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Abstract

Background. Shifts in peak frequencies of oscillatory neural rhythms are put forward as a principal
mechanism by which cross-frequency coupling/decoupling is implemented in the brain. During active
neural processing, functional integration is facilitated through transitory formations of ‘harmonic’ cross-
frequency couplings, whereas ‘non-harmonic’ decoupling among neural oscillatory rhythms is postulated
to characterize the resting, default state of the brain, minimizing the occurrence of spurious, noisy,

background couplings.

Methods. Within this exploratory, randomized, placebo-controlled trial, we assessed whether the
transient occurrence of non-harmonic and harmonic relationships between peak-frequencies in the
alpha (8-14Hz) and theta (4-8Hz) bands is impacted by intranasal administration of oxytocin, a
neuromodulator implicated in improving homeostasis and reducing stress/anxiety. To do so, resting-
state electroencephalography was acquired before and after four weeks of oxytocin administration (121U
twice-daily) in children with autism spectrum disorder (8-12 years, n=33 oxytocin; n=34 placebo). At
baseline, neural assessments of children with autism were compared with those of a matched cohort of

children without autism (n=40).

Results. Compared to non-autistic peers, autistic children displayed a lower incidence of non-harmonic
alpha-theta cross-frequency decoupling, indicating a higher incidence of spurious ‘noisy’ coupling in
their resting brain (p=.001). Dimensionally, increased neural coupling was associated with more social
difficulties (p=.002) and lower activity of the parasympathetic ‘rest & digest’ branch of the autonomic
nervous system (p=.018), indexed with high-frequency heart-rate-variability. Notably, after oxytocin
administration, the transient formation of non-harmonic cross-frequency configurations was increased
in the cohort of autistic children (p<.001), indicating a beneficial effect of oxytocin on reducing spurious
cross-frequency-interactions. Furthermore, parallel epigenetics changes of the oxytocin receptor gene
indicated that the neural effects were likely mediated by changes in endogenous oxytocinergic signaling

(p=.006).

Conclusions. Chronic oxytocin induced important homeostatic changes in the resting-state intrinsic
neural frequency architecture, reflective of reduced noisy oscillatory couplings and improved signal-to-

noise properties.
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Key points and relevance

e Compared to their non-autistic peers, autistic children display reduced neural cross-frequency
decoupling, indicative of more abundant noisy background oscillatory couplings among neural
rhythms in their brain at rest.

e These alterations were mitigated through a four-week course of chronic oxytocin administration,
normalizing their cross-frequency pattern to the one observed in children without autism.

e Low incidences of spurious, noisy couplings when the brain is at rest may lay the ground for a
healthy intrinsic neural network which optimally prepares the system for transitions from rest to
forthcoming active signal processing states.

o The observed effect of oxytocin on neural decoupling reflects an important mechanism by which

oxytocin improves signal-to-noise properties of the intrinsic neural frequency architecture.
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Introduction

The influence of oxytocin on social behaviors has garnered significant scientific and public interest in
recent years. Oxytocin is a neuropeptide that plays a crucial role in modulating various complex social
behaviors, including social reciprocity, attunement, social attachment, and stress regulation (Bartz et al.,
2011). Intranasal administration of oxytocin is increasingly considered as a potential therapeutic option
for various neuropsychiatric conditions, including autism spectrum disorders (ASD), due to its reported

social and anxiolytic effects (Huang et al., 2021).

Endogenous oxytocin is synthesized in the hypothalamus where neurons of the paraventricular and
magnocellular nuclei project to various areas of the central nervous system, including the amygdala,
nucleus accumbens and frontal and temporal lobes (Jurek and Neumann, 2018, Wigton et al., 2015).
Its widespread expression of receptors in both central brain regions and peripheral tissues, such as the
heart, underscores its importance in homeostasis and stress regulation (Jurek and Neumann, 2018). As
a neuromodulator, oxytocin has been implicated in various complex social behaviors, although the
precise neural mechanisms underlying these effects remain incompletely understood. One theoretical
account posits that oxytocin modulates social salience, enhancing social sensitivity (Shamay-Tsoory
and Abu-Akel, 2016). Conversely, oxytocin has also been linked to regulation of central and autonomic
homeostatic function, affecting (social) stress and anxiety responses (Stoop, 2012, Quintana and

Guastella, 2020).

In addition, Owen et al. (2013) proposed that oxytocin may exert its complex neuromodulatory function
by modulating the signal-to-noise properties of neural processes (Owen et al., 2013). In particular, they
showed that oxytocin enhanced the signal-to-noise ratio of synaptic transmissions in the mammalian
hippocampus by suppressing spontaneous neuronal firings, thereby facilitating efficient information
transfer through increased fidelity of spike transmission. Similarly, an earlier study by Zaninetti &
Raggenbass (2000) showed that oxytocin can exert strong facilitatory effects on spontaneous inhibitory
post-synaptic currents in pyramidal cells, through increased release of the inhibitory neurotransmitter
gamma-aminobutyric acid (GABA) from GABAergic interneurons (Zaninetti and Raggenbass, 2000).
Subsequent studies have also demonstrated an impact of oxytocin on network oscillatory patterns,
showing that oxytocin can suppress sharp wave-ripple complexes while increasing the temporal

precision of oscillation-coupled spikes in mouse hippocampal tissue (Maier et al., 2016). Research in
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rodents has also shown that oxytocin receptor activity in olfactory bulb neurons increases peak firing
responses to social sensory information by lowering the baseline firing rate, thereby augmenting signal-

to-noise properties for signal transmission (Oettl et al., 2016).

Prior human pharmaco-neuroimaging studies predominantly investigated oxytocin’s neural effects using
functional magnetic resonance imaging (fMRI) (Wigton et al., 2015, Grace et al., 2018, Fathabadipour
et al., 2022), which offers high spatial precision, but limited temporal resolution. Studies adopting
electroencephalographic (EEG) neuroimaging techniques which allow maximal temporal resolution are
far more sparse, with only a handful of trials assessing oxytocin-induced changes in event-related
potentials, EEG band power activity and microstates (de Bruijn et al., 2017, Peltola et al., 2018, Ruissen
and de Bruijn, 2015, Waller et al., 2015, Ye et al., 2017, Festante et al., 2020, Wynn et al., 2019, Singh
et al., 2016, Soriano et al., 2020, Rutherford et al., 2018, Van der Donck et al., 2022, Zhang et al., 2021,

Schiller et al., 2019, Zelenina et al., 2022, Moerkerke et al., 2023).

