the seizure-onset time. We infer that such coupling may be a

potential biomarker for seizure prediction.

KEYWORDS
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to epileptic seizures.”> DC shifts, infraslow activities, and
HFOs are suggested as useful biomarkers for the detection of

Wideband data including those from very slow shift to high-
frequency oscillations (HFOs) can be obtained by intracra-
nial electroencephalogram (iEEG). Physiological HFOs are
induced by several tasks in healthy participants,' whereas
pathological HFOs are observed in epileptic patients.2 Direct
current (DC) shifts and infraslow activities, which are very
slow-frequency components, are also recorded in relation

the epileptogenic zone. %7

The relationship between ictal infraslow activities and
HFOs remains unclear. A few reports suggest that ictal in-
fraslow activities and HFOs are located in the same regions6
and that ictal infraslow activities precede ictal HFOs.” The
relationship between low-frequency and high-frequency
bands was previously analyzed using the phase-amplitude
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coupling (PAC) method.® Ictal HFOs have been shown to be
coupled by 9, 6, o, and ﬁ.9'12 However, it is unknown how the
infraslow phase is coupled with HFOs' amplitude.

In this study, we investigated ictal-related HFOs using
PAC with the infraslow phase (0.016-1 Hz) in a patient with
focal epilepsy because of a dysembryoplastic neuroepithelial
tumor (DNT). We hypothesized that coupling between the in-
fraslow phase and the HFOs' amplitude occurs in relation to
seizures.

2 | MATERIALS AND METHODS

The Ethics Committee of Osaka University Hospital ap-
proved this case study (no., 19193). Informed consent was
obtained by the opt-out method on our center's website. The
study adhered to the Declaration of Helsinki.

A 28-year-old right-handed male patient with no known
history of perinatal and developmental problems, nor of
febrile seizures, began suffering from seizures at 25 years
old. The intractable seizures were focal impaired awareness
seizures, characterized by a palpitation aura, followed by

A
c Infraslow activities Intracranial EEG
gEE L Y
=
gl
gl
=
-10
Time(s)
FIGURE 1

Electrodes Electrodes Electrodes

Electrodes

Key Points

e Coupling between infraslow phase and high-
frequency amplitude precedes the seizure-onset time.

motionless staring and automatic mouth movements. These
types of seizures were observed approximately once a week
and were sometimes followed by a focal to bilateral ton-
ic-clonic seizure. Interictal scalp EEG recorded spike-wave
complexes over the right temporal region. Furthermore, mag-
netic resonance imaging (MRI) images showed a cystic le-
sion in the right mesial temporal lobe (MTL).

A total of 96 intracranial electrodes, including grid, strip,
and depth type electrodes (Unique Medical Co. Ltd.), were
implanted (Figure 1A) in the right hemisphere. A cystic
lesion in the right MTL was shown by T1-weighted MRI
(Figure 1B).

Electrode maps were created using FreeSurfer (https:/
surfer.nmr.mgh.harvard.edu) and Brainstorm (http://neuro
image.usc.edu/brainstorm/)  (Figure = 1A).  Intracranial
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Electrode information and intracranial EEG, ripple power, infraslow activities, and coupling between ripples and 0 or infraslow

phases at one representative seizure. A, A1-6, A7-12, A13-18, and A19-24 electrodes, which were depth electrodes, were inserted into the

parahippocampal gyrus, the anterior region of the tumor, the posterior region of the tumor, and the lingual gyrus, respectively. a. anterior; p.

posterior; m. medial; 1. lateral. B, The location of A2, A7, and A13 electrodes is shown on MRI TIWI. The cystic tumor is shown. C, Raw

intracranial EEG waveforms. 0 s corresponds to the seizure-onset time (SOT) determined by a conventional way. In A2, initial infraslow activities

were observed. D, The normalized ripple power started to increase after the SOT, from the A2 electrodes (0 s) and propagated to other electrodes.

