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Objective: Phase-Amplitude Coupling (PAC) has been proposed to characterize electrophysiological changes at
seizure onset. However, PAC can arise from actual relations between oscillations at different frequencies
(authentic PAC) or from harmonic/transient effects (spurious PAC). To assess the importance of these PAC
mechanisms, we investigated the Modulation Index (MI) and Time Locked Index (TLI) between Epileptogenic
Zone (EZ) and non-EZ channels during seizures.

Methods: We analyzed 34 patients with drug-resistant epilepsy who underwent stereoelectroencephalography
(SEEG) implantation. SEEG data was classified into three periods: “preictal,” “fast,” and “rhythmic.” The
amplitude of ripple bands and the phase of three slow-wave bands were used for MI and TLI. The capacity of MI
to detect the EZ was tested with precision and recall measures, summarized by the F1 score.

Results: The MI was significantly greater in EZ channels than that in non-EZ channels for all periods. The best F1
results were obtained for the “fast” period and spurious PAC. Both authentic and spurious PAC were present
during all periods and bands.

Conclusions: Different PAC values could be observed during different seizure periods. Care should be taken when
interpreting MI as a measure of authentic PAC.

Significance: MI and TLI can help the interpretation of ictal cross-frequency observations.

1. Introduction

Epilepsy surgery is the treatment of choice for patients with drug-
resistant epilepsy. The success of surgery depends on the accurate
delineation of the Epileptogenic Zone (EZ), which must be resected in
order to obtain seizure freedom. To diagnose the EZ accurately, some
patients require, following non-invasive recordings, an invasive pro-
cedure in the form of stereoelectroencephalography (SEEG). The inter-
pretation of SEEG can be improved by signal processing, such as
detection of interictal biomarkers like high-frequency oscillations
(HFOs) (Bragin et al., 1999; Frauscher et al.,, 2017; Roehri and

Bartolomei, 2019), ictal fast activity detection (Bartolomei et al, 2008),
functional connectivity analysis (Bartolomei et al, 2002; Balatskaya et al
2020.), direct current (DC) shift (Ikeda et al., 1997), and entropy (Li
et al., 2018; Bratu et al., 2024). However, no single marker has been
recognized as surpassing all others (Roehri et al., 2018), and the
exploration of new markers of the EZ remains an important challenge.

Cross-frequency coupling, particularly Phase-Amplitude Coupling
(PAQ), has been proposed as a new biomarker for the EZ. PAC describes
a phenomenon whereby the amplitude of high frequency activity is
modulated by the phase of low frequency activity. Since Weiss et al
reported that PAC was more useful for the localization of an epileptic

Abbreviations: DC, direct current; EZ, epileptogenic zone; FDG-PET, fluorodeoxyglucose-positron emission tomography; FN, false negative; FP, false positive; FRs,
fast ripples; HFO, high-frequency oscillation; LVFA, low-voltage fast activity; MI, modulation Index; MRI, magnetic resonance imaging; PAC, phase-amplitude
coupling; PR, precision and recall; SEEG, stereoelectroencephalography; TLI, time locked index; TN, true negative; TP, true positive.
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Fig. 1. Schematic view of analysis pipeline (A) A representative seizure (Case #11) is shown from 5 s before seizure onset to termination on stereo-
electroencephalography. (B) Time-frequency analysis of the same time period. The entire paraictal time window is divided into three periods. Seizure onset is
indicated by a red arrowhead. The yellow arrowhead indicates the transition from a low-voltage fast activity to rhythmic spikes and waves. Seizure termination is
indicated with a blue arrowhead. (C) Phase-Amplitude Coupling (PAC) analysis scheme. The upper subfigure shows segmentation using a 1-epoch time window with
80% overlap. The lower subfigure represents the PAC analysis results for the three-band combinations. The modulation index (MI) was obtained for each combination
and each period Abbreviations: LVFA, low-voltage fast activity; MI, modulation index; PAC, phase-amplitude coupling. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Table 1
Patient statistics.
n=234
Sex (M:F) 15:19
Seizure Range 1-5, mean 2.8, SD 0.9

