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SUMMARY

The brain’s ability to synchronize with periodic auditory stimuli is widely used to study gamma-range neural
activity. Chirp-like stimulation, covering a broad frequency range, elicits envelope-following responses
(ERFs) that enable assessment across multiple frequencies and estimation of the individual gamma fre-
quency (IGF). However, the impact of sex differences on EFR remains understudied. We compared auditory
ERFs in the 30-60 Hz range between females and males. Electroencephalography was recorded in 80 healthy
young adults (42 females; 26.07 + 4.28 years) using chirp-like auditory stimulation. Females were tested dur-
ing the early follicular phase to minimize hormonal effects. Phase-locking index (PLI) and event-related spec-
tral perturbation (ERSP) were analyzed across nine fronto-central electrodes. Females showed significantly
lower PLI (35-43 Hz) and ERSP (35-46 Hz), while IGFs were comparable. These results emphasize sex-related
influences on gamma auditory responses and the need for sex-specific normative baselines in clinical appli-

cations.

INTRODUCTION

Neural oscillations represent synchronized patterns of brain ac-
tivity which play a pivotal role in the transmission and integration
of information across brain networks." Specifically, oscillatory
activity in the gamma frequency range (>30 Hz) reflect bottom-
up sensory and cognitive information processing." Given their
importance, methods aiming to reliably assess synchronized
gamma oscillations are being investigated, which include audi-
tory steady-state responses (ASSR).® ASSR is a continuous syn-
chronized activity entrained by rhythmic auditory stimulus. This
response is characterized by stability in amplitude and phase
and is frequently used to examine neural dynamics in various
neuropsychiatric disorders* and associated cognitive impair-
ments®; even more, it has been proposed as a potential
biomarker for several conditions, including schizophrenia, bipo-
lar disorder, and autism.®® With the growing number of studies
employing this paradigm, it is becoming increasingly important
to establish how brain responses to periodic auditory stimulation
relate to individual state and trait characteristics for accurate and
objective interpretation.

Sex is an important biological trait that determines both struc-
tural and functional differences at multiple levels of organization
within the bodly, including the brain.® A growing body of evidence
suggests that sex plays a crucial role in the prevalence, symp-
tomatology, and course of psychiatric disorders."'® For instance,
schizophrenia tends to manifest earlier and with greater severity
in males, whereas females experience a later onset with a rela-
tively milder course.'"'? Similarly, in bipolar disorder, females
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exhibit higher rates of rapid cycling and anxiety, while males pre-
sent a greater number of hospitalizations for mania and a higher
likelihood of comorbid substance use.'®'* Moreover, autism
spectrum disorders are often underdiagnosed in females due
to sex-related differences in symptom presentation, with fe-
males more likely to mask symptoms and display internalizing
behaviors such as anxiety.'*'® These observations underscore
the necessity of incorporating sex as a critical factor in the devel-
opment of diagnostic frameworks and treatment strategies,
including research aimed at identifying potential biomarkers of
brain function. Despite this, to our knowledge, the influence of
sex on gamma-range ASSRs has not been systematically
investigated.

The limited existing research in both humans and animal
models suggests that sex and sex hormones modulate ASSR,
emphasizing the importance of sex-specific normative base-
lines: (1) females exhibit lower ASSR thresholds than males,
particularly at low carrier frequencies'’; (2) sex differences
have been reported in small samples of left-handed individuals,
with females showing weaker 40-Hz ASSRs than males, whereas
right-handed individuals did not exhibit such differences’®; (3)
animal study indicated stronger 40-Hz ASSRs in male mice
when compared to female mice'®; but (4) in a mixed sample of
schizophrenia patients and controls, stronger 40-Hz ASSR
amplitude was observed in females.?° Importantly, in females
(both human and animal models), fluctuations in estrogen levels
have been shown to cause significant variations in the magnitude
of the 40-Hz ASSR.?"?2 These observations, together with docu-
mented sex-related differences in auditory processing at
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Table 1. Group characteristics and their statistical comparisons using Wilcoxon Rank-Sum test (Age, BAIl, BDI) and Chi-Squared test

(Education)

N Age (M = SD) Education (% tertiary) BAI (M = SD) BDI (M + SD)

Females 42 25.48 + 4.05 79% 30.83 + 6.49 9.93 + 8.01

Males 38 26.97 + 4.31 68% 28.89 + 6.67 8.05 + 6.40
z=-1.52, ¥2=1.06,p =0.3 z=1.64, z=0.81,
p=0.13 p=0.1 p=0.42

BAI, Beck Anxiety inventory; BDI, Beck Depression Inventory.

|23,24 25,26

subcortica and cortical levels suggest the presence of
inherent sex-related differences in gamma-band synchroniza-
tion, which could stem from differences in neural circuitry and/
or hormonal modulation.