E, Infraslow activities (blue or yellow colored) are observed after the SOT. F, Significant O-ripple SIm shows the cluster after the SOT. G,

Significant infraslow phase-ripple SIm is observed even before the SOT. Representative electrodes are shown on the vertical axis.
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FIGURE 2 Temporal plots from one representative seizure, which is the same seizure as in Figure 1 (A-D), and results obtained from the
average of all five seizures (E-H). O s corresponds to the seizure-onset time (SOT). Significant changes are indicated by the horizontal red, green,
and blue lines (one-tailed permutation test with familywise error-corrected threshold) (A-D). A, Ripple and fast ripple power recorded from the A2
electrodes were significantly increased after the SOT. The raw intracranial EEG (iIEEG) signals from the A2 electrodes showed infraslow activities.
B, Averaged ripple and fast ripple power calculated from all electrodes changed significantly after the SOT. C, A significant increase in the -HFOs
SIm value recorded from the A2 electrodes or from the average of all electrodes was observed after the SOT. The timing of SIm increase assessed
from the A2 electrodes was earlier than that assessed from the average of all electrodes. D, Significant increases in the infraslow-HFOs' SIm value
recorded from the A2 electrodes or the average of all electrodes were observed about 7-13 min before the SOT. E, The timing when significant
changes were observed in terms of power burst and 0-ripple phase-amplitude coupling (PAC) was compared for changes detected at the same
electrode (A2 or average of all electrodes [“average”]); the times of detecting power bursts and 0-ripple coupling were also compared between the
A2 and the “average” electrodes (single-sided Wilcoxon signed-rank test with Bonferroni correction). The timing of O-ripple coupling recorded
from the A2 electrodes was the earliest compared to the timing of 6-ripple coupling recorded from the “average” and power bursts recorded from
A2 and “average” electrodes. F, The timing when a significant infraslow (I.S) PAC was recorded from the “average” electrodes was compared to
that recorded from the A2 electrodes, as well as to the timing of 6 PAC also recorded from the “average” electrodes (single-sided Wilcoxon rank-
sum test with Bonferroni correction). The detection time of infraslow phase-ripple PAC from the A2 and “average” electrodes was before the SOT.
G, During the significant increase in 0 phase-ripple coupling recorded from the A2 electrodes, the trough of 0 oscillation was observed at the 180°
bin, and the highest ripple power was observed around the trough. H, During the significant increase in infraslow activity-ripple coupling recorded
from the A2 electrodes, the infraslow oscillation showed a trough at the 180° bin, but the ripple power showed no peak. Error bars indicate 95%
confidence intervals (Cls) in A-D and standard deviation in E-H. 95% ClIs in C and D are too narrow to see.

electroencephalogram signals were measured at a sampling rate
of 1 kHz with a 10-seconds time constant using a 128-channel
digital EEG system (EEG 2000; Nihon Kohden Corporation),
and digitized by a 333-Hz lowpass filter and a 60-Hz notch
filter to eliminate the AC line noise using the BESA Research
software (BESA GmbH). The iEEG signals were digitally
re-referenced to a common average of the total implanted
electrodes. Four depth electrodes were each inserted into the
parahippocampal gyrus, the anterior part of the cystic lesion,
the posterior part of the cystic lesion, and the lingual gyrus
(Figure 1A, B). Three electrodes (A6, A12, and A18), which
were external to the brain, were excluded from the analyses.

Intracranial electroencephalogram signals were analyzed
from 20 minutes before to 5 minutes after the seizure-onset
time (SOT). The SOT was determined by visual inspections
of iEEG signals. To create HFO power series, we used 80-
250-Hz band-pass filtering for ripples and 250-330-Hz band-
pass filtering for fast ripples in combination with the Hilbert
transform.'® The summing of HFO power series in one sec-
ond was normalized by averaging one-second HFOs' power
in the initial one-minute. The normalized HFOs' power was
calculated every second. To extract the infraslow waveform,
we used a 0.016-1-Hz band-pass filter. A band-pass filter
with a two-way least-squares finite impulse response filter
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(pop_eegfiltnew.m from the EEGLAB toolbox, https://sccn.
ucsd.edu/eeglab/index.php) was applied to iEEG signals
for 60-minute data. Extra signals were cut down, and sub-
sequently, band-passed signals corresponding to a total of
25 minutes including seizures were obtained.

For cross-frequency analysis of HFOs with infraslow,
S (1-4 Hz), 6 (4-8 Hz), o (8-13 Hz), and p (13-30 Hz)
bands, we used the synchronization index (SI),13 which is
a complex number. Therefore, we used the magnitude of SI
(SIm), which varies between 0 (completely desynchronized
phases) and 1 (perfectly synchronized phase values). We
calculated SIm using a 1-s time window, which sequen-
tially shifted every 33 ms

For the statistical assessment of SIm, the phase time se-
ries of HFOs' amplitude was shifted in time by a random
amount, and bootstrapped SIm (SImb) was calculated using
the lower frequency phase. This procedure was repeated
1000 times to create the distribution of SImb."* At each
iteration in the distribution of SImb, the maximum values
of SImb were stored. The values at 95% of the distribution
of the maximum were a familywise error (FWE)-corrected
threshold, which was applied to the observed SIm for the
solution of multiple compalrisons.14 SIm values over the
FWE-corrected threshold were statistically significant
(Figure 1F,G).