EEG recordings of neural activity at the human scalp have revealed that neuronal populations exhibit
firing patterns across discrete frequency bands (referred to as delta, theta, alpha, and beta bands) and
synchronization of oscillatory activity across these distinct neural rhythms facilitates information transfer
between neuronal cell populations across the brain (Fries, 2005, Roopun et al.,, 2008). The peak
frequencies of neural oscillations have been proposed to act as a key mechanism for enabling cross-
frequency coupling and decoupling in the brain (Klimesch, 2013, Klimesch, 2018, Rassi et al., 2019).
This notion is rooted in the mathematical concept that neural oscillations can only achieve full
synchronization when their peak frequencies constitute harmonic 2:1 relationships (f2 = fi/2; e.g. f1 = 10
Hz and f- = 5 Hz), thereby allowing a pattern of frequent and regular excitatory phase meetings
(Klimesch, 2013). In contrast, non-harmonic cross-frequency relationships based on the irrational
golden mean 1.618:1 provide the highest physiologically possible desynchronized state, reducing the
incidence of spurious, noisy, background coupling (f2 = fi/1.6; e.g. f1 = 10 Hz and f> = 6.18 Hz) (Pletzer
et al.,, 2010). As a result, the occurrence of non-harmonic cross-frequency patterns is thought to
characterize the resting-state of the brain, during which no selective information processing takes place,
as may be amplified through meditation or mindfulness practice (Rodriguez-Larios and Alaerts, 2020,
Rodriguez-Larios et al., 2020b, Rodriguez-Larios et al., 2020a). The specific arrangement of adjacent
EEG frequency bands generally concurs with a binary series of oscillatory rhythms, e.g. with & = 2.5, 8

=5 a =10, B = 20, y = 40, and state- and task-dependent shifts in peak frequencies have been
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associated with transient shifts in harmonic/non-harmonic cross-frequency dynamics (Rodriguez-Larios
and Alaerts, 2019, Rodriguez-Larios et al., 2020a, Rodriguez-Larios et al., 2020b, Rodriguez-Larios and

Alaerts, 2020, Alaerts et al., 2021, Rassi et al., 2019).

In line with the signal-to-noise account of oxytocin, an initial study showed that the transient formation
of non-harmonic cross-frequency decoupling configurations between alpha and theta peak frequencies
is significantly increased after single-dose oxytocin administration (Alaerts et al., 2021). This indicates
that, during resting-state, oxytocin reduces the intrinsic occurrence of spurious background phase
synchronizations between alpha and theta rhythms implicated in memory and executive control
(Rodriguez-Larios and Alaerts, 2020). Additionally, the same study showed single-dose oxytocin
administration to enhance autonomic homeostasis and parasympathetic drive, as indexed by high-
frequency heart rate variability (HRV), and baseline variations in HRV were associated to individual
differences in non-harmonic cross-frequency arrangements. Altogether, this suggests that oscillatory
systems with a low incidence of spurious cross-frequency couplings are reflected by a higher
parasympathetic drive of the autonomic nervous system, which aligns with the notion that non-harmonic
cross-frequency configurations lay the ground for a healthy neural network, allowing for an efficient

transition from resting-state to activity (Pletzer et al., 2010, Rassi et al., 2019).

While these prior studies yielded important insights into oxytocin’s neurophysiological effects to single-
dose ‘acute’ administrations, insights in how multiple-dose ‘chronic’ repeated, daily administrations
impact neural processes remain highly sparse with no study to date examining its temporal dynamics
using EEG neurophysiological assessments. Particularly for autism, a neurodevelopmental condition
characterized by difficulties in social interaction and (social) stress regulation (Cheng et al., 2020), an
increasing number of chronic administration trials has emerged examining oxytocin’s clinical-behavioral
effects for relieving social difficulties. Yet, thus far, a mixed pattern of results has emerged, with some
studies demonstrating beneficial clinical effects, while others did not (Horta et al., 2020, Huang et al.,
2021). Pharmaco-neuroimaging of oxytocin’s neural and stress physiological effects are urgently
needed as it is anticipated that these assessments will allow for a more sensitive, objective evaluation
of treatment effects and mechanisms, and may aid in understanding variation in its clinical-behavioral

responses.

Here, we present an integrative investigation, examining how intrinsic, resting-state EEG cross-

frequency dynamics among alpha and theta neural rhythms may differ in a cohort of school-aged autistic
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children as compared to matched non-autistic peers, and particularly, whether children with autism may
display reduced neural cross-frequency decoupling, indicative of more abundant noisy background

oscillatory couplings among neural rhythms in their brain at rest.

Next, autistic children were enrolled in an exploratory, randomized, placebo-controlled trial examining
how a four-week course of daily oxytocin administration (2 x 12 1U) may mitigate potential alterations in
EEG cross-frequency dynamics in the cohort of children with autism. To examine whether the chronic
oxytocin administration could induce long-lasting neurophysiological changes, EEG assessments were
not only obtained immediately post-administration (24 hours after the last nasal spray administration),
but also at a follow-up assessment, four weeks after cessation of the daily administrations. Following
the prior single-dose oxytocin administration study (Alaerts et al., 2021), it was specifically explored
whether the multiple-dose oxytocin administration regime could induce similar facilitatory effects on the
formation of non-harmonic cross-frequency decoupling configurations among alpha and theta peak

frequencies in the current pediatric cohort of autistic children.

To further our understanding into the effects of oxytocin on autonomic nervous system activity as well
as the association among neural decoupling and autonomic homeostasis, we also obtained
simultaneous high-frequency HRV recordings for investigating group differences and treatment
outcomes in this established marker of cardiac, vagal parasympathetic activity, linked to
psychophysiological homeostasis and well-being (Shaffer et al., 2014), i.e., similar to existing single-
dose administration trials (Jain et al., 2017, Kemp et al., 2012, Alaerts et al., 2021, Martins et al., 2020,

Norman et al., 2011).
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Methods

Trial design and participants

The study encompassed a double-blind, randomized, placebo-controlled parallel design to perform an
exploratory investigation into the neural and cardiac effects of four weeks of oxytocin administration in
school-aged children with autism. Participants were enrolled in the trial to permit a 1:1 randomization
strategy for two groups either receiving oxytocin or placebo nasal sprays (see Figure 1 for the
CONSORT flow diagram visualizing the number of participants randomized and Table 1 for the number
of participants analyzed: oxytocin: n = 33; placebo: n = 34, aged 10.49 * 1.28 years, 13 girls). The
autistic children underwent three neurophysiological assessment sessions: at baseline (TO);
immediately post-administration (T1) (24 hours after the last nasal spray administration); and at a follow-
up session, four weeks after cessation of the daily administrations (T2). To assess potential baseline
diagnosis-related differences, a control group of children without a diagnosis of autism (n = 40, aged
10.28 + 1.32 years, 8 girls, see Table 1) underwent a neurophysiological assessment at baseline (T0),

but did not undergo any oxytocin or placebo nasal spray administration regime.