Notably, most existing studies used ASSR paradigm and
focused on a single frequency—40 Hz. Alternatively, envelope-
following responses (EFRs) across a broad range of input fre-
quencies can be efficiently assessed using a chirp-like stimulus,
which linearly?” or logarithmically®® sweeps through range of
frequencies over time. This method enables the rapid character-
ization of frequency-specific responses, providing a more
comprehensive assessment of gamma-range synchronization
that was proven useful in various contexts.”®*? Additionally,
this approach enables efficient estimation of the individual reso-
nance frequency within the gamma range, referred to as the in-
dividual gamma frequency (IGF), which represents the frequency
at which the strongest neural response is observed during stim-
ulation.®® IGF is thought to reflect individual differences in
network properties,®* which are shaped by anatomical structure
and the speed of neuronal communication®>—both of which are
known to differ between sexes.***” Despite these theoretical im-
plications, sex differences in auditory IGF have not been system-
atically explored. Research suggests that individual variation in
gamma frequency is functionally relevant,® influencing auditory
processing in both healthy individuals (e.g., gap detection sensi-
tivity®>“° and in neuropsychiatric conditions (e.g., symptom
severity*'**?). Given the increasing importance of gamma-range
neural synchronization assessment in both basic and clinical
research, understanding sex differences in these responses is
of outmost importance for refining diagnostic and therapeutic
applications.

Leveraging the EFR approach, the present study aimed to
investigate sex differences in gamma-range activity by exam-
ining phase-locking properties, response strength, and IGF us-
ing low-gamma auditory click-based chirp-like stimulation (see
Figure 1 for the visualisation of methods) in a homogenous sam-
ple of healthy young male and female participants.

RESULTS

Group characteristics and comparisons are provided in Table 1.
Female and male samples did not differ in terms of age, educa-
tion level and experienced symptoms of depression and anxiety.
Age, sex, and race of each participant is provided in Supplemen-
tary materials (Table S1).

The phase-locking index (PLI) and event-related spectral
perturbation (ERSP) frequency curves for all channels are plotted
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in Figures 2A and 2B, clearly demonstrating more expressed
responses over fronto-central (FC) region, centered on midline
electrodes, and overall more pronounced activity in male group.
The correlation plots of IGFs extracted at individual channels
from PLI (Figure 2C) and ERSP (Figure 2D) measures indicate pre-
dominantly positive correlations between electrodes that showed
the most pronounced EFR (Figures 2A and 2B). The following pat-
terns of higher correlations can be observed: (1) within and be-
tween adjacent ROls in the fronto-central area, clustered around
the midline electrodes; (2) within and between adjacent ROls in
the parieto-occipital area; (3) among fronto-central and parieto-
occipital ROIs. Median (inter-quartile range) strength of correla-
tions in the midline fronto-central area (F1, Fz, F2, FC1, FCz,
FC2, C1, Cz, and C2) was 0.38 (0.21) for IGFp, and 0.41 (0.36)
for IGFgrsp in female group, and 0.43 (0.20) and 0.38 (0.31) for
IGFpy, and IGFgrsp in the male group, respectively.