To compare interictal periods with ictal periods of nor-
malized HFOs' power or SIm, we compared the initial 10-sec-
ond data, considered to represent an interictal period, with
the 10-second data extracted every second using a permu-
tation test (one-tailed test). To correct for multiple compari-
sons, FWE-corrected threshold (99% threshold) was applied
(Figure 2A-D).

For the phase-conditioned analysis, the lower frequency
phase was divided into 12 intervals of 30° without overlaps
from 0° to 330°. At the time when significant SIm values
were observed, lower frequency oscillations and ripple power
were averaged within each phase interval.

For statistical evaluation, we used single-sided Wilcoxon
signed-rank test, or single-sided Wilcoxon rank-sum test. The
problem of multiple comparisons was solved by Bonferroni
correction.

3 | RESULTS

We captured five focal onset impaired awareness seizures
involving head turning to the left followed by focal to bilat-
eral tonic-clonic seizures after the reduction of antiepileptic
drugs. The A2 electrodes inserted in the parahippocampal
gyrus showed an initial low-frequency high-amplitude pe-
riodic spiking from O seconds (SOT), and subsequently,
infraslow activities and low-voltage fast waves appeared
(Figure 1C). The same tendency was observed during all

seizures, and we concluded that the seizure onset zone
(S0Z) was localized in the right mesial temporal lobe and
associated with the cystic legion; infraslow activities are
useful to detect the SOZ."> We performed a selective hip-
pocampectomy, also removing the cystic lesion; pathologi-
cal findings showed that the lesion was DNT. The patient
was seizure-free at the 12-month follow-up.

The average maximum SIm was compared among the
3, 0, a, and P bands (single-sided Wilcoxon signed-rank
test). The 6-ripple SIm was the highest, but this result was
not significant after Bonferroni correction (Figure S1A).
Throughout the following analyses, we investigated the
SIm of 6-HFOs.

The results of the same representative seizure are pre-
sented in Figure 1C-G, Figure 2A-D. After the SOT, in-
creased ripple power was initially observed at the A2
electrodes, spreading to other electrodes (Figure 1D);
infraslow oscillations (scaled with color, infraslow activ-
ities indicated as yellow or blue [Figure 1E]) and signif-
icant O-ripple couplings were observed (Figure 1F). On
the contrary, significant infraslow-ripple couplings were
observed even before the SOT (Figure 1G). There were no
obvious infraslow activities before the SOT (Figure 1E).
Furthermore, the raw iEEG signals showed that there were
no obvious ictal changes before the SOT and no infraslow
activities while observing significant infraslow-ripple SIm
in Figure 1G (Figure S2).

Temporal plots showed that ripple and fast ripple power
solely from the A2 electrodes or the average of all electrodes
(hereafter, the “average”) significantly increased after the
SOT (Figure 2A,B). Moreover, we observed significant 0-rip-
ple and 6-fast ripple SIm values after the SOT (Figure 2C),
as well as significant infraslow-ripple and infraslow-fast rip-
ple SIm values even before the SOT (Figure 2D), using data
solely from A2 electrodes or the “average.” Conversely, in a
60-minute iEEG segment without HFOs, neither 6- nor in-
fraslow activity-ripple coupling was seen (Figure S3).

Significant increases both in the HFOs' power and
0-HFOs' coupling were observed after all seizures. In con-
trast, preictal significant coupling of infraslow activities
with HFOs was observed only at the A2 electrodes in 3/5
seizures and at the “average” electrodes in 4/5 seizures.
The timing when significant values were first observed
was not different between ripples and fast ripples in terms
of power or coupling (single-sided Wilcoxon signed-rank
test; Figure S1B-E). In the following analysis, we solely
investigated ripples as representatives of HFOs.