The study was conducted at the Leuven University Hospital (Leuven, Belgium) and was approved by
the local Ethics Committee for Biomedical Research at the University of Leuven, KU Leuven (S61358)
in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) (2013).
The trial was registered at the European Clinical Trial Registry (EudraCT 2018-000769-35) and was part
of a larger data collection, also including fMRI neuroimaging (Alaerts et al., 2023), frequency-tagging
EEG (Moerkerke et al., 2023), biological sampling (Evenepoel et al., 2023, Moerkerke et al., 2024) and
clinical-behavioral assessments (Daniels et al., 2023). As indicated in the trial registration, the EEG
assessments were included as an exploratory outcome to examine the effects and neural mechanisms

of oxytocin administration in autism.

Participants were recruited through the Leuven Autism Expertise Centre at the Leuven University
Hospital and through elementary schools between July 2019 and January 2021. Autistic participants
were eligible if they were diagnosed with ASD according to the Diagnostic and Statistical Manual of
Mental Disorders, 5th edition (DSM-5) (APA, 1994), aged 8-12 years old, intelligence quotient above 70
and no prior oxytocin treatment. For each child, the formal ASD diagnosis was established by a

multidisciplinary team (child psychiatrist and/or expert neuropediatrician, psychologist, speech/language
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pathologist and/or physiotherapist). Individuals with any neurological disorder (stroke, concussion,
epilepsy etc.), any physical disorder (liver, renal, cardiac pathology), significant hearing or vision
impairments, or any neuropsychiatric diagnosis (only for control group) were excluded. Boys and
premenstrual girls were included. As outlined in Table 1, children with autism were administered the
Autism Diagnostic Observation Schedule, 2nd edition (ADOS-2) (Lord et al., 1999). For all children, the
parent-rated Social Responsiveness Scale-Children, 2nd edition (SRS-2) (Constantino et al., 2003) and
estimates of intelligence (Wechsler Intelligence Scale for Children, Fifth Edition, Dutch version; WISC-
V-NL (Wechsler, 1999)) were acquired. Performance intelligence quotient (IQ) was derived from the

subtests Block design and Figure puzzles and verbal 1Q from the subtests Similarities and Vocabulary.

Medication schedules

Participants were randomized to receive oxytocin (Syntocinon®, Sigma-tau) or placebo nasal sprays,
as prepared at the University Hospital of Heidelberg (Germany) in identical 10 ml glass bottles with a
metered pump (0.05 ml or 2 IU /puff). Participants were asked to administer the nasal spray twice daily:
12 1U in the morning (3 puffs of 2 IU in each nostril) and 12 1U in the afternoon (after school). To monitor
nasal spray compliance, the total amount of administered fluid was assessed (see Supplementary

Methods and (Daniels et al., 2023)).

EEG recording and preprocessing

Recording. An ActiveTwo BIOSEMI acquisition system was used to collect continuous 5-minute resting-
state EEG recordings with 64 Ag/AgCl scalp-electrodes. Two additional electrodes functioned as
reference and ground electrodes (Common-Mode-Sense active electrode and Driven-Right-Leg passive
electrode). Sampling rate for the digitized EEG-signal was 512 Hz. During the resting-state recording,
children were instructed to relax, not think of anything in particular, and to avoid movement while fixating

on a Cross.

Preprocessing. Data preprocessing was performed using MATLAB R2021b and EEGlab (MATLAB
version r2021b). Raw EEG data were filtered using a high- (1 Hz) and low-pass filter (40 Hz) prior to
digitization. To improve computing speed, data were resampled to 250 Hz. Flat channels were detected

and removed (clean flatlines), and artifact subspace reconstruction (asr) was applied to remove residual
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artifactual signal. Noisy channels were interpolated. Subsequently, artifacts of eye movement were
removed using independent component analysis (ICA). Offline mathematical referencing was performed
using current source density (CSD) transformation (Tenke and Kayser, 2005). For subsequent analyses,
electrode recordings were clustered into 11 electrode clusters encompassing left and right frontal,
central, parietal and occipital regions, as well as a midline frontal, central and occipital cluster (see

Figure 2, panel D).

Transient peak detection and determination of cross-frequency relationships

The time-frequency representation of the EEG data was obtained using short-term Fast Fourier
Transform (STFFT), computed using the MATLAB spectrogram function (Hanning window length of 1
sec and sliding step of 25 bins; i.e. 90.23 % overlap), with a frequency precision of 10 points per
frequency (i.e. from 1 Hz until 40 Hz in 400 frequency lines). Then, transient peak frequencies of the
theta (4-8 Hz) and alpha (8-14 Hz) bands were detected for each (overlapping) 1 sec epoch of
transformed data using the find local maxima function implemented in MATLAB r2020b (i.e. findpeaks)
(similar to procedures described in (Rodriguez-Larios and Alaerts, 2019)). Using this algorithm, data
samples larger than their two neighboring samples were identified as local peaks within the specified
alpha and theta frequency ranges. Based on the identified peak frequencies, the numerical ratio of the
alpha and theta peaks (peak-frequencyapha/ peak-frequencyieta) Was calculated for each epoch and
rounded to the first decimal place (e.g., 10/5 Hz = 2.0). Hence, the obtained ratio-values ranged between
1.1 and 3.4 in steps of 0.1. When two or more peaks were detected in one frequency band, only the
peak with highest amplitude was selected. For a limited number of epochs, no clear peaks were detected
in the theta or alpha bands and were excluded from further analyses (in the autism group: 4.30 % at TO;

4.40% at T1; and 4.33% at T2, across electrodes and participants) (in the control group: 4.45% at TO).

Figure 2A visualizes the transient (epoch-wise) variability of alpha and theta peak frequencies over time
(i.e. 10 sec) for an exemplary subject and electrode, as well as the transient numerical ratio over time.
Figure 2B visualizes the FFT frequency spectra of two exemplary epochs in which the identified alpha
and theta peak frequencies formed a ‘harmonic’ (2:1) versus a ‘non-harmonic’ (1.6:1) cross-frequency
relationship (partly adapted from (Rodriguez-Larios and Alaerts, 2019)). Figure 2C visualizes the

distribution of the percentage occurrence of all possible ratios, as recorded at baseline (before nasal
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spray administration). In line with Rodriguez et al. (2019, 2020) (Rodriguez-Larios and Alaerts, 2019,
Rodriguez-Larios et al., 2020a) and Alaerts et al. (2021) (Alaerts et al., 2021), the distribution showed a
maximal occurrence of the non-harmonic 1.6:1 alpha:theta ratio aspect (9.46 %, average across
electrodes), indicating that this configuration forms a highly prevalent physiological state within the
intrinsic resting-state EEG frequency architecture. The harmonic 2:1 ratio aspect showed an average
occurrence of 6.86%. For subsequent analyses, the proportion of epochs in which the alpha:theta peak
ratio equaled 1.6:1 or 2.0:1 (termed non-harmonic ‘decoupling’ and harmonic ‘coupling’) was determined

for each electrode cluster.