PLI and ERSP values averaged over midline fronto-central
channels (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, and C2) show a
clear difference in response to chirp-like stimulus between
groups (Figures 2E and 2F). Significant differences between fe-
male and male groups were obtained in the 35-43 Hz range for
PLIS (Zmin = —4.03, znax = —3.32, corrected p < 0.05) whereas
for ERSPs the difference was observed in the 35-46 Hz range
(Zmin = —3.41, zmax = —3.18, corrected p < 0.05); for both mea-
sures, stronger response was observed in males (Figures 2G
and 2H). PLI and ERSP averages were computed over the fre-
quencies which showed significant differences between the
groups: average PLI was 3.87 (SE = 0.23) in females and 5.34
(SE = 0.27) in males; average ERSP was 1.19 (SE = 0.03) in fe-
males and 1.35 (SE = 0.04) in males. For completeness, raw
(non-normalized) PLI output is presented in supplementary ma-
terials (Figure S1). The topographic representation of the activity
in frequency ranges showing significant female/male difference
is presented in Figures 2E and 2F. A clear fronto-central distribu-
tion of the response is evident, in line with earlier studies utilizing
both chirp-like®® and single-frequency steady stimulation.'®

IGFs extracted from PLIs were significantly lower than those
obtained from ERSPs in both females (z = —2.01, p = 0.04) and
males (z = —2.49, p = 0.01). In females, mean IGFp_, was
37.55 Hz (SE = 0.88; 30-58 Hz) and IGFgrsp was 39.71 Hz
(SE = 1.20; 30-58 Hz). In males, mean IGFp, was 37.18 Hz
(SE = 0.62; 30-44 Hz) and |IGFgrsp Wwas 41.08 Hz (SE = 1.15;
30-58 Hz). However, no differences were found between the
groups in IGFs: IGFp, (z = —0.53, p = 0.59) and IGFgrsp (z =
—1.12, p = 0.26) (Figures 2G and 2H).

To note, PLI estimates at IGF and at 40 Hz were positively
correlated in both females (rho = 0.72, p < 0.01) and males
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Figure 1. Auditory stimulation and EFR
analysis

(A) Auditory stimulus representation.

(B) Time-frequency plots of PLI responses to the
auditory stimulus of three individual subjects.
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(rho = 0.86, p < 0.01); likewise, a strong correlation between
values of ERSP at IGF and at 40 Hz was observed in females
(rho =0.89, p < 0.01) and males (rho = 0.96, p < 0.01). Laterality
indices (LIs) revealed no hemispheric differences in either group
or measure, with mean Lls being close to zero. At IGF, LIp, was
—0.04 (SE =0.02) and LIgrsp was —0.004 (SE = 0.008) in females;
LIp, was —0.003 (SE = 0.03) and Llggsp was 0.009 (SE = 0.01) in
males. Similarly, at 40 Hz, females had Llp, of —0.04 (SE = 0.03)
and LIggsp of —0.02 (SE = 0.006); males had Llp, of —0.03 (SE =
0.03) and LIgrsp of 0.003 (SE = 0.009). No significant differences
in LIs were found between sexes (p > 0.14).

DISCUSSION

In this study we sought to evaluate the sex-related difference in
the individual ability to generate gamma-range oscillatory brain
activity. To do so, we measured responses to click trains pre-
sented in a logarithmic sequence, both in descending and
ascending order, covering the 30-60 Hz frequency range.

We analyzed phase-locking index (PLI) and event-related
spectral perturbation (ERSP) at each stimulation point and
estimated individual gamma frequencies (IGFs), defined as the
frequencies eliciting the strongest and most synchronized re-
sponses. IGF estimates did not differ between sexes, on average
peaking around 37 Hz for PLIs and 40 Hz for ERSPs, spanning
30-58 Hz range and aligning with previous findings using both
similar®® and alternative methodologies.*>*" We could not find
any reports comparing auditory IGFs between sexes in the liter-
ature, therefore this aspect cannot be properly discussed. How-
ever, both PLIs and ERSPs were significantly higher in males, not
only at IGF but across a broader frequency range centered
around 35-45 Hz. To align with existing 40-Hz ASSR literature,
we extracted PLIs and ERSPs at 40 Hz, which were highly corre-
lated with the corresponding parameters at IGF, reinforcing our
previous observations.?®?° These findings support the sugges-
tion by Gransier et al.*® that ASSRs within the 30-60 Hz range

L tors, with stimulation frequency choice
having little impact on relative measures,
despite individual variations in peak
response frequencies. This also falls in
line with our previous observations in clinical samples,®*>'
where significant associations with clinical symptoms were
observed not for a single frequency but for a range of frequencies
around 40 Hz. Although it is not fully clear if EFRs and 40-Hz
ASSRs reflect the same network properties, previous studies uti-
lizing both responses reported similar outcomes,*"** hinting to
the potential generalizability of the findings across response
types. Finally, exploratory analysis on the asymmetry
revealed no hemispheric dominance in EFRs in both males and
females, supporting our earlier findings on 40-Hz ASSR.'® To
note, responses were more prominent in fronto-central area,
again aligning with 40-Hz ASSR findings.'® Moreover, IGF esti-
mates showed prominent consistency in the fronto-central
regions.