Age at seizure onset (years)
Age at SEEG (years)
Electrode channels

EZ

non-EZ

MRI

Positive

Negative

Seizure etiology
Hippocampal sclerosis
Focal cortical dysplasia
Tumor

Post-stroke
Post-surgical scar
Tuberous sclerosis
Encephalitis

Trauma

Unknown

Seizure semiology
Temporal

Frontal
Temporo-frontal
Insular

Parietal
Temporo-occipital
Occipital

Central

Range 1-40, mean 12.1, SD 9.5
Range 5-56, mean 25.7, SD 13.1
Range 34-165, mean 3228, SD 28.3
Range 4-48, mean 611, SD 10.2
Range 23-141, mean 2617, SD 27.7

29 (85 %)
5 (15 %)

9 (26 %)
7 (21 %)
6 (17 %)
3(9 %)
2 (6 %)
1(3%)
1 (3 %)
1(3%)
4 (12 %)

15 (44 %)
7 (21 %)
4 (12 %)
309 %)

2 (6 %)

1 (3 %)

1 (3 %)
1(3%)

Abbreviations: EZ, epileptogenic zone; SEEG, stereoelectroencephalography;
MRI, magnetic resonance imaging.
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focus than high y amplitude alone (Weiss et al., 2013), several couplings
between & (Nariai et al., 2011; Iimura et al., 2018), 8 (Ibrahim et al.,
2014; Hashimoto et al., 2021), o (Ibrahim et al., 2014), and p (Edakawa
et al., 2016) phases and HFO analysis have recently been the focus of
attention as potential biomarkers for EZ during interictal period.
Furthermore, the ictal period was reported to disclose prominent fea-
tures in terms of cross-frequency interactions. (Motoi et al., 2018).
However, it is to be noted that seizure onset and termination may have
widely different patterns on SEEG (Lagarde et al., 2019; et al., Shokooh
et al., 2021), which could impact cross-frequency analysis. The most
frequent patterns, which would be important to investigate, involve low-
voltage fast activity (LVFA) pattern at seizure onset (Lagarde et al.,
2019), and the rhythmic spike-and-wave pattern at termination
(Evangelista et al., 2015, Shokooh et al., 2021).

In a previous study, we reported that PAC changes during the ictal
phase on intracranial EEG (Ueda et al., 2023) and distinguished between
the EZ channels and non-EZ channels depending on combinations of
slow waves and HFOs. However, it is important to note that increased
measures of PAC can arise from very different mechanisms. The first
mechanism, sought by the measure, is the actual occurrence of bursts of
high frequency oscillatory activity during specific phases of low fre-
quency oscillation This is referred to here as ‘authentic PAC’ (Jurkiewicz
et al., 2021). The second is the presence of transients (epileptic spikes)
or harmonic frequencies, which can both produce trivial relationships
between the phase at low frequencies and the energy at high frequencies
(Supp. Fig. 1) (Bénar et al., 2010). This will be referred to here as
‘spurious PAC’, which is remarked as false PAC in previous study
(Jurkiewicz et al., 2021).

The Time Locked Index (TLI) has been introduced recently in order to
measure harmonic PAC, which can occur in the presence of a non-
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Fig. 2. Modulation index and time locked index for the three periods Modulation indices (MIs) between ripples and 4-8 Hz (A), 8-13 Hz (B), and 13-30 Hz (C)
were analyzed for the three periods (preictal, fast and rhythmic). The MI was significantly greater in the epileptogenic zone (EZ) group than that in the non-EZ group
in all periods (p < 0.05). The time locked index (TLI) for each period was also compared between the EZ and non-EZ groups (D-F). The TLIs (ripples and 13-30 Hz) in
the preictal and rhythmic periods were significantly greater in the EZ group than that in the non-EZ group (p < 0.05) (F). No significant differences between the EZ
and non-EZ groups were observed during the fast period. Abbreviations: EZ, epileptogenic zone; MI, modulation index; TLI, time locked index.