Heart rate variability recording and data handling

Photoplethysmography (PPG) recordings were performed simultaneous to the resting-state EEG (5 min
session) using the ActiveTwo BIOSEMI multimodal acquisition system at a sampling rate of 512 Hz. The
PPG pulse oximeter sensor was placed over the ring finger of the non-dominant hand to monitor blood
volume changes in the microvascular bed of the underlying tissue. The time intervals between blood
volume pulse waves were assessed using Kubios HRV Premium software (version 3.2) (Tarvainen et
al., 2014) to derive continuous inter-beat-intervals for assessing heart rate variability (HRV). All inter-
beat-interval time series were manually inspected prior to analysis and automatic artifact removal, as

implemented in Kubios HRV, was performed.

At TO, PPG recordings were acquired for 93 participants (30 control/65 autism) of which 83 (30 control/53
autism) passed quality control (availability of 5 min of noise-free data and/or less than 5% ectopic beats
(Laborde et al., 2017)). Of the autism group with qualitative TO baseline recordings, HRV recordings
with quality control were obtained from 47 participants (24 oxytocin/23 placebo) at T1 and from 46
participants (24 oxytocin/22 placebo) at T2. For each subject and session (TO, T1, T2), HRV frequency
domain analyses were performed using Fast Fourier Transformation (FFT) based on Welch's
periodogram to compute HRV band power using the power spectral density of the detrended inter-beat-
interval series as implemented in the Kubios HRV Premium software. For completeness, both high-
frequency (0.15-0.4 Hz, % relative power, see main results) and low-frequency HRV band power were

computed (0.04-0.15 Hz, see Supplementary Results).
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Statistical analysis

All statistics were performed using Statistica version 14 (Tibco Software Inc.).

Assessment of diagnostic-related group differences. To assess diagnostic-related differences between
children with and without autism in alpha-theta cross-frequency relationships, the proportion of epochs
that displayed 1.6:1 non-harmonic decoupling and 2:1 harmonic coupling, were subjected to mixed-
effect analyses with the random factor ‘subject’ and the fixed factors ‘diagnostic group’ (autism, control),
‘cross-frequency ratio’ (1.6 and 2.0) and ‘electrode cluster’ (11 clusters). Diagnosis-related differences

in high-frequency HRV were assessed using independent-samples t-tests.

Assessment of oxytocin-induced changes. Oxytocin-induced effects were analyzed using an intention-
to-treat format with last-observations-carried-forward to replace missing data. For participants with
missing baseline data, data for that measure were excluded list-wise. See the Consort flow diagram in
Figure 1 for the included EEG data. For the high-frequency HRV data, analyses were performed on a
total of 27 oxytocin (3 imputed) and 23 placebo participants (1 imputed at T2). Note that EEG and HRV
analyses, conducted on data without imputation rendered a similar pattern of results (see

Supplementary Results).

For each ratio, pre-to-post change scores were calculated and subjected to mixed-effect analyses with
the random factor ‘subject’ and the fixed factors ‘nasal spray’ (oxytocin, placebo), ‘assessment session’
(T1, T2), ‘cross-frequency ratio’ (1.6 and 2.0) and ‘electrode cluster’ (11 clusters). Oxytocin-induced
effects in high-frequency HRV were assessed using similar mixed-effect analyses, with the random

factor ‘subject’ and the fixed factors ‘nasal spray’ (oxytocin, placebo) and ‘assessment session’ (T1, T2).

Significant interaction effects, emerging from the mixed effect analyses were further explored using
lenient Fisher LSD post-hoc tests, as well as more stringent post-hoc analyses with Bonferroni correction

for multiple comparisons.

Baseline variations. Spearman correlation analyses were performed to explore whether baseline
variations in EEG cross-frequency ratio aspects were associated with high-frequency HRV as well as

with social difficulties (SRS-2 total scores) in the autism group.

Associations of oxytocin-induced changes in EEG to changes in high-frequency HRV and behavior. To
examine whether variations in the extent of oxytocin-related effects on EEG cross-frequency were

associated to oxytocin-induced changes in high-frequency HRV or social difficulties (SRS-2 total
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scores), Spearman correlation analyses were performed between change-from-baseline scores

separately for the T1 and T2 assessment session.

Associations of oxytocin-induced changes in EEG and high-frequency HRV to changes in biological
sampling parameters. Further, as mentioned above, the current neural and cardiac characterizations
were part of a larger assessment protocol, also including biological sampling assessments of oxytocin
signaling, including changes in endogenous salivary oxytocin and epigenetics of the oxytocin receptor
gene (OXTR). Specifically, as reported in Moerkerke et al. (2024), the four-week oxytocin administration
regime was shown to elicit a significant rise in endogenous oxytocin levels (most pronounced for
morning salivary samples, assessed at T1), as well as a reduction in OXTR methylation (particularly at
CpG site -924), indicative of increased receptor expression (Moerkerke et al., 2024). Here, we examined
whether the extent of oxytocin-related effects on EEG cross-frequency and high-frequency HRV were
associated to oxytocin-induced changes in these biological sampling parameters (oxytocin hormonal
levels and OXTR methylation) (see Supplementary Methods and (Evenepoel et al., 2023, Moerkerke
et al., 2024) for more information on the assessment procedures). Considering their exploratory nature,

Spearman correlation analyses are reported at a p < .05 uncorrected statistical threshold.

Finally, to obtain deeper insight in the mechanistic process of oxytocin-induced modulations in cross-
frequency coupling, secondary EEG analyses were performed examining changes in alpha and theta

peak frequencies and amplitudes as reported in Supplementary Methods and Results.
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Results

Diagnosis-related differences in EEG and HRV at baseline

EEG cross-frequency dynamics. Mixed-effects analysis showed a significant main effect of ‘cross-
frequency ratio’ indicating that irrespective of diagnostic group, the non-harmonic 1.6:1 ratio aspect
(reflective of cross-frequency decoupling) displayed a higher occurrence, compared to the harmonic 2:1
ratio aspect (reflective of cross-frequency coupling) (F(1, 2205) = 6970.17; p <.001) (Figure 2C). Mixed-
effects analysis also showed a significant ‘diagnostic group x cross-frequency ratio’ interaction (F(1,
2205) = 30.57; p < .001), indicating a significantly lower occurrence of non-harmonic ‘decoupling’ 1.6:1
ratio aspects in the autistic compared to the control group (post-hoc: prisher Lsp < .001; peonferroni = .0012),
and a significantly higher occurrence of harmonic ‘coupling’ 2:1 ratio aspects in the autistic compared to
the control group (Prisher Lsp < .001; peonferroni < .001) (Figure 3A). While the effect was evident across
clusters, the three-way ‘diagnostic group x cross-frequency ratio x cluster’ interaction indicated that the
diagnostic effect on non-harmonic ratios was most pronounced for the left central cluster, whereas the
harmonic ratio effect was most pronounced for the right occipital cluster (F(20, 2205) = 5.41; p < .001)

(see Supplementary Figure 1, visualizing the diagnostic effect separately for each cluster).