Our finding that males exhibit stronger 40-Hz EFRs compared
to females aligns with some prior studies highlighting sex-related
differences in synchronization to external gamma-range stimula-
tion. A recent study'® demonstrated that 40-Hz ASSRs are more
synchronized in male mice as compared to female mice. Similarly,
stronger phase-locking and response strength was reported in
males, but only among left-handed individuals,'® suggesting a
presence of complex interaction between sex, handedness, and
neural synchronization. Additionally, Zakaria et al.'” found that fe-
males have lower ASSR thresholds (i.e., the lowest sound inten-
sity at which reliable ASSR is observed) at 40 Hz in response to
amplitude-modulated 500-Hz carrier sounds and hypothetically
linked it to the modulatory role of estrogen on inhibitory action.
Indeed, changes of ASSR with fluctuation of estrogen levels
were reported in both humans®' and mice.?? Although our design
did not directly assess hormonal influences, hormonal back-
grounds inherently differ between sexes and may contribute to
interindividual variability in neural responses.“**® Precise delinea-
tion of such influences would require studies combining electro-
physiological measures with direct hormonal assessments and
longitudinal sampling. In the current study, we enrolled females
during the early follicular phase (menses), to capture the state of
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Figure 2. Auditory envelope-following responses in females and males

First row: grand-averaged single-electrode PLI (A) and ERSP (B) frequency curves (30-60 Hz). Second row: Spearman correlation coefficients for single-elec-
trode-based IGFs extracted from PLIs (C) and ERSPs (D).

For visualization purposes, electrodes are clustered into ROIs arranged on the anterior-posterior plane, and separated by dashed lines for clarity. Fronto-polar/Fp
(Fp1, Fpz, and Fp2); anterio-frontal/AF: AF7, AF3, AF4, and AF8); frontal/F (F7, F5, F3, F1, Fz, F2, F4, F6, and F8); fronto-central/FC (FT7, FC5, FC3, FC1, FCz,
FC2, FC4, FC6, and FT8); central/C (T7, C5, C3, C1, Cz, C2, C4, C6, and T8); centro-parietal/CP (TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6, and TP8); parietal/P:
(P7, P5, P3, P1, Pz, P2, P4, P6, and P8); parieto-occipital/PO (PO5, PO3, POz, PO4, and PO6); occipital/O: (PO7, O1, Oz, 02, and PO8). On the y axis of the plots,
left-sided electrodes are depicted below the midline and right-sided electrodes are placed above the midline of each ROI. Third and fourth row: Topographies and
time-frequency plots of PLI (E) and ERSP (H) in female and male groups are shown on the left. Topographies represent the average responses over the fre-
quencies showing statistically significant differences (F and l) and time-frequency plots depict responses to chirp stimulus in both groups, averaged over fronto-
central electrodes (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, and C2). On the right, grand-averaged frequency curves and extracted IGF distributions of PLI (F and G) and
ERSP (I and J) in females (orange) and males (blue). In EFR curves, transparent area indicates standard errors of the mean (SE), gray curve and area depict p
values and highlight frequency range where significant differences (p < 0.05, Bonferroni corrected) were detected. Significant differences between female and
male groups were obtained in the 35-43 Hz range for PLIs (zmin = —4.03, Zmax = —3.32, corrected p < 0.05) and in the 35-46 Hz range for ERSP (zmin = —3.41, Zmax =
—3.18, corrected p < 0.05). In IGF plots, white circle represents the mean. No differences were found between the groups in IGFp, (z = —0.53, p = 0.59) and
IGFgrsp (z = —1.12, p = 0.26). Between group comparisons were performed using Wilcoxon rank-sum test.
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low sex-hormone levels (both estrogen and progesterone) and to
reduce its potential confounding effect.