sinusoidal periodic component (Dellavale et al., 2020). Dellavale and
colleagues reported that harmonic and non-harmonic PAC coexist in the
EZ during the ictal phase, and the harmonicity analysis (e.g., via the TLI
measure) could play a relevant role in the interpretation of the ictal
mechanisms. Importantly, bursts of epileptic spikes, which bear energy
across all frequencies, should also lead to high values of PAC and TLI
(Supp. Fig. 1). The evidence discussed above suggest that authentic and
spurious PAC emerge from essentially different mechanisms with an
impact in their performance to identify the EZ. However, most studies
devoted to the analysis of PAC as a biomarker for EZ identification in
general overlook the harmonicity properties of the observed PAC pat-
terns, which might lead to incomplete or misleading interpretations of
the results. In addition, initial results on classification of PAC as spurious
or authentic did not consider the different seizure sections separately,
even though dynamic aspects have been shown to be important (Ueda et
al 2023).

The goal of the present study was thus to assess the relative impor-
tance of authentic and spurious PAC in defining the EZ in SEEG across
the different seizure periods. For this, we analyzed the SEEG recordings
of patients with seizure-free outcome after epilepsy surgery, from sec-
onds before seizure onset to seizure termination. Since PAC changes
depending on the seizure phase (Ueda et al., 2023), SEEG data during
seizures were classified into three periods: “preictal”, “fast” and
“rhythmic”. We investigated the PAC and TLI between the EZ channels
and non-EZ channels during each period.
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2. Methods
2.1. Participants

We retrospectively analyzed 34 patients who underwent SEEG
investigation in our department (Epileptology and Cerebral Rythmol-
ogy, Timone Hospital, Assistance Publique Hopitaux de Marseille,
France).

Before SEEG implantation, all patients underwent scalp EEG, brain
magnetic resonance imaging (MRI), fluorodeoxyglucose-positron emis-
sion tomography (FDG-PET), medical history, and neuropsychological
testing. Imaging studies, including MRI and FDG-PET, were evaluated by
experienced neurologists and neurosurgeons. All patients in this study
required SEEG to define the EZ according to French guidelines (Isnard et
al, 2018). The placement of SEEG electrodes was decided based on non-
invasive information during a multidisciplinary meeting. The reference
for SEEG recording was set in a region that was deemed as ‘silent’,
typically using a contact within the skull.

The histological diagnosis complied with the current guidelines of
the International League Against Epilepsy and the World Health Orga-
nization (Bliimcke et al., 2013; Louis et al., 2016). Surgical outcomes
were assessed using the Engel classification during the postoperative
follow up period (Engel, 1993). In this study, patients were selected
based on the Engel classification I outcome, in order to have a ‘ground
truth’ for EZ delineation.

2.2. Seizure analysis

SEEG exploration was carried out during long-term video-EEG
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Fig. 3. F1 score for the modulation index for the three periods The F1 scores were organized and ranked at each band and each period(A-C). No significant
differences were identified between bands and periods (after false discovery rate correction for multiple comparison). The F1 scores among each period were ordered
from highest to lowest (D). A proportion of 58.8% of the patients had their maximum score across all bands and periods above 0.7. Abbreviations: MI, modula-

tion index.

Table 2

Precision and recall.

Precision Recall F1 score

MI (Ripple & 4-8 Hz) Preictal period 0.773 0.514 0.556
MI (Ripple & 4-8 Hz) Fast period 0.72 0.531 0.558
MI (Ripple & 4-8 Hz) Rhythmic period 0.714 0.53 0.526
MI (Ripple & 8-13 Hz) Preictal period 0.756 0.524 0.563
MI (Ripple & 8-13 Hz) Fast period 0.727 0.555 0.579
MI (Ripple & 8-13 Hz) Rhythmic period 0.743 0.513 0.519
MI (Ripple & 13-30 Hz) Preictal period 0.777 0.487 0.544
MI (Ripple & 13-30 Hz) Fast period 0.716 0.604 0.584
MI (Ripple & 13-30 Hz) Rhythmic period 0.73 0.491 0.504