High-frequency HRV. As a group, high-frequency HRV was not significantly different between children

with and without autism (t(81) = 1.24; p = .22) (Supplementary Figure 2).

EEG x high-frequency HRV relationship. Spearman correlation analyses revealed a significant
negative relationship between baseline recorded high-frequency HRV and the occurrence of the
harmonic 2:1 ratio aspect (averaged across clusters), indicating that autistic children with a high extent
of 2:1 cross-frequency coupling display lower parasympathetic vagal tone (o = -.33; p = .018) (Figure
3B). A trend-level opposite relationship was evident for the non-harmonic 1.6:1 ratio aspect, indicating
higher parasympathetic high-frequency HRV in children with a higher presence of the non-harmonic

‘decoupling’ 1.6:1 ratio aspect in their brain at rest (o = .24; p =.084) (Figure 3B).

EEG x behavior relationship. Further, also a significant dimensional brain-behavior relationship was
evident, indicating that autistic children with more pronounced social difficulties (higher scores on the
Social Responsiveness Scale, SRS), displayed an overall lower occurrence of the non-harmonic
‘decoupling’ 1.6:1 ratio aspect (averaged across clusters) (Spearman p = -.25; p = .039) and a higher

occurrence of the harmonic ‘coupling’ 2:1 ratio aspect (o = .36; p = .002) (Figure 3C).
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Oxytocin-induced changes in EEG and HRV

EEG cross-frequency dynamics. Mixed-effect analyses identified a significant ‘nasal spray x cross-
frequency ratio x session’ interaction (F(1, 2795) = 8.46; p < .001), indicating a differential effect of
oxytocin on non-harmonic 1.6:1 and harmonic 2:1 ratio occurrences immediately post (T1) and at the
four-week follow-up session (T2). Post-hoc analysis indicated that across all electrode clusters, children
receiving oxytocin displayed a significant increase in the occurrence of the non-harmonic ‘decoupling’
1.6:1 ratio aspect, compared to children receiving the placebo nasal spray, but only at the T2 four-week
follow-up session (Prisher Lsp < .001; Peonterroni < .001), not at the T1 session (Prisher Lsp =-96; Peonferroni >
1.0) (Figure 4A). An opposite effect of nasal spray was evident for the harmonic ‘coupling’ 2:1 ratio
aspect, indicating a reduced occurrence in the oxytocin group, compared to the placebo group at follow-
up session T2 (post-hoc: peisher Lsp = .014; Peonferroni = .40), not at T1 (post-hoc: Prisher Lsp =.28; Peonferroni >
1.0) (Figure 4A). Together, these results partly replicate findings from the prior single-dose
administration study, where immediate ‘acute’ effects of oxytocin on EEG cross-frequency dynamics
were evident (Alaerts et al., 2021). Here, the chronic oxytocin administration regime appeared to induce
late-emerging effects on harmonic/ non-harmonic cross-frequency coupling, as evident at the T2 follow-

up assessment, but not at the immediate T1 post assessment.

High-frequency HRV. Mixed-effect analyses of pre-to-post changes in high-frequency HRV revealed a
significant ‘nasal spray x session’ interaction (F(1, 48) = 4.77; p = .034), indicating that, compared to the
placebo group, children receiving oxytocin displayed significantly higher high-frequency HRV at the T1
post session, compared to the placebo group, (post-hoc: peisher Lsp = .015; Peonerroni = .091) (Figure 4B).
However, the effect did not persist until the T2 follow-up session, four weeks after cessation of the nasal

sprays (post-hoc: Prisher Lsp = .57; Peonferroni > 1.0).

EEG x high-frequency HRV relationship. While as a group, participants of the oxytocin group
displayed significant changes both in terms of high-frequency HRV and cross-frequency ratio aspects,
correlation analyses revealed no significant relationships between the extent of pre-to-post changes in
high-frequency HRV and the extent of pre-to-post changes in the occurrence of the (non-)harmonic ratio
aspect, either at the T1 or T2 session (all, p > .05). Also correlation analyses directly assessing
relationships between the extent of (late-emerging) changes, i.e., from the post (T1) to the one-month
follow-up (T2), revealed no significant association between T1-to-T2 changes in the EEG ratio aspects

and HRYV (all, p > .05).
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EEG x behavior relationship. In terms of associations with behavior, correlation analyses between the
extent of pre-to-post changes in SRS scores and the extent of pre-to-post changes in the occurrence of
the (non-)harmonic ratio aspect showed no significant relationships, either at the T1 or T2 session (all,
p > .05). Interestingly, correlation analyses, directly assessing relationships between the extent of (late-
emerging) changes, i.e., from the post (T1) to the one-month follow-up (T2), revealed significant brain-
behavior relationships between T1-to-T2 changes in SRS scores and T1-to-T2 changes in the
occurrence of both the non-harmonic (o = -.44; p = .011) and harmonic ratio aspect (o = .38; p = .032)
(Supplementary Figure 3). In line with the identified baseline associations, the relationship indicated
that participants with stronger late-emerging oxytocin-induced increases in 1.6:1 non-harmonic cross-
frequency coupling, and stronger late-emerging decreases in 2:1 harmonic cross-frequency coupling

(from T1 to T2), showed more pronounced improvements in social function (from T1 to T2).

Association between oxytocin-induced changes in neural/cardiac and biological sampling

parameters

Previously, the four-week oxytocin administration regime was shown to elicit significant changes in
oxytocinergic signaling, indicative of a rise in endogenous oxytocin levels and a reduction in OXTR
methylation (indicative of elevated receptor expression) (Moerkerke et al., 2024). These biological
changes in oxytocin levels and epigenetics were associated to the here observed neural/cardiac

changes in the following way.

Pertaining to oxytocin-induced changes in OXTR methylation at CpG site -924, a significant association
was identified with neural cross-frequency changes, indicating that participants of the oxytocin group
with a stronger pre-to-post increase in the occurrence of the non-harmonic ‘decoupling’ 1.6:1 ratio aspect
at T1l, showed a stronger reduction in OXTR methylation, indicative of higher oxytocin receptor
expression (o = -.47; p = .006) (Figure 5A). At the T2 follow-up session, the effect was no longer
significant (o = -.27; p = .12) (Figure 5A). Also no significant associations were evident between OXTR

methylation and high-frequency HRV (all, p > .05).

