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Abstract

Objective: In patients with epilepsy, interictal epileptic discharges are a diag-
nostic hallmark of epilepsy and represent abnormal, so-called “irritative” activity
that disrupts normal cognitive functions. Despite their clinical relevance, their
mechanisms of generation remain poorly understood. It is assumed that brain
activity switches abruptly, unpredictably, and supposedly randomly to these epi-
leptic transients. We aim to study the period preceding these epileptic discharges,
to extract potential proepileptogenic mechanisms supporting their expression.
Methods: We used multisite intracortical recordings from patients who under-
went intracranial monitoring for refractory epilepsy, the majority of whom had
a mesial temporal lobe seizure onset zone. Our objective was to evaluate the ex-
istence of proepileptogenic windows before interictal epileptic discharges. We
tested whether the amplitude and phase synchronization of slow oscillations
(.5-4 Hz and 4-7 Hz) increase before epileptic discharges and whether the latter
are phase-locked to slow oscillations. Then, we tested whether the phase-locking
of neuronal activity (assessed by high-gamma activity, 60-160 Hz) to slow oscil-
lations increases before epileptic discharges to provide a potential mechanism
linking slow oscillations to interictal activities.

Results: Changes in widespread slow oscillations anticipate upcoming epileptic
discharges. The network extends beyond the irritative zone, but the increase in
amplitude and phase synchronization is rather specific to the irritative zone. In
contrast, epileptic discharges are phase-locked to widespread slow oscillations
and the degree of phase-locking tends to be higher outside the irritative zone.
Then, within the irritative zone only, we observe an increased coupling between
slow oscillations and neuronal discharges before epileptic discharges.
Significance: Our results show that epileptic discharges occur during vulnerable
time windows set up by a specific phase of slow oscillations. The specificity of
these permissive windows is further reinforced by the increased coupling of neu-
ronal activity to slow oscillations. These findings contribute to our understanding
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1 | INTRODUCTION

Interictal epileptic discharges (IEDs) are a diagnostic hall-
mark of epilepsy and a valuable feature for delineating
the seizure onset zone (SOZ) in presurgical evaluation of
epilepsy.” They have been shown to promote,’ or at least
modulate,* the process of epileptogenesis. Furthermore,
they may contribute to the various cognitive comorbidities
in patients with epilepsy.’ Despite this broad relevance for
patients suffering from epilepsy, we currently have only
a sparse knowledge of the mechanisms supporting their
expression. The identification of a pattern of activity oc-
curring specifically before IEDs is a necessary step to elu-
cidate these proepileptogenic mechanisms.

The current understanding of IEDs is that they arise
from synchronous and rhythmical discharges of a pop-
ulation of neurons.’ One putative mechanism by which
neurons could synchronize their discharges lies in syn-
chronization of ongoing membrane potential fluctuations.
Low-frequency oscillations are considered to support the
interaction between different brain regions by aligning the
excitability windows of individual neurons.”® Along the
same lines, we showed in previous work on the epileptic
mouse model of hippocampal sclerosis that fast ripples
in neocortical regions are phase-locked to 3-5-Hz oscilla-
tions.” Another supporting piece of evidence comes from
human neuronal activity during sleep. It is modulated by
slow waves of <4 Hz,'’ and IEDs occur preferentially at the
transition between the up and down states of .5-1-Hz sleep
slow waves.!! On a larger timescale, the identification of cy-
clic multidien patterns of occurrence of epileptic seizures
and IEDs'*"? supports the existence of recurring permis-
sive windows in the emergence of epileptic activity. These
permissive windows could be related to the co-occurrence
of IEDs and sleep slow waves,' the latter modulating neu-
ronal discharges in physiological conditions.'® In epilepsy,
evidence exists that the modulation of high-frequency os-
cillations (80-150 for ripples and >200 Hz for fast ripples
in Ibrahim et al'*) and neuronal activity (estimated by
high-gamma activity [80-150 Hz]'®) by a slower oscilla-
tory activity can help to localize the SOZ, through either
a strengthened modulation within the SOZ'**® or a mod-
ulation on a slightly different phase of slow oscillations

of epilepsy as a distributed oscillopathy and open avenues for future neuromodu-
lation strategies aiming at disrupting proepileptic mechanisms.

human epilepsy, interictal epileptic discharges, intracranial recording, phase-amplitude
coupling, slow oscillations

Key Points

« There is growing evidence that pathological
rhythms modulate the expression of IEDs

« We used human intracranial recordings with
focal refractory epilepsy to study oscillatory
changes anticipating the expression of IEDs

« A large-scale network of SOs sets a permissive
milieu for IED expression

« Coupling between SOs and neuronal activity in-
creases directly before IEDs, making it a strong
proepileptogenic mechanism candidate

(SOs) within the SOZ.' 1t is also known that gamma ac-
tivity (30-100 Hz) increases before IEDs,'® but it remains
unclear whether pathological modulations by SOs exist,
and whether the modulation of neuronal activity by SOs is
specific to the period preceding IED occurrence. The lack
of evidence could be because the firing pattern of neurons
before IEDs is highly heterogeneous.'**°