Abbreviations: MI, modulation index.

monitoring. Recordings were performed using intracerebral multiple
contact electrodes (10-15 contacts; length, 2 mm; diameter, 0.8 mm;
1.5 mm apart; for details see previous report) (Bartolomei et al., 2008).
In our study, we analyzed SEEG data from 10 s before seizure onset to
seizure termination using the AnyWave in-house software (Colombet
et al.,, 2015, available at meg.univ-amu.fr). Electrodes with artifacts
were excluded from the analysis. The SEEG was recorded at a sampling
rate of 512 Hz or 1024 Hz depending on the recording period. All seizure
onsets were marked visually (T.U.). Seizure onset was defined by the
occurrence of LVFA, often preceded by interictal-ictal transitional
changes (preictal spiking, DC shift, burst of polyspikes) (Lagarde et al.,
2019). Seizure termination was defined as the time point when the
rhythmic discharge ended (Ueda et al., 2023).

Ictal SEEG data was classified into three periods according to
changes in the SEEG signal (Fig. 1). The first period was the “preictal
period,” corresponding to 10 s before seizure onset (before the red
arrowhead in Fig. 1A). The second period was the “fast period,” with
only an LVFA component (between the red and yellow arrowheads in
Fig. 1A). The third period was the “rhythmic period,” corresponding to
continuous rhythmic spikes and waves lasting until seizure termination
(between the yellow and blue arrowheads in Fig. 1A, B).
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The Epileptogenic Zone (EZ) was defined based on visual analysis of
SEEG data (Bartolomei et al 2018) with the help of a quantitative
method, the epileptogenicity index (Bartolomei et al 2008). We followed
the French guidelines (Isnard et al 2018) on the definition of the
epileptogenic zone, i.e., as the brain regions primarily involved in
seizure genesis.

2.3. Phase amplitude coupling based on modulation index

The Modulation Index (MI) method was introduced to quantify PAC
(Canolty et al., 2006; Ozkurt and Schnitzler, 2011). In this study, MI was
calculated on the monopolar montage using the Phase-Amplitude
Coupling Toolbox in MATLAB (MathWorks, Natick, MA, USA)
(Miyakoshi et al., 2013). In theory, the Ml is greater when appearance of
HFO is coupled with the phase of slow waves (Nonoda et al., 2016).
Monopolar montage is often used for PAC analysis because it allows for
the examination of specific brain regions’ phase and amplitude re-
lationships accurately. Additionally, monopolar montage provides a
broad coverage of brain activity, making it well-suited for PAC analysis,
which often requires capturing activity from multiple brain regions
simultaneously.

MI analysis was carried out from 10 s before seizure onset to seizure
termination according to the same methodology as that in our previous
study (Ueda et al., 2023). A sliding window technique with overlapping
was employed for MI calculation to reduce the effect of information
leakage across windows. Each time window lasted 1 s long and an 80 %
overlap was applied. Then, MI was calculated at each phase, which re-
flected the degree of coupling between ripple amplitude (80-200 Hz)
and three different frequency band activities (4-8 Hz, 8-13 Hz, and
13-30 Hz) (Fig. 1C).

2.4. Performance of classification based on precision and recall curve

Precision and recall (PR) curves quantify the performance of a
classification model. The PR curve is more suitable than the receiver
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Fig. 4. F1 scores according to the different frequency bands and seizure periods. The best median F1 for the authentic PAC was 63 % (4-8 Hz band in the fast
period), and the best for the spurious PAC was 73 % (8-13 Hz band in the fast period). There was a significantly higher F1 score for the spurious mechanisms in the
13-30 Hz band for the preictal period and for 13-80 Hz band in the rhythmic period (p < 0.05, indicated by a star).