In terms of salivary oxytocin levels, a significant association was evident with the extent of
changes in high-frequency HRY, indicating that participants of the oxytocin group with a strong retention
of elevated high-frequency HRV at follow-up session T2, also showed a strong retention of elevated

oxytocin levels (o = .69; p < .001) (Figure 5B). No significant associations were evident however,
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between high-frequency HRV and endogenous oxytocin levels at the T1 immediate post session, or

between oxytocin levels and neural cross-frequency changes (all, p > .05).
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Discussion

Autistic children displayed a differential pattern of intrinsic, harmonic and non-harmonic cross-frequency
interactions between alpha and theta neural rhythms, indicative of an increased incidence of neural
coupling, and a reduced incidence of neural decoupling. This suggests that the resting autistic brain
displays more ‘noisy’ background oscillatory couplings and may therefore be less ‘at rest’ as compared
to the brain of non-autistic peers. Dimensionally, the increased incidence of neural coupling in the resting
brain was associated with a higher expression of social difficulties (SRS) and lower ‘rest and digest’

parasympathetic activity of the autonomic nervous system, as measured using high-frequency HRV.

Importantly, in the cohort of children with autism, a four-week course of daily oxytocin administrations
induced a relative increase in the incidence of non-harmonic alpha-theta cross-frequency interactions,
thereby facilitating a shift of their intrinsic EEG cross-frequency architecture towards the pattern seen in
non-autistic children, albeit note that the effect was late-emerging, four weeks after cessation of the last
nasal spray. Furthermore, these neural changes were associated with changes in endogenous
oxytocinergic signaling, in terms of epigenetic changes of the oxytocin receptor gene, rendering higher

oxytocin receptor availability.

Neural rhythms do not exist in isolation but interact with one another for integrating their associated
functions, e.g. among theta and alpha neural rhythms, implicated in executive and memory processes
(Klimesch, 2018, Klimesch, 2012). By transiently shifting their peak frequencies, neural oscillators can
align with each other in harmonic or non-harmonic configurations for maximizing or minimizing their
excitatory phase meetings, i.e., facilitating cross-frequency coupling and cross-frequency decoupling
(Klimesch, 2018, Pletzer et al.,, 2010). Generally, the formation of non-harmonic cross-frequency
configurations, precluding the occurrence of ‘noisy’, unwanted, spurious couplings, has been associated
with a healthy resting-state neural network allowing efficient transitions from resting-state to activity,
increasing the signal-to-noise properties of the intrinsic EEG neural frequency architecture (Klimesch,
2018, Alaerts et al., 2021). Hence, during resting states, the brain's intrinsic neural circuitry may adjust
its frequency architecture to a state in which cross-frequency decoupling is actively facilitated (at non-
harmonic ratio 1.6:1) to avoid spurious phase synchronization. Conversely, during active cognitive task
demands, the brain's neural circuitry may adjust its frequency architecture to a state in which cross-

frequency coupling (harmonic ratio 2:1) is facilitated, allowing for enhanced information transfer for
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neural processing.

In line with this notion, recent studies have shown that the occurrence of harmonic cross-frequency
arrangements (2:1) between theta and alpha rhythms is most prominent during active cognitive
processing, whereas the formation of non-harmonic arrangements (1.6:1) is more prominent during rest
as well as during breath-focused meditation conditions (Rodriguez-Larios and Alaerts, 2019, Rodriguez-
Larios and Alaerts, 2020, Rodriguez-Larios et al., 2020a). For example, pre-to-post increases in the
occurrence of non-harmonic cross-frequency arrangements (1.6:1) were observed after an 8-week
mindfulness training course, indicating a facilitation of the preclusion of unwanted spurious interactions

among theta and alpha neural rhythms upon mediation practice (Rodriguez-Larios et al., 2020b).

In the current study, an initial investigation into the incidence of harmonic/non-harmonic cross-frequency
interactions in pediatric populations with and without autism showed a significantly lower incidence of
non-harmonic 1.6:1 alpha-theta cross-frequency relationships and a higher incidence of harmonic 2:1
interactions in the resting brain of autistic children. These results provide a first indication that - in terms
of cross-frequency interactions - the signal-to-noise properties of the intrinsic EEG neural frequency
architecture may be lower in autistic versus non-autistic children. These observations align with and
extend recent empirical evidence of imbalances between excitatory and inhibitory (E/I) cortical activity
in the autistic brain (Rubenstein and Merzenich, 2003, Bruining et al., 2020). The theoretical framework
of the E/I imbalance model of autism proposes that reduced inhibition trough the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA) in the brain of individuals with autism may lead to
an increase in ‘neural noise’ and therefore a decrease in the signal-to-noise ratio of neural processes
(Rubenstein and Merzenich, 2003). Overall, this imbalance in excitatory/inhibitory activity has been
linked to aberrant sensory processing as frequently observed in autism, reflective of an imbalance in
filtering sensory information from the external surroundings (Mazurek et al., 2013, APA, 2013). In turn,
the development of repetitive and restricted behaviors has been suggested to constitute a coping
mechanism, serving the individual to make the influx of complex environmental information more
predictable (Van de Cruys et al., 2014). Also withdrawal from social situations, resulting eventually in
social difficulties, may initially represent an adaptive response to avoid the complexity and
unpredictability of social interactions (Johnson, 2017). In the present study, and aligning with this notion,
inter-individual variations in social difficulties were shown to be associated with differential patterns of

harmonic/non-harmonic cross-frequency relationships. Specifically, a lower incidence of non-harmonic
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cross-frequency interactions, indicative of a higher incidence of noisy, spurious cross-frequency
couplings and putatively lower signal-to-noise balance, was associated with a higher expression of

social difficulties.

Importantly, and in line with a recent single-dose administration study (Alaerts et al., 2021), our four-
week course of daily oxytocin administrations yielded a significant increase in the transient formation of
non-harmonic cross-frequency configurations in children with autism. Note however, that the observed
changes upon the chronic administration constituted a late-emerging effect, observed at the four-week
follow-up assessment (T2), but not immediately after the four-week administration regime (T1).
Interestingly, it appeared that the extent of these late-emerging oxytocin-induced changes in
(non-)harmonic cross-frequency interactions (from T1 to T2) were significantly associated with
improvements in social function (from T1 to T2). These observations align with the identified baseline
associations with social symptom severity, and highlight that the observed oxytocin-induced mitigation
of altered cross-frequency interactions in autistic children, i.e., towards patterns seen in non-autistic

children, also dimensionally relates to clinical-behavioral improvements in social difficulties.