Studies on schizophrenia,® bipolar disorder,® and autism
frequently report reduced 40-Hz ASSRs. However, the assess-
ment of sex-related effects in the context of neuropsychiatric con-
ditions is extremely rare—we were able to identify only two
studies directly evaluating the impact of sex on ASSRs. In a sam-
ple of teenage non-psychotic subjects with 22q11.2 deletion
syndrome and healthy controls, no effects of sex were found on
power and phase-locking of ASSR.* On the contrary, a signifi-
cant difference between sexes in the combined sample of
controls and patients with schizophrenia, with female subjects
producing larger gamma amplitudes compared to males,” i.e.,
contradicting our observation. However, no significant effect of
sex was observed on gamma phase-locking. Additionally, two
studies investigated ASSR pattern development in animal models
of autism separately for male and female animals. Port et al.*°
demonstrated that male and female mice may have different neu-
ral mechanisms governing gamma oscillations and their modula-
tion by inhibitory neurotransmitters. To note, reduced gamma-
range ASSR was observed in mice model of autism in males,
but not females, when compared to wild type (WT) mice. A
considerably lower ASSR can be seen in the group of WT mice
when compared to male mice across different stimulation fre-
quencies in Figure 6 of their study°’; however, no separate statis-
tical evaluation of sex differences in ASSR were carried out in the
WT. A recent study®' found a difference in developmental trajec-
tory of 40-Hz ASSRs between sexes in the auditory cortex of
autism mice model, with males showing impaired ASSR through
all developmental stages and females exhibiting intact ASSR at
postnatal day 30; however, no developmental sex differences in
ASSR were observed in the control animals. These findings
collectively indicate that while sex-related effects on 40-Hz
ASSRs are rarely examined, available evidence points to potential
differences in the underlying neural mechanisms of gamma syn-
chronization. From a physiological standpoint, auditory stimula-
tion in the gamma range not only probes the brain’s capacity for
neural entrainment but also reflects cortical excitability,>” particu-
larly dependent on parvalbumin-positive (PV*) interneuron func-
tion.>® Given that sex hormones can modulate PV* interneuron
activity and inhibitory tone,** sex-related differences in gamma
responses may partly arise from divergent excitation-inhibition
balance mechanisms rather than from oscillatory coupling per se.

Methodological differences may partly explain the variability in
observed sex-related effects on ASSRs. Importantly, sample
characteristics should be taken into consideration. In Kirihara
et al.,”° a considerably lower number of females was recruited
in the schizophrenia group. The ratio between healthy controls
and patients with schizophrenia in female sample was 1.8, while
in male sample it equaled 0.5, although the number of females
and males in the control group was identical. This sampling
imbalance could have contributed to females showing higher
ASSR amplitudes when compared to males given that reduced
ASSR is generally reported in schizophrenia.® In other human
studies, the difference in the total number of female and male
subjects (14/31 in 5% and/or relatively small total sample sizes
(45in ®%; 44 in '8 may have underpowered the detection of differ-
ences in ASSR between sexes overall*® or among the right-

47,48
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handers.'® This assumption is also supported by a generally
high inter-subject variability of responses to gamma-range stim-
ulation.?®**° In addition, studies assessing sex differences in
ASSR did not control for female menstrual cycle,'”'®2%4° pot-
entially leading to increased variability in ASSR due to hormonal
influence.”"*? Finally, Zakaria et al.'” assessed ASSR threshold,
which essentially differs from the typical amplitude, power or
phase-locking measures. Although lower ASSR thresholds
were reported for females, meaning that females could produce
synchronized responses at lower stimulus intensities, it is
unknown whether lower thresholds would be related to stronger
ASSR at higher intensities.