operating characteristic curve, based on sensitivity and specificity, for
imbalanced datasets. In this study, the level of imbalance was large,
given that the data had many more non-EZ channels than EZ channels,
which led to high values of specificity, even for a high level of false
detections, compared with the number of true detections. The confusion
matrix included four values: true positives (TP), the amount of EZs
correctly classified as EZs; true negatives (TN), the amount of non-EZs
correctly classified as non-EZs; false positives (FP), the amount of non-
EZs misclassified as EZs; and false negatives (FN), the amount of EZs
misclassified as non-EZs. In order to evaluate the performance of the
model, Precision, Recall, and F1 score were used. Definitions are pro-
vided in formulae 3-5. Precision measured, among all detected EZ
electrodes, how many were actual EZ electrodes (positive predictive
value). Recall measured how many EZ electrodes were successfully
detected (i.e., sensitivity). The F1 score was the harmonic mean of
precision and recall.

TP

Precision = ——— 1
TP + FP
TP
Recall = ———— 2
€A = TP IEN 2
2TP
F1 e —
SCOTe = TP + FP + FN 3
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2.5. Time-locked index for quantifying spurious PAC

The Time-Locked Index (TLI) was introduced to quantify the extent
to which high frequency activity phase-locked to low frequency activity
(Dellavale et al., 2020). Such locking occurs in the presence of non-
sinusoidal activity, which has harmonics, or in the presence of bursts
of spikes. We used the procedure presented in the study by Dellavale
et al. (2020) in order to calculate TLI and use it to discriminate between
authentic and spurious PAC. In summary, the peaks in the low-pass
filtered data were detected and used to compute a time-locked
average of the signals. In the case of non-sinusoidal oscillations, the
signals filtered in the high-frequency band were phase-locked to the low-
pass filtered signals, thus resulting in an average with high amplitude.
Filtering artifacts attributed to epileptic spikes (Bénar et al., 2010) also
result in a significant time-locked average, with maximal value if they
occur in a rhythmic burst at a low frequency of interest (Supp. Fig. 1).
Whether an MI value arises from spurious PAC may be detected by
performing regression between MI and TLI values across contacts within
each patient (Dellavale et al., 2020). A significant correlation between
the two sets of values suggest that PAC is of a spurious nature.

2.6. Statistical analysis

Statistical analysis was performed using the EZR software which is
based on R and R commander (Kanda, 2013). First, a Mann-Whitney U
test was performed to compare the differences between the EZ group and
non-EZ group in each period using PAC and TLI. Second, to evaluate
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Fig. 5. Authentic versus spurious phase-amplitude coupling The height of each bar represents for each band and period the proportion of patients with an F1
score above 0.7. Within each bar, the proportion of authentic Phase-Amplitude Coupling (PAC) is shown. The highest proportion of authentic PAC was 71 % for the
coupling between ripples and 13-30 Hz in the rhythmic period. The smallest proportion was 14 % for the coupling between ripples and 13-30 Hz in the rhyth-

mic period.

whether PAC was useful for detecting the EZ, the F1 score was computed
for each seizure period and each frequency band, and a Wilcoxon with
Bonferroni correction was performed for 3 comparisons. Statistical sig-
nificance was set at a false discovery rate p-value of 0.05.

2.7. E*thical approval

The study was approved by the local ethical committee of AP-HM. All
procedures were in accordance with the ethical standards of the insti-
tutional research committee and with the 1964 Helsinki declarations
and its later amendments or comparable standards.

3. RESULTS
3.1. Patient profile

In total, data of 34 patients (19 female and 15 male) were analyzed
for this study. The mean number of seizures per patient was 2.8 (range
1-15, SD 0.9), with a total of 96 seizures analyzed. The mean age at
epilepsy onset was 12.1 years (range 1-40, SD 9.5), the mean age at
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SEEG was 25.7 years (range 5-56, SD 13.1), and the mean epilepsy
duration before SEEG was 13.6 years (range 3-56, SD 10.5). A total of
3228 channels were analyzed in these patients, of which 611 channels
were in the EZ (mean of 17.9 channels per patient, range 4-48, SD 0.2),
and 2617 channels were in non-EZ (mean of 76.9 channels per patient,
range 23-141, SD 27.7). The duration of the preictal period was fixed to
10 s, the mean duration of the fast period was 17.1 s (range 2.2 5s-38.3 s,
SD 7.5), and the mean duration of the rhythmic period was 56.1 s (range
10.55-128.5 s, SD 15.6). Patient characteristics are provided in Table 1.