Our working hypothesis is that widespread changes
in coordination of SOs generate a permissive background
from which IEDs emerge as a pathological transient.
We address these changes by analyzing, in the period
preceding the IED, the time course of amplitude and
cross-regional synchronization of SOs as well as their
phase-locking to the upcoming IED. To further explore
the relation between SOs and neuronal activity, we also
investigate the relationship between the ongoing phase of
SOs and neuronal activity in the time windows immedi-
ately leading up to the IED. We test this by measuring the
coupling of the SOs phase to high-gamma band activity, as
a surrogate marker of neuronal activity.>*'

2 | MATERIALS AND METHODS

2.1 | Patients

Ten patients (three female) were included in the
study (Table S1). They all underwent intracranial
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electroencephalographic (EEG) monitoring for intractable
focal epilepsy at the Epilepsy Unit of Geneva University
Hospital. Mean age at recording was 37 years (range = 21—
53), mean age at onset of epilepsy was 23.5 years (range
= 9-40), and mean duration of epilepsy was 13.5 years
(range = 3-31). Table S1 gives an overview of the patients’
clinical data. The study was approved by the local ethi-
cal committee (Commission Cantonale d’Ethique de la
Recherche, Canton de Geneve, Switzerland, protocol #13-
004), and patients gave written informed consent to par-
ticipate in the study.

2.2 |
of data

Acquisition and organization

Between 6 and 18 depth electrodes per patient were im-
planted stereotactically (DIXI medical and Ad-Tech elec-
trodes). Each electrode contained between five and 18
recording contacts along the shaft, providing a total of 1278
recording contacts. Data were acquired with SystemPlus
Evolution Micromed at a sampling frequency of 2048 Hz
and resampled offline (linear interpolation to 1000 Hz).
All analyses were then performed with a bipolar montage.

The anatomical localization of recording contacts
was visually identified in Cartool software®” after coreg-
istration of a postoperative submillimetric computed
tomographic image with the preoperative T1 magnetic
resonance imaging (MRI; Analyze software, Biomedical
Imaging Resource, Mayo Clinic; see an example in
Figure S1). We visually grouped contacts based on their
anatomical location into “regions” or “brain regions” and
excluded from analysis contacts located in white matter or
outside the brain.

The current dataset also included simultaneous high-
density scalp EEG (256 recording channels, Electrical
Geodesics, sampling frequency = 1000 Hz). In this study,
we only used scalp EEG to identify slow wave sleep versus
awake state (background slowing, spindles, K-complexes).
Non-rapid eye movement sleep Stages 2 or 3 were absent
(n = 8) or rare (n = 2) in our patients.

2.3 | Identification of IEDs and
baseline markers in data

A board-certified epileptologist (S.V.) visually iden-
tified a total of 1074 IEDs following the definition by
Kural et al.?® and classified them for further analysis
into 35 IED types according to their location, morphol-
ogy, and polarity (Figure S2). The majority of IEDs were
recorded in temporomesial structures, and all others
also involved the limbic system. One single marker was

Epilepsia

attributed to each IED, whether it occurred on one or
more than one channel. The number of IEDs per IED
type ranges from three to 156 (see Figure S2). We in-
cluded either epileptic spikes (<70 ms) or sharp-wave
discharges (70-200 ms). Slow rhythmic or periodic
pattern and fast epileptic activity were not included.**
A typical example can be seen in Figure S5. From this
visual classification, we obtained 548 IEDs from left
hippocampus, 123 from left amygdala, 28 from left in-
sula, 342 from right hippocampus, and 33 from right
cingulate cortex. We then automatically identified the
positive or negative peak of IEDs to align pre-IED win-
dows of interest. IEDs marked within 2000 ms after a
given IED were not considered. For control purposes,
we generated random markers within the timeframes
of each respective EEG duration, and then discarded
all baseline markers that occurred either +2000 ms
around an IED, or in the 2000 ms that followed another
baseline marker. Time windows for statistical analyses
spanned from —1250 to —250 ms before IEDs' markers
(see Figure S3 and below), whereas time windows used
to filter the data spanned from —6000 ms to 6000 ms
around IEDs.