The observed sex-related differences in gamma-range re-
sponses are consistent with established neuroanatomical and
neurophysiological findings. It has been reported that males
generally have a higher volume, thickness, and cortical folding
in posterior and temporal cortical regions,*® with the latter en-
compassing primary auditory cortex, the main generator of
ASSR.*® Furthermore, 40-Hz ASSR was shown to be positively
correlated with the cortical thickness.*® Additionally, differences
in the speed of neuronal communication may further contribute
to the sex-related variation in 40-Hz responses. Males often
exhibit faster cortical nerve conduction velocities,*” likely due
to increased myelination and larger axonal diameters,®” which
facilitate a more efficient signal transmission across cortical
networks.

These findings have significant implications for understanding
sex-specific periodic response patterns and their relevance to
neuropsychiatric conditions characterized by gamma-band
dysfunction. Our results of stronger gamma-range response in
males emphasize the importance of considering sex as a key
variable in ASSR/EFR research and its application in clinical
and translational neuroscience.

Limitations of the study

Although the present study evaluated EFRs to sweep stimuli
covering a range of frequencies, it is unclear whether the results
of the current study directly translate to classical single-fre-
quency ASSRs. This could be evaluated in future studies by us-
ing both types of stimuli. In addition, the present work could not
directly assess the relationship between EFRs and hormonal
levels due to the lack of hormonal measurements.
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Materials availability
This study did not generate new materials.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon
request.
® This paper does not report original code. For EEG data processing and
analysis, freely available and documented Matlab-based packages
were used: — Fieldtrip (https://www.fieldtriptoolbox.org/) and EEGLab
(https://sccn.ucsd.edu/eeglaby).
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Raw and preprocessed EEG data
Demographic data

Mockevicius et al.**

Mockevicius et al.**

Analyzed time-frequency data This study -

Software and algorithms

MATLAB 2020a MathWorks https://www.mathworks.com/
EEGLab Delorme & Makeig®® https://sccn.ucsd.edu/eeglab/
FieldTrip Oostenveld et al.*® https://www.fieldtriptoolbox.org/
Other

Electroencephalography
Earphones

ANT Neuro
Shure

https://www.ant-neuro.com/

https://www.shure.com/

EXPERIMENTAL AND STUDY PARTICIPANT DETAILS

Eighty volunteers (42 females, 2 left-handed; 26.07 + 4.28 years) comprised the study sample. Characteristics of each participant are
provided in Supplementary materials. The data from this sample was used in a previous study (for full details, see®). Subjects re-
ported good general health, no history of neurological or psychiatric disorders and no use of any medication. They were asked to
fill in Beck Depression Inventory, Second Edition (BDI),°° and Beck Anxiety Inventory (BAI)®' to evaluate the level of experienced
depression and anxiety. To rule out the influence of fluctuating sex hormones, females were asked to participate during the early
follicular phase (menses). Subjects were asked to refrain from caffeine consumption and smoking 2 hours before the experiment.
The study was approved by the Vilnius Regional Biomedical Research Ethics Committee (no. 2020/3-1213-701), and subjects pro-
vided written informed consent.

METHOD DETAILS

EEG data

The data included 64-channel EEG recordings during which participants underwent auditory stimulation using chirp-like sounds con-
sisting of 1.5 ms logarithmically-spaced white noise clicks covering 30-60 Hz frequency range (Figure 1A). The sound pressure level
was set at 60 dB. Stimuli included both decreasing (chirp-down) and increasing (chirp-up) parts and lasted ~1400 ms. 200 repetitions
were presented with a variable inter stimulus interval of 700-1000 ms.

The data were preprocessed in Matlab 2020a environment using EEGLab plugin.®® Power-line noise was removed using multi-
tapering and Thomas F-statistics. The data were visually inspected, and channels with substantial noise (shift, movements) were
removed (N = 6.51+4.64). Average reference was applied. Further, an independent component analysis (ICA) was performed and
components related to eye movements and cardiac activity were removed (3 components per subject). The removed channels
were then reconstructed using a 3D spherical spline method. Continuous data were epoched at -1 to 2 s relative to stimulus onset.
Epochs containing noise or artifacts were manually rejected (N = 12.27+12.30).