3.2. Phase amplitude coupling based on modulation index

Examples of time frequency and MI computation are shown in Sup-
plementary Fig. 2. The MI for each combination of frequency bands was
compared between the EZ and non-EZ groups in each seizure phase
(Fig. 2A-C). For all phases and couplings between ripples band and slow
frequency band, MIs were significantly greater in the EZ group than
those in the non-EZ group (Mann-Whitney U test, p < 0.05). In the EZ
group, the MI increased gradually from seizure onset to seizure termi-
nation for each combination of slow waves and HFO.



T. Ueda et al

For each patient, we computed the F1 score to quantify the capacity
of the MI to serve as a marker of the EZ for each seizure period and each
frequency band (Fig. 3). No major difference was identified between the
frequency bands. Regarding the MI (ripples and 8-13 Hz) and MI (rip-
ples and 13-30 Hz), the fast period generally yielded better results than
the preictal period (paired Wilcoxon, p < 0.05 with Bonferroni correc-
tion for 3 comparisons) (Fig. 3A-C). The mean F1 score for the MI
(ripples and 13-30 Hz) was better in the fast period than that in any
other MI (mean precision = 0.716, recall = 0.604, and F1 score = 0.584)
(Table 2). The best score across all periods is presented in Fig. 3D. For MI
(ripples and 4-8 Hz) and MI (ripples and 8-13 Hz), 15 patients out of 34
had F1 scores of > 0.7. For MI (ripples and 13-30 Hz), 14 patients (41.1
%) had F1 scores of > 0.7. Across all bands, 58.8 % of the patients (20
out of 34) had best F1 scores of > 0.7.

3.3. Time-locked index for quantifying spurious PAC

The TLI permits to verify for each patient whether PAC arises from
authentic interactions between processes at different frequencies or
from spurious (harmonics-related) activity. Examples of time frequency
and TLI computation are shown in Supplementary Fig. 2. To verify the
presence of spurious PAC, the TLIs were analyzed between the EZ and
non-EZ groups at each phase (Fig. 2D-F). The TLI (ripples and 13-30 Hz)
was significantly greater in the EZ group than that in the non-EZ group
during the preictal and rhythmic periods (Mann-Whitney U test, p <
0.05). In the fast period, no interaction was detected between the EZ and
non-EZ groups in the TLI (ripples and 13-30 Hz). The TLI (ripples and
4-8 Hz) and TLI (ripples and 8-13 Hz) exhibited no significant differ-
ences at any period between the EZ and non-EZ groups.

For each frequency band and period, we compared across patients
the F1 score for detection of EZ between authentic and spurious cases
(Fig. 4). Both mechanisms were present, with a significantly higher F1
score for the spurious mechanisms in the 13-30 Hz band for the preictal
period and for 13-80 Hz band in the rhythmic period. The best median
F1 for the authentic PAC was 63 %, obtained for the 4-8 Hz band in the
fast period. The best median F1 for the spurious PAC was 73 %, obtained
for the 8-13 Hz band, for the fast period.

Then, we computed the proportion of patients with an F1 score of >
0.7, indicating that MI was a good marker of the EZ (Fig. 5). The lowest
proportion (12 %) was obtained in the preictal period and the 4-8 Hz
band. The highest proportion (32 %) was obtained in the fast period and
4-8 Hz band, followed by the fast period and 8-13 Hz band (29 %).
Among these patients, we measured the proportion of authentic and
spurious PAC, as indicated by a significant regression of TLI on PAC. A
high variability was identified between periods and bands. The smallest
proportions of authentic PAC were 14 %, in the coupling with 13-30 Hz
band in the rhythmic period, and 17 %, in the coupling between ripples
and 13-30 Hz band, and 14 % in the preictal and rhythmic periods. The
highest values were observed for 13-30 Hz in the rhythmic period (71
%), 4-8 Hz in the fast period (64 %), 4-8 Hz in the rhythmic period.