2.4 | Management of spectral
leakage of IEDs

Spectral leakage refers to the finding that the activity
within one frequency range can contaminate the fre-
quency content of virtually all other frequency bands,*
which can be problematic when measuring slow activ-
ity locked to IEDs.*> We thus took two conservative
measures to prevent the energy of the IEDs from leak-
ing into slower frequencies. First, we stopped the statis-
tical analysis of SOs at —250 ms before IEDs peak using
an automated detection (>90% of IEDs have a statistical
onset after this boundary; statistical onset as described
in Sheybani et al.*® and shown in Figure S3). This 250-
ms buffer strongly limits the possibility that backward
leakage of spectral energy from the IED contaminated
our analyses. The second measure was to analyze data
using three different filtering methods: (1) a zero-phase
digital filter (“classical” filter), and two complementary
methods: (2) a one-dimensional digital forward filter
(“forward” filter, Figure S4), which prevents the IED it-
self from leaking over the pre-IED period (but leads also
to phase distortion, see Supporting Information); and
(3) a “classical” filter (Figure S5), with the concatena-
tion of the EEG epoch from —6000 to —250 ms before
the IED and the same activity, but inverted in the time
domain to suppress the IED from the analyzed window.
For clarity, only the results of the classical filter are
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shown (but statistical analyses are applied to the three
methods). We interpreted results as (1) statistically con-
firmed if the three filtering methods yielded significant
results, (2) probable if two filtering methods yielded
significant results, (3) possible if one filtering method
yielded significant results, and (4) nonexistent if no
filtering method yielded significant results. Finally, to
prevent edge effect, we adapted the window for statisti-
cal analysis (—1250 to —250 ms) on only a small portion
of the windows used to filter data (—6000 to 6000 ms).

2.5 | Frequency analyses
2.5.1 | Pre-IED analyses: Amplitude, phase-
locking, and phase synchronization

Pre-IED activity (—1250 to —250 ms) was analyzed indi-
vidually for each contact and IED. Data were filtered within
.5-4 Hz and 4-7 Hz after initial analyses revealed that am-
plitude in both frequency ranges increases before IEDs (see
Figure 1). SOs usually encompass the frequency range of
<4 Hz," but the term has also been used to define oscillations
up to 6 Hz.? Thus, for the sake of clarity, we used the term
SO for both .5-4-Hz and 4-7-Hz frequency ranges. Filtered
data were Hilbert-transformed using the function hilbert in
MATLAB (MathWorks), to extract the instantaneous ampli-
tude and phase. The phase-locking of IEDs to SOs was ob-
tained through the intertrial coherence (ITC),” defined as:

1

ITC=—
N

N
Z el*(pk
k=1

where N is the number of IEDs within one IED type, k is the
current epoch (i.e., IED), and ¢ is the phase of the signal.
ITC was used (1) across trials and within contacts to deter-
mine phase locking and (2) within trials and across contacts
(i.e., across the difference of phase of two contacts using the
toolbox CircStat™®) to detect synchronization.

2.5.2 | Phase-amplitude coupling
Phase-amplitude coupling between the phase of SOs and
the amplitude of high gamma, a proxy for neuronal activ-
ity,'>*! was quantified by the modulation index, following
the procedure described in Tort et al.** and implemented
in ft_crossfrequencyanalysis of the Fieldtrip toolbox.*! To
include at least one complete period of oscillation within
the 1-s window of analysis, we used here a slightly differ-
ent frequency range (1-4 Hz instead of .5-4 Hz).

The analysis pipeline is further described in Figure S7.

2.5.3 | Operational definition of the
irritative zone

To evaluate the spatial specificity of our observations (in-
side vs. outside the irritative zone [IZ]), we had to select
an operational definition of the IZ. In most analyses, we
used an objective threshold detection based on the in-
crease of amplitude within the frequency range of IEDs
(20-30 Hz). For the analysis of phase-locking in regions
outside the IZ (Figure S6), we used a more restrictive defi-
nition based on visual identification of the IZ. Further in-
formation about the definition of the IZ can be found in
the Supporting Information.

2.6 | Statistical information

We calculated the ratio of each measure during the
pre-IED condition divided by baseline condition
(amplitude, synchronization, phase-locking, and
phase-amplitude coupling). According to the null
hypothesis, this ratio is equal to 1 (no difference be-
tween baseline and pre-IED period). We then calcu-
lated the average of each variable for regions outside
and inside the IZ across each patient. We obtained
one value per patient (and for each of the four con-
ditions) that we used to compute the statistics, thus
using each patient as an independent variable. We
used a paired, nonparametric test (Friedman test)
and Dunn corrections for multiple comparisons
within the software Prism (GraphPad Software). The
alpha threshold was set at .05. As we used three dif-
ferent filtering methods, we considered that results
confirmed by the three filters were statistically signif-
icant, those confirmed by two filters were “probable,”
and those confirmed by only one filter were “possi-
ble.” To correct for multiple comparisons of IED am-
plitude (for the identification of IZ regions), we used
the Sidak correction. Analyses were performed in
MATLAB, Fieldtrip,*' and Prism.