In comparison with the previous acute dosing study (Alaerts et al., 2021), it appears that while the
direction of ‘trait-like’ chronic and ‘state-like’ acute effects on cross-frequency interactions is similar, the
chronic administration regime appeared to show a different, more belated time course, with changes
only fully emerging four weeks after cessation of the daily nasal spray administrations. Thus, while each
acute dosing may have facilitated a reduction in intrinsic incidence of noisy, spurious cross-frequency
couplings, likely relieving the individual from lower signal-to-noise or E/I imbalance, it appears that a
trait-like consolidation of these short-lived, state-dependent changes was not yet evident at the
immediate post assessment (i.e. performed 24 hours after the last nasal spray administration), but
instead displayed a late-emergence, as evident at the four-week follow-up. Speculatively, the biological
pathways through which oxytocin exerts it's acute ‘state-related’ and chronic ‘trait-related’ effects may
be qualitatively different, with the former depending on the heightened availability of the exogenously
administered oxytocin, while the latter may depend more on late-emerging changes in the endogenous
oxytocinergic system itself, potentially including (epi)genetic modifications impacting endogenous
oxytocin signaling, e.g. in terms of oxytocin receptor expression. Examination of this possibility through
the association analyses confirmed that neural oxytocin-induced changes in non-harmonic cross-

frequency configurations were paralleled by oxytocin-induced changes in methylation of the OXTR (see
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(Moerkerke et al., 2024)). Specifically, the association indicated that children displaying stronger
oxytocin-induced reductions in OXTR methylation - facilitating higher oxytocin receptor expression —
also showed stronger neural changes. Accordingly, it is speculated that the observed changes in
oxytocinergic signaling may have been instrumental in facilitating the (late-emerging) neural changes in

cross-frequency dynamics.

Both in the present study and in prior studies (Alaerts et al., 2021), baseline variations in intrinsic cross-
frequency coupling/decoupling were associated to respectively, higher/lower high-frequency HRYV, an
established marker of parasympathetic autonomic nervous system activity. Prior single-dose oxytocin
administration studies have linked oxytocin’s acute facilitatory effects on HRV markers to its homeostatic
role in balancing intrinsic parasympathetic vagal tone (Jain et al., 2017, Kemp et al., 2012, Alaerts et al.,
2021, Martins et al., 2020, Norman et al., 2011). In line with these acute dosing studies, a boosting
impact of the chronic oxytocin regime on high-frequency HRV was observed, indicating a facilitation of
stress-regulatory, parasympathetic activity immediately after the oxytocin administration regime (T1),
but no longer at the four-week follow-up session (T2). It is of note that despite their strong baseline
relationships, it appeared that the time course of oxytocin-induced effects was different for neural and
cardiac parameters, with the effects of high-frequency HRV emerging early, at the T1 assessment,
whereas the cross-frequency changes showed a late emergence at the T2 follow-up assessment.
Interestingly, however, it appeared that for a subset of children displaying sustainably elevated levels of
endogenous oxytocin (as measured via saliva samples), elevated high-frequency HRV also persisted at
the T2 follow-up session. No significant associations were evident, however, between changes in high-
frequency HRV and epigenetic changes, as was observed for the neural changes. In this view, it is
hypothesized that the pathways underlying oxytocin’s effects on cardiac versus EEG neural effects may
be qualitatively different, with the former relying predominantly on changes in the availability of
circulating oxytocin and the latter depending more strongly on epigenetic changes in oxytocin signaling,

thereby impacting receptor availability.

While the current study provides important new insights into diagnosis-related and oxytocin-induced
changes in neural cross-frequency dynamics, the following limitations and recommendations are noted.
First, the current study included a relatively tight age range of school-aged children with autism (aged
8-12 years), i.e., chosen to be similar to (Parker et al., 2017). While this tight age range constitutes an

asset for improving homogeneity within the studied cohort, it reduces generalizability of the observed
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effects to other age groups. Considering growing evidence that intranasal oxytocin may be most effective
for autistic children under 5 years of age (e.g., see (Guastella et al., 2023)), future trials should explore
whether the observed neurophysiological effects of oxytocin can be replicated in cohorts of younger
children and/or autistic adults and adolescents. It is also unclear whether effects will generalize to
cohorts with a larger representation of girls or women with autism, considering prior observations of
differential oxytocin effects depending on biological sex (Wigton et al., 2015). Further, our study found
oxytocin-related changes in non-harmonic/harmonic alpha-theta cross-frequency decoupling/coupling
that were widespread across the scalp, indicating that the observed state or trait-dependent changes in
cross-frequency interactions were evident at a broad spatial scale (similar to (Alaerts et al., 2021)). It
would be valuable for future research to further explore the spatial distribution and/or source localization
of the observed effects and to extend investigations to other cross-frequency relationships, e.g. between
alpha and beta bands. Finally, in the current study, oxytocin’s effects were examined on recordings of
intrinsic, resting-state cross-frequency dynamics. Itis therefore unclear whether the observed reductions
in neural decoupling are specific to intrinsic, task-free contexts, or whether they will generalize to task-
contexts requiring explicit social, affective or cognitive processing. Future research may be warranted

to further explore the role of task-context in oxytocin’s neurophysiological effects.

To conclude, important diagnosis-related differences were identified in the occurrence of harmonic and
non-harmonic cross-frequency coupling and decoupling between alpha and theta neural rhythms,
indicative of reduced signal-to-noise properties of neural processes in autistic versus non-autistic
children. In children with autism, chronic oxytocin administration over a four-week course facilitated a
long-lasting change in the pattern of cross-frequency configurations, normalizing them towards the
pattern observed in children without autism. These observations provide important initial evidence that
chronic oxytocin administration can induce trait-like changes in the signal-to-noise properties of the

intrinsic neural frequency architecture.
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Tables and Figures

Table 1

Demographic and clinical characteristics of children with and without autism, and of the children
with autism randomized to receive oxytocin versus placebo. Data are presented as mean (x
standard deviation). P-values correspond to independent sample t-tests or Chi-square tests assessing
between-group differences in demographic scores between children with and without autism (first

columns) and between children with autism, randomized to receive the oxytocin or placebo nasal spray

(last columns).

Autism Control p value | Autism p value

Variable Oxytocin Placebo

n 67 40 33 34

Age (years) 10.49+£1.28 10.28 £1.32 0.43 10.6 £1.32 10.36 £ 1.25 0.43
Sex (M /F) 54 /13 32/8 0.94 26/7 28/6 0.93
Verbal 1IQ 107.42 £15.33 117.28+12.17 <0.01 105.79+14.89 109.06 +15.83 0.39
Performance lQ | 103.32+14.58 107.83+12.17 0.10 105.30 £ 15.94 101.33+13.02 0.27
ADOS-2 / / 9.43+3.96 9.67+4.31 0.83
SRS-2 Total 88.63 £ 20.80 21.88 £12.68 <0.01 88.03 £ 22.54 89.21 £ 19.29 0.82

The verbal intelligence quotient (IQ) was derived from the subtests Similarities and Vocabulary of the Wechsler
Intelligence Scale for Children. The performance 1Q was derived from the subtests Block design and Figure puzzles.
ADOS-2: Autism Diagnostic Observation Schedule, 2nd edition. SRS-2: Social responsiveness Scale-Children, 2nd

edition. M: male, F: female.
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Figure 1

CONSORT flow diagram of participants in the trial.