The average time of detecting the first significant values
post-SOT in terms of power bursts did not differ between
the A2 and “average” electrodes, while the detection times
of power bursts and 6 phase coupling were also not different
when these were recorded from the “average” electrodes. The
timing of 0 phase coupling detection at the A2 electrodes was
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earlier than that of power burst detected at the A2 electrodes,
and earlier than the detection time of 0 phase coupling at the
“average” electrodes; however, significant differences disap-
peared after Bonferroni correction (single-sided Wilcoxon
signed-rank test; Figure 2E). The timing when significant
values were first observed in terms of infraslow activity-rip-
ple coupling detected at the A2 or the “average” electrodes
was earlier than the SOT. Moreover, infraslow coupling
detected at the “average” electrodes occurred significantly
earlier than 6 phase coupling detected at the “average” elec-
trodes (corrected P = .02, single-sided Wilcoxon rank-sum
test with Bonferroni correction; Figure 2F).

To identify the lower frequency phase in which ripples
were coupled during significant coupling, the average lower
frequency oscillation and ripple power were calculated from
the A2 electrodes. Oscillations both of 6 and infraslow phases
showed a trough at 180° (upper rows in Figure 2G, H). The
obvious peak of ripple power was observed at 150° of the
0 phase; however, the ripple power tuned by the infraslow
phase showed no peak (bottom rows in Figure 2G, H).

4 | DISCUSSION
The main finding of this study is that by using the PAC method,
we showed significant infraslow activity-HFO coupling a few
minutes before seizures onset. This occurred before any sig-
nificant increase in HFO power. The coupling between 0.1-Hz
frequency and HFOs was previously reportedg; however, our
study reveals the coupling between the 0.016-1-Hz frequency
band, representing infraslow activities and HFOs. Previous
studies have demonstrated that HFOs are coupled with 9§, 0,
or o bands after seizures,g'“’16 which is consistent with our re-
sults, especially for the 6 band. In this study, the earliest that
the 0 phase-HFOs' coupling was detected by the A2 electrodes
inserted into the SOZ occurred after the seizures. In contrast,
coupling of infraslow activities and HFOs began to increase be-
fore seizures, and this surge was followed by HFOs' discharge.
The PAC between the o phase and the power of the HFOs
was reported to occur before the increase in power of mo-
tor-related physiological HFOs."” The «-HFO coupling
disappeared, and then, the power of the HFOs increased.
Therefore, a hold-and-release model of the HFOs' power was
proposed, indicating that a strong coupling restricted the ac-
tivities of the HFOs and an attenuation of the coupling re-
leased the activities of the HFOs. In this study, the infraslow
activity-HFOs coupling occurred before the HFOs discharge.
Our findings suggest that the surge of infraslow phase-HFOs'
amplitude coupling may represent a neural process for the
preparation of HFOs' discharge. Moreover, we investigated
five focal to bilateral tonic-clonic seizures, and we showed
that HFOs' discharge propagated from the SOZ electrodes
(A2) to other electrodes. Therefore, we inferred that both sig-
nificant changes of HFOs' power and infraslow-HFOs cou-
pling could be obtained from the average of all electrodes.

Epilepsia Open® 505
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We could not detect obvious infraslow activities with con-
ventional methods before the SOT. The conventional method
for infraslow activity detection involves visual identificati0n7;
therefore, we inferred that PAC methods enabled detection of
changes which could not have been detected visually.

Our results showed that, after seizures, the 0-HFOs cou-
pling was the highest compared to HFOs' coupling with other
lower frequency bands and that this coupling detected by A2
electrodes inserted into the SOZ appeared earlier than the
HFOs' power burst. These results suggest that 6 phase-ripple
coupling is a potential biomarker for seizure detection, but
not for seizure prediction. However, since infraslow-HFOs
coupling was significantly high even a few minutes before
seizures, we infer that it may be used as a potential biomarker
for seizure prediction.

This study has some limitations. First, our results were
obtained from one patient with focal to bilateral tonic-clonic
seizure due to a brain tumor. It remains unclear whether the
same results can be obtained in patients with neocortical ep-
ilepsy. More seizures must be analyzed to confirm whether
infraslow activity-HFOs' coupling is a useful biomarker for

seizure prediction. Simulation methods are a useful way to
provide scientific evidence of infraslow activity-HFO cou-
pling before seizures. Second, all seizures were captured after
the reduction of antiepileptic drugs, and thus, they might not
represent usual seizures. Finally, fast ripples were obtained
by 250-330-Hz band-pass filtering because our sampling rate
was 1 kHz. However, fast ripples usually correspond to 250-
500/600 Hz. Considering this limitation, our results might
show no difference between ripples and fast ripples.
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