3 | RESULTS
3.1 | Characterization of brain activity
preceding IEDs across brain regions

We first investigated patterns of signal changes sur-
rounding the IED by averaging signals in the time do-
main +1500 ms around each IED. Each of the 10 patients
expressed specific IED types (defined by their morphol-
ogy, polarity, and location), and the number of IED types
per patient varies between two and five (Figure S2). After
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FIGURE 1 Characterization of brain activity before interictal epileptic discharges (IEDs) across brain regions. (A-E) Averages of
multiple IED epochs, centered on IED peak, showing contacts simultaneously recording an IED (A, B) or not (C-E). Average raw signal
+ SD across the repetitions of one IED type is shown. For each panel in A-E, the number of IED epochs to obtain the depicted average is
indicated (n); the n is not always the same, as these examples are not always taken from the same IED type. Each window lasts 3 s and is
taken from the black square in the miniature average inserted at the top right of each panel. The peak of the IED is marked in the trace of
the contact recording the IEDs to align all other contacts (yellow arrowhead). (A) Some contacts show a clear peak time-locked to the IED
and also a slow oscillation (SO; delta, .5-4 Hz, black arrow) preceding the actual IED (n = 91). (B) Other contacts record the IED but no
detectable SO (n = 26). (C) Yet other contacts show an SO locked to the IED peak, but no sharp transient activity (i.e., no activity within
the frequency range of the IED; n = 91). (D, E) In some contacts, the preceding SO is slightly faster (D; theta, 4-7 Hz; n = 75), and finally,
the remaining contacts show neither an activity within the range of the IED nor an SO (E; n = 28). (F) The grand average normalized
spectrogram (z-score + SEM against baseline epochs free of IED) across all patients and all IED types over the pre-IED period (—1250 to
—250 ms before IED peak) shows a peak at 1.5 Hz and 4.5 Hz concordant with the findings in A, C, and D (n = 1074)

averaging across IEDs of the same type, some contacts contacts show only the averaged IED without surround-
reveal a transient sharp event (the IED), and a surround- ing SOs (Figure 1B). Further contacts contain no central
ing SO in the delta range (.5-4 Hz; Figure 1A). Other = peak, indicating that these contacts are probably located



SHEYBANI ET AL.

‘L Epilepsia

outside the IZ, and only show an SO in the delta range
(.5-4 Hz; Figure 1C) or theta range (4-7 Hz; Figure 1D).
Finally, the last type of contact does not show any time-
locked activity (Figure 1E). The average, normalized
(i.e., z-scored against baseline) spectrogram across con-
tacts inside the 1Z (i.e., contacts recording an IED) and
across IED types shows peaks at 1.5 Hz and 4.5 Hz before
the IED itself (from —1250 to —250 ms; Figure 1F). To
further explore the pre-IED period, we proceeded to an
IED-by-IED analysis of SO activity.

3.2 | Amplitude of SOs increases before
IEDs, with spatial selectivity for 1Z

After filtering the data in the frequency bands of interest
(Figure 2A,B), we obtained the amplitude (Figure 2C-E)
and ITC (Figure 2F-H) within 12-s time windows. In this
example, the amplitude of SOs (here, .5-4 Hz) increases
before the IED (Figure 2D; mean + SD across the repeti-
tion of one representative IED type), whereas no variation
is seen during baseline activity (Figure 2E).

Statistical analysis reveals a significant amplitude in-
crease of SOs in the pre-IED period, with a specificity
for the IZ. Inside the IZ, we observed a significant am-
plitude increase for the frequency range 4-7 Hz (median
increase = +14.1%, p = .006; see Figure 3 for details of
statistical analyses and results), and a probable increase
for the range .5-4 Hz (statistically confirmed by two fil-
ters, median increase = +10.4%, p = .008; Figure 3A; see
Materials and Methods for the definition of “significant,”
“probable,” and “possible”). On the other hand, for re-
gions outside the IZ, we observed only a possible increase
for the range .5-4 Hz (statistically confirmed by one filter,
median increase = +4.1%, p = .04) and no increase for the
range 4-7 Hz (Figure 3A).

3.3 | Brain regions synchronize before
IEDs, with spatial selectivity for I1Z

To test whether phase synchronization between con-
tacts increases before an IED, we calculated the ITC
of the difference of phase across time between pairs of
contacts. Similar to the analysis of amplitude, we ob-
served a significant increase in synchronization, with
a specificity for the IZ. The increase in synchronization
across the different filters and both frequency ranges is
significant for regions inside the IZ (median increase =
+.9-1.9%, p < .05; Figure 3B; see Figure 3 for details of
statistical analyses and results). Outside the 1Z, there
is only a probable increase for the frequency range
.5-4 Hz (statistically confirmed by two filters, median

increase = +.8%, p = .005), and there is no increase for
the frequency range 4-7 Hz (Figure 3B).

3.4 | IEDs are phase-locked to SOs,
including those recorded outside I1Z

In Figure 2F-H, we illustrate the evolution of ITC around
IEDs, which assesses whether there is an alignment of
ongoing oscillation phase before IEDs. In this example
(Patient P03), we observed an ITC increase before IEDs
(Figure 2G), whereas ITC remained low during base-
line (Figure 2H). This alignment indicates that IEDs are
phase-locked to ongoing SOs. As further shown in Figure
4A, we display eight single traces, the alignment of which
anticipates IED peak by around 1000 ms. The circular
plots above indicate the phase angle of the eight signals
at —3500 ms, —2500 ms, and —750 ms. Phases are more
aligned at —750 ms than at earlier time points. This phase
concentration is reliably quantified by the ITC (Figure
4B). Of note, that we measured ITC over a long time win-
dow (1 s) implies that IEDs are phase-locked to oscilla-
tions of the same frequency, and not only to a common
phase (Figure 4A,C).