4. Discussion

This study investigated 96 seizures in 34 patients with drug-resistant
epilepsy who had undergone SEEG electrodes implantation. Phase-
amplitude coupling (PAC) was measured from 10 s before seizure
onset until seizure termination, in order to assess the capacity of this
metric to serve as a marker of the EZ. SEEG data was classified into three
periods, “preictal,” “fast,” and “rhythmic”, based on raw SEEG data. PAC
was quantified with the Modulation index (MI), and Time-Locked index
was used in order to distinguish authentic and spurious PAC. To our
knowledge, this report is the first to document the two different PAC
mechanisms across different seizure periods.

Ictal analysis is considered to be the key period for defining the EZ,
considered to be more effective than interictal analysis (Motoi et al.,
2018) (even though this varies according to epilepsy type (Bartolomei
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et al., 2016)). However, seizure outcomes after focal resection have not
improved significantly, despite the introduction of computational
methods (Jacobs et al., 2018). This may be attributed to the difficulty in
finding reliable biomarkers across variable etiologies and observed
patterns (Lagarde et al., 2019).

An interesting venue is to consider the interaction between activities
in different frequency bands. Oscillations in themselves have been
shown to be important markers of epilepsy, either in High frequency
band or in the gamma band (Thomas et al., 2023, Jmail et al., 2016). As
oscillations arise in periods of high excitibility, it is natural to investigate
the actual coupling between low frequency activity (which modulates
excitability) and oscillations. Such coupling has been shown to be a
ubiquitous mechanism in physiological activity. It has also been shown
to arise during epileptic discharges (Ueda et al., 2023), making it is a
candidate marker for delineating the epileptogenic zone.

In this study, after classifying the ictal SEEG into three periods, the
PAC, quantified by MI, was found to be greater in the EZ group than that
in the non-EZ group (Fig. 2). The highest values of PAC were observed in
the rhythmic period, but the best discrimination between EZ and non-EZ
was obtained in the preictal and fast periods. The effective results in the
fast period were particularly noteworthy, as this is usually a period of
desynchronization (Wendling et al., 2003) and corresponds with
inhibitory processes (Elahian et al., 2018, Grinenko et al., 2018). These
results could be ascribed to a mixture of patterns in the fast period,
which include variables apart from the actual low frequency fast dis-
charges (Lagarde et al., 2019). The fact that there is worse discrimina-
tion (Fig. 2,3) despite high MI values could arise in part from the fact
that high PAC measures can result from bursts of spikes (Jurkiewicz
et al., 2021, Dellavale et al., 2020) (Supp. Fig. 1), which may be more
independent of the epileptogenic nature of a region, compared with pure
propagation.

From a pure ‘detection’ point of view (i.e., as a marker of the
epileptogenic zone), good performance (F1 score of > 0.7) was observed
only in a proportion of patients, ranging from 12 % to 32 %. The best
results were observed in the fast period and the 4-8 Hz band, suggesting
that the PAC marker should be used in conjunction with other markers.
Other features of PAC could also be considered (Li et al., 2023).

A large proportion of the MI findings with good performance could
be attributed to ‘spurious’ PAC, which may not correspond to an actual
link between oscillatory processes but may correspond to a trivial
time-frequency structure of the bursts of epileptic spikes (Bénar et al.,
2009, Jmail et al., 2017). This confirms the fact that PAC measures
should be interpreted with caution. Still, they could be in some cases
interesting features to consider, as spikes that are more ‘spiky’ could be a
marker of the EZ (Koksal-Ersoz et al., 2022) and lead to higher (even
though spurious) PAC measures. Further investigations are required on
spike features within seizures.