QUANTIFICATION AND STATISTICAL ANALYSIS

Time-frequency analysis was carried out using the Fieldtrip toolbox®® in the Matlab 2020a environment. Complex Morlet wavelet
decomposition (14 cycles) was performed in 30-60 Hz frequency range and the time window from -1000 to 2000 ms for each epoch.
From the obtained complex matrix, phase and amplitude information was extracted to compute phase locking-index (PLI) and event-
related spectral perturbation (ERSP), respectively. PLI represents the phase alignment among trials and is expressed as follows:

N
3 et

n=1

PLI(f,t) = %

where N is the number of trials and ¢,(f,t) is the phase angle of a single frequency and time point within a current trial.
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Event-related spectral perturbation (ERSP) corresponds to power averaged over trials, calculated according to the formula:
ERSP(f,t) = ! EN: X, (F, )2
bl - N = n\"

where X,,(f,t) is the complex wavelet coefficient for each frequency, time point and trial.

Relative baseline normalization was applied to PLI and ERSP, dividing all values by the average in the time period from -500
to 0O ms.

IGFs were obtained separately from PLI and ERSP measures for each subject. Times for each frequency in the chirp stimulus were
estimated by computing the cumulative sum of element-wise division of 1 by each element in the frequency vector (30-60). For the
chirp-down part, both the frequency vector and the resulting element-wise division vector were flipped. For the chirp-up part, the last
element in the chirp-down time vector was added to each element of the cumulative sum vector (Figure 1B). After estimating the times
for each frequency, PLI and ERSP measures were averaged in the time windows of 150-ms starting from the frequency onset in both
chirp-up and chirp-down parts (300 ms in total).

For visualization purposes, frequency curves from single channels averaged for female and male groups were clustered to ROIs
arranged on the anterior-posterior plane, separated by dashed lines. Frontopolar/Fp (Fp1, Fpz, Fp2); Anterior Frontal/AF: AF7, AF3,
AF4, AF8); Frontal/F (F7, F5, F3, F1, Fz, F2, F4, F6, F8); Fronto-central/FC (FT7, FC5, FC3, FC1, FCz, FC2, FC4, FC6, FT8); Central/C
(T7, C5, C3, C1, Cz, C2, C4, C6, T8); Centroparietal/CP (TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6, TP8); Parietal/P: (P7, P5, P3, P1,
Pz, P2, P4, P6, P8); Parieto-occipital/PO (PO5, PO3, POz, PO4, PO6); Occipital/O: (PO7, O1, Oz, 02, PO8). For statistical evaluation,
measures over nine fronto-central channels (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2) were averaged.

The frequencies with the highest obtained average PLI or ERSP were set as IGFs (Figure 1C). Spearman correlation coefficients
were calculated for single-electrode-based IGFs extracted from PLI and ERSP to visualize the pattern of IGF behavior over the scalp.
For statistical evaluation, IGFs extacted from averaged nine fronto-central channels (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2)
were used.

Furthermore, we performed an exploratory analysis aiming to investigate PLI/ERSP hemispheric lateralization. Laterality index (LI)
was computed at IGF (previously extracted from 9 fronto-central channels) and at 40 Hz for PLI and ERSP measures:

L-R
Ll = ——
L+R

where L represents the average PLI/ERSP value in the left ROI (F1, FC1, C1), while R —in the right ROI (F2, FC2, C2). The output was
confined within -1 to 1 range, with negative and positive values indicating right and left-side dominance, respectively.

Statistical analysis was carried out in the Matlab 2020a environment. To evaluate sex differences in the obtained measures, the
data were divided into female and male groups. Age, BAl and BDI scores were compared between groups using Wilcoxon Rank
Sum test for independent samples and the proportions in education levels (tertiary/secondary) were compared using Chi-Square
test of independence. PLI and ERSP values at each frequency (30-60 Hz) were compared between groups by applying Wilcoxon
Rank Sum test and the resulting p values were corrected using Bonferroni method. The IGFs extracted from PLI and ERSP measures
were compared separately in each group by applying Wilcoxon Signed Rank test for dependent samples. Subsequently, IGFs be-
tween groups were compared separately for PLI and ERSP measures using Wilcoxon Rank Sum test. In each group, Spearman cor-
relations were computed between PLI/ERSP at IGF and at 40 Hz. Lls for PLI and ERSP at IGF and 40 Hz were compared between
groups using Wilcoxon Rank Sum test, whereas single-channel peak frequencies were used for Spearman correlation analysis.
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