The same analyses across all contacts and IED types
show that phase-locking of IEDs to SOs is significant in
regions outside the IZ for both frequency ranges (median
increase = +97-115%, p < .05; Figure 3C; see Figure 3 for
details of statistical analyses and results). In regions in-
side the 1Z, there is a probable phase-locking to .5-4 Hz
(statistically confirmed by two filtering methods, median
increase = +91%, p = .01) and possible phase-locking to
4-7 Hz (statistically confirmed by one filtering method,
median increase = +74%, p = .049; Figure 3C).

Although there is no significant difference between the
phase-locking of regions inside versus outside the 1Z for
the frequency range .5-4 Hz, the systematically significant
phase-locking to SOs recorded outside the IZ is intriguing.
This means that IEDs might be phase-locked to a large-
scale network of SOs. To further spatially dissect this ob-
servation, we analyzed data on a region-by-region basis
to find out which regions outside the IZ show a signifi-
cant increase in ITC and whether these regions present
a systematic increase in ITC across IED types (and thus
patients; Figure S6). Significant ITC increases were found
in all patients but one. Regarding regions, the increase in
phase-locking occurs in numerous regions, but the extent
of increased ITC is heterogeneous and not confined to the
hemisphere ipsilateral to the IZ. Nonetheless, the most
systematic increase in phase-locking across IED types was
found in the ipsilateral lateral temporal region, ipsilateral
insula, ipsilateral dorsolateral prefrontal region, and con-
tralateral lateral temporal region.
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FIGURE 2 Data analysis procedure for amplitude and phase analyses, locked to interictal epileptic discharge (IED) peak. The same procedure
was applied with all three filters ("classical,” "forward,” "inverted") and within two different frequency bands (.5-4 Hz and 4-7 Hz). (A) Raw data:
example of a single 12-s window in one contact centered on a detected IED. (B) Filtered data; each window is processed individually. In the first
step, data are bandpass filtered between .5-4 Hz and 4-7 Hz. (C) The amplitude of the filtered data is then obtained using the absolute values of the
Hilbert transform. The process is repeated across all detected IEDs. The gray line indicates the filtered data (as in B) and the blue line the extracted
amplitude. (D) Mean + SD of the amplitude for a single contact across repeated IEDs (n = 91). (E) Same as D, but locked to control markers during
baseline. (F) The phase of the filtered data is obtained using the phase of the Hilbert transform. This process is repeated across all detected IEDs.
Intertrial coherence (ITC) is calculated across the repetition of IEDs for every single contact. The gray line indicates the filtered data (as in B and

C) and the red line the extracted phase. (G) Mean + SD of ITC across contacts (n = 156), locked to the detected IEDs. (H) Mean + SD of ITC across
contacts, locked to baseline markers. Bronze rectangles indicate the window for statistical analysis (i.e., —1250 ms to —250 ms before the IED peak)

3.5 | Phase-amplitude coupling between  might eventually transform into the emergence of an
SOs and neuronal activity (high gamma) IED. To this end, we used phase-amplitude coupling be-
increases before IEDs, with spatial tween high-gamma activity, a proxy of neuronal activ-
selectivity for I1Z ity'>*! and SOs. We found two peaks in the high-gamma

range in the 1 s preceding the IEDs (Figure 5A, top).
We then looked, inside the 1Z, for a local correlate of the =~ They occur around 400 ms apart and also translate into
link between SOs and ongoing neuronal activity, which the average z-score (Figure 5A, middle), whereas this
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modulation is not seen for lower frequencies (1-50 Hz;
Figure 5A, bottom). In other words, high-gamma activ-
ity is modulated at around 2.5 Hz in the 1 s that precedes
the IED. We then studied the coupling between delta
phase (i.e., 1-4 Hz; see Materials and Methods) and
high-gamma amplitude (60-160 Hz). Across IED types,
we observed a significant increase in phase-amplitude