In line with the above discussion, our results suggest that non-
harmonic Theta-Ripple and Alpha-Ripple PAC observed during the fast
period could be used to complement other clinically relevant EZ bio-
markers like the phase-locked high gamma (PLHG, Weiss et al., 2013).
Specifically, retrospective studies based on the postoperative surgical
outcome of epilepsy surgery patients, have shown the clinical relevance
of ictal PAC between slow (1-25 Hz) and Ripple (80-200 Hz) bands, as
assessed by the PLHG measure, as a biomarker to improve the spatial
delineation of resection boundaries associated to the ictal core from EEG
recordings with macroelectrodes (Weiss et al., 2013). However, the
PLHG measure is susceptible to the harmonics of the slow rhythms as a
confounding factor since slow non sinusoidal rhythms (e.g. in the theta
to beta bands) can produce prominent harmonically related spectral
components, which extend inside the ripple band. In this regard, our
results point out that non-harmonic Theta-Ripple PAC observed during
the fast period is a biomarker of EZ outperforming, in terms of precision
and recall, other PAC measures not including the segregation in periods
or the harmonicity analysis. As a consequence, our results constitute a
step forward in the process of improving the EZ biomarkers based on
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PAC for clinical use.
4.1. Limitations

There are some limitations of this study. Firstly, our analysis window
was one second which is insufficient for evaluating the phase of the
infraslow wave (<1Hz) and 6 band (1-4 Hz). It has however been re-
ported that the DC shift composed of very slow frequency is related to
epileptic seizures (Ikeda et al., 1997) and PAC between & and HFO is
useful for detecting EZ. Additional work is needed to confirm how PAC
and TLI behave at frequencies less than 4 Hz, keeping in mind that
several windows are necessary for computing robustly our measures —
one would need sustained phenomenon across a long time period.
Moreover, and about DC shift, this later has been shown as another
marker of the epileptogenic zone, with different topography thatn the
fast activity (Thompson et al., 2016); meaning that the actual relation-
ship between PAC and slow activity should be investigated on its own.

Secondly, the study did not analyze the PAC and TLI between slow
waves and fast ripples (FRs) that is oscillations above 200-300 Hz.
However, FRs have been shown to be more specific than ripples for
detecting the seizure onset zone on interictal EEG using HFO
(Urrestarazu et al., 2006). To investigate FRs, one would need a sam-
pling frequency of at least 2 kHz. Further studies are needed regarding
FR on ictal EEG using TLI and ML

Thirdly, we did not control for the exact location of the reference
electrode, even though the processing was performed in a referential
montage (in order to preserve low frequency, widespread activity),
which can be sensitive to fluctuations from the reference channel. As
mentioned in the methods section, the reference was set in a region
deemed as ‘silent’ in order to limit these effects. Multivariate signal
analysis such as Independent Component analysis could be applied to
SEEG signals (Medina Villalon et al., 2024) in order to lower the impact
of the reference channel (Madhu et al., 2012), and also to disentangle
potential different generators of low frequency activities (Lopez-
Madrona et al., 2020).

5. Conclusions

In this study, for the first time, we presented MI and TLI results for
each seizure period. PAC was greater in the EZ group than that in the
non-EZ group during all periods. In particular, PAC (ripples and 13-30
Hz) can help identify the EZ in some cases, particularly in the fast period,
suggesting that PAC can have clinical usefulness. The study also found
that spurious PAC can be observed across all periods and bands, which
emphasizes the importance of not over-interpreting the PAC measure.
Further investigation of PAC as a complementary marker of the EZ
among a series of other features will be useful. This could lead to a larger
retrospective study with machine learning applied on a series of markers
(with distinction between spurious and authentic PAC), and the output
tested in a retrospective study where markers would be presented to the
clinical staff during the presurgical evaluation phase. On a more
fundamental point of view, the opportunity to distinguish between
authentic and spurious PAC could shed light on ictal mechanisms.
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