I I
4-7 Hz

coupling before IEDs for regions inside the IZ (median
increase = +1.4%, p = .007; see Figure 5 for details of
statistical analyses and results), whereas no signifi-
cant difference was observed for regions outside the IZ
(Figure 5B), confirming that the pre-IED amplitude of
high-gamma activity is modulated by an SO in the 1-4-Hz
range within the IZ.
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FIGURE 3 Before interictal epileptic discharges (IEDs), amplitude and phase synchronization increase inside the irritative zone (1Z),
whereas phase-locking involves a wider network. For clarity, only results with the classical filter are displayed here. The 4 X 3 chessboard
at the bottom right of each panel gives a synopsis of statistical analyses across filtering methods. The square is white when the analysis
is nonsignificant and colored when it is significant; "low" and "high" indicate the ranges .5-4 Hz and 4-7 Hz, respectively; "out” and "in"
indicate regions outside and inside the IZ, respectively. Colored circles and full disks indicate results for regions outside and inside the IZ,
respectively. Black full disks indicate baseline epochs. (A) Amplitude increases significantly for the frequency range 4-7 Hz in regions inside
the IZ (median increase = +14.1%, interquartile range [IQR] = 3.8%-21%, p = .006), but not outside the IZ. Amplitude increases probably for
the frequency range .5-4 Hz in regions inside the IZ (median = +10.4%, IQR = 5.6%-28.9%, p = .008) but only possibly for regions outside
the IZ (median = +4.1%, IQR = .5%-26.7%, p = .04). (B) Phase synchronization during the same time window increases significantly for
both frequency ranges in regions inside the I1Z (.5-4 Hz: median = +1.9%, IQR = .3%-2.8%, p = .002; 4-7 Hz: median = +.9%, IQR = .6%-
1.7%, p = .01). Furthermore, synchronization increases probably for the frequency range .5-4 Hz for regions outside the IZ (median = +.8%,
IQR = .6%-1.2%, p = .005). There is no increase for the frequency range 4-7 Hz for the regions outside the IZ. (C) IEDs are phase-locked to
oscillations recorded outside of the IZ for the frequency range .5-4 Hz (median = +115%, IQR = 90%-245%, p = .002) and 4-7 Hz (median
= +97%, IQR = 51%-194%, p = .01). IEDs are probably phase-locked to oscillations recorded inside the IZ for the frequency range .5-4 Hz
(median = +91%, IQR = 79%-124%, p = .01) and only possibly for the frequency range 4-7 Hz (median = +74%, IQR = 44%-121%, p = .049).
Each aligned dot plot shows the increase of each variable (amplitude, synchronization, and phase-locking) for each of the 10 patients. We
used a nonparametric Friedman test with Dunn correction for multiple comparisons; n = 10 patients in each condition. Probability values
displayed are calculated after correction for multiple comparisons. “Probable” indicates that the effect is statistically confirmed by two
filtering methods; “possible” indicates that the effect is statistically confirmed by one filtering method. *p < .05, **p < .01; ns, not significant

It is important to recall that the 2 s preceding IEDs in
our analyses are, by construction, void of other IEDs (see
Materials and Methods). Therefore, contamination by pre-
ceding IEDs (or systematic spiky artifact) cannot account
for this phase-modulated high-gamma activity.

4 | DISCUSSION

4.1 | Deciphering neural syntax leading
up to interictal epileptic discharges:
Therapeutic perspectives

IEDs have a broad relevance, from both clinical and re-
search perspectives. They are helpful markers in presurgi-
cal evaluation of epilepsy, as they can estimate the SOZ.2
They are also known to disrupt—at least transitorily—
normal cognitive function and memory in particular.’
Furthermore, some evidence supports their role in epi-
leptogenesis.” They should thus represent priority tar-
gets for the development of future treatments. Innovative
closed-loop neuromodulation protocols that could predict
their occurrence and selectively prevent their expression
are an attractive perspective.** These protocols will need
to be informed with a precise understanding of the activ-
ity preceding IEDs, to predict them with high reliability.
Complementarily, the development of new medications is
strongly dependent on a better knowledge of the mecha-
nisms underlying the emergence of IEDs. In the present
study, we tackled both aspects; we tested the hypothesis
that identifiable pathological rhythms in the slow oscilla-
tory range anticipate upcoming IEDs, and we provided a
potential mechanistic link between SOs and emergence of

IEDs, that is, phase-amplitude coupling of high-gamma
activity to SOs.

The phase-locking of IEDs to SOs reveals that IEDs
occur at a specific phase of SOs that could be understood
as vulnerable windows of excitability for IED expression.
Within these windows of excitability, we observed an in-
creased amplitude and phase synchronization, which are
both spatially tied to the IZ. Comparatively, in physiolog-
ical conditions, the phase of oscillations can dictate the
conscious perception of audiovisual stimuli**; on the net-
work level, the interaction between brain regions relies,
at least in part, on the synchronization of their activity
by oscillations,7’8 which allows integration of the activ-
ity of spatially distant neuronal populations involved in
a common task.” These findings suggest that changes in
a large-scale SO network build up a favorable context for
the emergence of IEDs. Although formal demonstration
of causality requires a manipulation of the network, we
nevertheless wanted to identify a local correlate of the
link between SOs and IEDs. Locally, we thus provide a
candidate mechanism supporting the emergence of IEDs
during the increased slow oscillatory background: an en-
hanced phase-amplitude coupling of neuronal discharges
to SOs. Such coding of neuronal activity along the phase
of a slower oscillation is a type of neural syntax known to
subserve cognitive processes.” Interestingly, in epilepsy,
using such coding to predict upcoming seizures has been
shown to improve predictive algorithms.**

Our findings dovetail nicely with the work by Frauscher
and colleagues, who showed that IEDs preferentially
occur during slow waves of sleep, and more specifically
at the transition from "up” to "down" states.'’ These slow
waves are known to modulate neuronal activity,'” but the
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FIGURE 4 Ongoing oscillations align before interictal epileptic discharges (IEDs), as measured by the intertrial coherence (ITC).

(A) Representative example of signal alignment across eight trials. Each trial is depicted by the different intensity of red. At —3500 and
—2500 ms before the IED, the phases are dispersed across the different trials, but starting ~1000 ms (*) before the IED, signal aligns across
trials such that the phase of the eight trials converges toward one angle (as shown in the circular plots above). (B) ITC reliably reflects this

alignment across trials with a corresponding increase. When ITC is calculated on the superposition of different trials from the same contact,

it thus identifies periods of phase-locking. Comparatively, when ITC is calculated on the difference of phase between two signals across

time, it thus identifies the synchronization between these two signals. (C) The green traces were created for illustration and do not represent

actual data. Here, in contrast with A, where oscillations align with each other, the green traces in C align only to the timepoint of interest

(dashed vertical line), which indicates a phase-locking of oscillations that belong to different frequency bands (around the dashed vertical

line, oscillations are not superimposed, as they are in A). Thus, the use of ITC over 1-s windows shows that phase-locking of IEDs is phase-

and frequency-dependent

link with the expression of epileptic discharges had not
been reported so far.

4.2 | Modulation of activity of IZ by
extra-IZ oscillations

The phase-locking of IEDs to extra-IZ oscillations
was systematically observed across the three filtering

methods. This is in line with several observations that
the occurrence of IEDs is related to cortical activity
within a large-scale epileptic network.’ Regarding sei-
zures, regions involved in the generation of ictal activ-
ity can extend beyond the structural lesion identified on
MRI in patients with focal epilepsy due to focal cortical
dysplasia.>® Moreover, several studies have shown that
activity in regions remote from the SOZ can modulate
its activity,*”*® and conversely IEDs can induce spindles
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FIGURE 5 Phase-amplitude coupling between slow oscillations and neuronal activity (high gamma) increases before interictal epileptic
discharges (IEDs). (A) Illustration of phase-amplitude coupling. Top: Normalized time-frequency activity (z-score) shows two periods of
increased amplitude at 60-160 Hz (between white square brackets). Middle: Average of the normalized time-frequency activity (z-score).

A phase-amplitude coupling should show a periodic increase of high-gamma activity along the phase of slower frequency activity. Here,

the two periods of increased amplitude in the last 1 s of the plot, ~400-500 ms apart (blue rectangles), suggest a modulation of high-gamma
activity by an underlying 2-3-Hz oscillation. Bottom: The normalized spectrogram for 1-50 Hz does not show such a pattern of amplitude
modulation (notably no peak simultaneous to the first peak of high-gamma amplitude, gray rectangle), confirming that the modulation of
amplitude is specific for the high-gamma activity (the normalized 1-50-Hz spectrogram is truncated at —500 ms because of the subsequent
high increase in amplitude that would artificially flatten the preceding activity). (B) Pre-IED phase-amplitude coupling (—1250 to —250 ms)
between the phase of the 1-4-Hz oscillation and the amplitude of 60-160-Hz activity, compared to the baseline period. On the left of the
dashed bar, we display the raw modulation index of regions outside the irritative zone (IZ; first two left dots) and inside the IZ (last two
right dots). Each color corresponds to one patient (each patient has >1 dot, as each patient has >1 IED type). On the right of the dashed bar,
we display the effect sizes for regions outside the IZ (black dots) and inside the IZ (purple dots). There is a significant pre-IED increase in
regions inside the IZ (median = +1.4%, interquartile range [IQR] = .1%-4.1%, p = .007), but no difference for regions outside the IZ (median
= +.2%, IQR = —.005%-3.2%). We used a nonparametric Friedman test with Dunn correction for multiple comparisons; n = 10 patients.
Probability value after correction for multiple comparisons: **p < .01; n.s., not significant

in widespread brain regions39 or interact with normal Importantly, we showed that phase-locking was
brain networks to disrupt specific functions, such as consistent across IED types (and thus patients) and in-
memory.* volved mainly the ipsilateral frontal cortex, insula, and
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ipsilateral and contralateral lateral temporal regions
(Figure S6). The involvement of the insula and pre-
frontal cortex resonates with the concept of temporo-
perisylvian epilepsy,*! whereas lateral temporal cortices
are known to connect to the hippocampal formation.*?
Thus, rather than a blind and diffuse phase-locking,
current evidence suggests a set of specific brain regions
that account for extra-IZ phase-locking and presumably
constitute an epileptic network. However, it remains
puzzling why the extra-IZ phase-locking is more sys-
tematically found across the three filtering methods
than locking to intra-1Z oscillations. Further abnormal-
ities of neural activity may be more pronounced within
the I1Z and interfere with the signal-to-noise ratio when
assessing phase-locking inside the IZ. A complemen-
tary view could be that the IZ exhibits abnormal activity
already at baseline and thereby fails in precisely locking
IEDs to ongoing oscillations that are entrained by the
joint effect from relevant regions outside the IZ.* Given
that SOs depend on the interaction between cortical and
thalamic oscillators,** the thalamus could play a pivotal
role in the emergence of these vulnerable windows.

4.3 | Increase in phase-amplitude
coupling: A critical mechanism in
emergence of IEDs

IEDs occur during periodic phase angles that repre-
sent recurrent transient permissive windows for their
expression. The widespread pattern of this permissive
activity and the spatial selectivity of the coupling be-
tween neuronal discharges and SOs are coherent from
a biological perspective; the phase of an oscillation can
modulate the activity of distant brain regions, whereas
the neural activity eventually recruited in a given task
is spatially specific,*” including instances of pathologi-
cal activity.” Although significant, the pre-IED increase
in phase-amplitude coupling inside the IZ can appear
small at first sight (interquartile range of .1%-4.1%
across the 10 patients). Nevertheless, its significance is
meaningful, as it should not be expected that all neu-
rons contribute equally to generating IEDs."** Some
neurons even show a decreased firing during IEDs.***
The small effect in our study could thus represent the
macroscopic measurable tip of the iceberg of firing dis-
balance leading to IEDs.

Previous publications have shown that phase-
amplitude coupling evolves along the duration of epilep-
tic seizures.*® It can also help to identify the SOZ,'*"” to
differentiate ictal from interictal high-frequency oscilla-
tions,*” and to predict upcoming seizures.>* Our findings
thus fit nicely with the hypothesis that phase—amplitude

coupling, by modifying the coordination of neuronal fir-
ing, could support the expression of pathological epilep-
tic transients. Perturbation in the coupling between SOs
(<1.25 Hz) and sleep spindles has been implicated in
impaired memory consolidation associated with aging.**
In future studies, it would thus be interesting to assess
whether such a disrupted coupling (between SOs and
spindles and/or neuronal discharges) is also involved in
memory deficits frequently seen in patients with temporal
lobe epilepsy.*’

4.4 | Methodological considerations and
limitations

IEDs are known to occur preferentially during slow waves
of sleep, and more specifically at the transition from the
up to the down state.'! As our dataset is made predomi-
nantly of awake resting-state recordings (as assessed by
concurrent scalp channels), it is highly probable that IEDs
are not strictly associated with slow waves of sleep, but
with local increase of SOs in general. We unfortunately do
not have sufficient sleep data to make reliable inferences
on the comparison between SOs during wake and differ-
ent sleep stages.

We acknowledge that our sample size is limited.
Through this proof-of-concept study, we wanted to estab-
lish precise changes in ongoing rhythms directly before
IEDs, which was possible in raw averages (Figure 1) and
even in a single trial (Figure 2). Epileptic discharges fol-
low a multidien pattern of occurrence,'® but it remains
unknown whether changes in specific neuronal patterns
precede them on a much shorter timescale. Increasing the
sample size would certainly help to validate our results,
but above all, it could reveal whether certain subgroups
of focal epilepsy (defined by SOZ location, pathological
etiology, pharmacoresistance, or other characteristics) do
not show such interaction with SOs, a question that lies
beyond the scope of our study.

The different filtering methods yielded different re-
sults for some analysis. This is most probably due to the
IEDs affecting differentially the preceding window of
analysis, depending on the filter choice. In the classical
method ("filtfilt"), the IEDs can leak over the window of
analysis, affecting the amplitude and phase of the signal.
In the forward method ("filter"), the IEDs does not leak,
but the filter can lead to a phase distortion. In the inverted
method ("filtfilt + inversion of the signal”), there is neither
leakage of the IED (as it has been suppressed by construc-
tion) nor phase distortion. Last, it is possible that false os-
cillations® affected the pre-IED window and introduced
nonsystematic bias, as all IEDs are obviously not strictly
identical. The strength of our work was precisely to use
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three complementary filtering approaches, as well as to
stop the time window for statistical analysis well before
the statistical onset of IEDs. Using these precautions, we
were able to draw reliable conclusions on the interaction
between SOs and IEDs, and to dissect the dynamics that
anticipate IEDs.

Further limitations are discussed in the Supporting
Information.

4.5 | Conclusions and perspectives
Decoding the pathological rhythms underlying the emer-
gence of epileptic activities remains challenging, yet the
ability to recognize and anticipate IEDs opens the per-
spective of new treatments, and in particular the ability to
modulate disease activity with neuroresponsive devices.
Closed-loop neuromodulation devices are effective in ani-
mal models of epilepsy,***”*® but the prediction of IEDs
or seizures in humans remains highly challenging.'>>
Our work identifies complex changes in slow oscillatory
activity preceding the emergence of IEDs and could thus
open avenues for predictive detection and therapeutic
interventions.
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