EEG recordings were obtained at baseline (T0), after the four-week (oxytocin/placebo) nasal spray
administration period (T1), and at a follow-up session, four weeks after cessation of the nasal spray
administration period (T2). Data were analyzed using an intention-to-treat format with last-observations-
carried-forward to replace missing data. Participants with missing baseline data were excluded list-wise.
As outlined, for several participants, neural EEG assessments could not be acquired due to physical

contact restrictions and closing down of hospital facilities during the COVID-19 pandemic.

[ Enrollment J

[ Assessed for eligibility (n= 101) ]

Excluded (n=21)

* Not meeting inclusion criteria (n=5)
* Declined to participate (n= 16)

* Other reasons (n=0)
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v
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~—/
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EEG not acquired due to missing baseline - EEG not acquired due to missing baseline
TO data (n=7) TO data (n=6)
Drop-out due to technical problems (n=1) - EEG not possible due to COVID-19 lock-
down restrictions (n=1)
Follow-up T2 assessment (n=29)
- EEG not acquired due to missing baseline Follow-up T2 assessment (n=31)
TO data (n=7) - EEG not acquired due to missing baseline

- EEG not possible due to COVID-19 lock- TO data (n=6)
down restrictions (n=2) - Drop-out due to technical problems (n=3)
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[ Data Analysed ]
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Figure 2

Transient detection of alpha and theta peak frequencies and determination of cross-frequency
relationships.

Transient peak frequencies of the theta (4-8 Hz) and alpha (8—14 Hz) bands were detected within 1 sec
epochs and the numerical ratio between the alpha and theta peak frequencies was calculated (peak-
frequencyapha/peak-frequencytneta).

A. Visualization of the transient (epoch-wise) variability of alpha and theta peak frequencies over time
(i.e., 10 sec) for an exemplary subject, as well as the transient numerical ratio over time.

B. Visualization of the frequency spectra of two exemplary epochs in which the identified alpha and
theta peak frequencies (indicated by asterisks) formed a harmonic (2:1) versus a nonharmonic (1.6:1)
cross-frequency relationship. Visualizations are partly adapted from Alaerts et al. (2021).

C. Visualization of the relative occurrence of all possible cross-frequency relationship (proportion of
epochs, averaged across electrodes) as recorded at baseline from children with and without autism. As
visualized, a maximal occurrence of the non-harmonic 1.6:1 alpha:theta ratio aspect (9.46 %, average
across electrodes) was evident. The harmonic 2:1 ratio aspect showed an average occurrence of 6.86%
(average across electrodes).

D. As visualized, all reported cross-frequency analyses were computed within 11 distinct electrode
clusters, encompassing left and right frontal (blue), central (green), parietal (red) and occipital (light blue)

regions, as well as a midline frontal (light grey), central (mid grey) and occipital cluster (dark grey).
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Figure 3

Diagnosis-related differences in EEG at baseline

Panel A visualizes individual data plots (with mean and standard deviation) of baseline diagnosis-related
differences in the occurrence of the 1.6:1 ‘decoupling’ non-harmonic (left plot) and 2:1 ‘coupling’
harmonic ratio aspect (right plot). Data are visualized averaged across electrode clusters, separately for
the group of children with (n = 67) and without autism (control; n = 40).

Panel B visualizes the relationship between baseline variations in high-frequency HRV and the baseline
occurrence of the 1.6:1 ‘decoupling’ non-harmonic (left plot), and the 2:1 ‘coupling’ harmonic ratio aspect
(right plot) in the group of children with autism (n = 51).

Panel C visualizes the relationship between baseline variations in social difficulties (assessed using the
Social Responsiveness Scale, Total score) and the baseline occurrence of the 1.6:1 ‘decoupling’ non-

harmonic (left plot) and 2:1 ‘coupling’ harmonic ratio aspect (right plot) in the group of children with

autism (n = 67).
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Figure 4

Oxytocin-induced changes in EEG and HRV

Panel A visualizes changes from baseline in the occurrence of the 1.6:1 ‘decoupling’ non-harmonic and
2:1 ‘coupling’ harmonic ratio aspect. Data are visualized separately for the oxytocin (n = 33) and placebo
groups (n = 34), at post assessment session T1, immediately after the four-week nasal spray
administration period, and at assessment session T2, four weeks after cessation of the nasal spray
administration period. Data are visualized averaged across electrode clusters.

Panel B visualizes changes from baseline in high-frequency HRV separately for the oxytocin (n = 27)
and placebo groups (n = 23), at post assessment session T1, and follow-up assessment T2.

Vertical lines denote standard error of the mean.
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Figure 5

Association between oxytocin-induced changes in neural/cardiac and biological sampling
parameters

Panel A visualizes the relationship between oxytocin-induced changes in OXTR methylation (at CpG
site -924) and the occurrence of the 1.6:1 ‘decoupling’ non-harmonic ratio aspect, at the T1 immediate
post assessment session (left plot, n = 33) and at the T2 follow-up assessment session (right plot, n =
33).

Panel B visualizes the relationship between oxytocin-induced changes in salivary oxytocin levels and
high-frequency HRV at the T1 immediate post assessment session (left plot, n = 27) and at the T2 follow-

up assessment session (right plot, n = 27).
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Supplementary Methods
Nasal spray compliance monitoring.

To monitor nasal spray compliance, the total amount of administered fluid was assessed. Generally
compliance was high with no significant differences between the total amount of administered fluid in
the oxytocin and placebo administration groups (oxytocin: 14.86 + 2.37 ml; placebo: 13.79 = 2.35 ml;
t(75) = 2.00, p = .050).

Compliance to the use of the nasal spray was also assured using a daily medication diary that recorded
date and time of administration (oxytocin: 96.75 + 5.26%; placebo: 96.11 + 5.29 %; t(74) = .52, p = .603).

Assessment of salivary oxytocin levels

Oxytocin levels were assessed via saliva samples acquired at each assessment session (T0, T1, T2),
using Salivette cotton swabs (Sarstedt AG & Co., Germany) and analysed using enzyme immunoassay
oxytocin ELISA kits (Enzo Life Sciences, Inc., USA) in accordance with the manufacturer’s instructions.
Sample concentrations samples (100 ul/well) were calculated conform plate-specific standard curves.
More detailed information regarding the salivary assessment procedures, data handling and analyses
are provided in 12,

In short, oxytocin levels, acquired at home, within 30 min after awakening and before breakfast showed
strong oxytocin-induced changes, particularly at the T1 immediate post-session 2. In the current report,
it was examined whether these changes in endogenous oxytocin levels were associated to oxytocin-
induced changes in the assessed neural EEG and cardiac HRV parameters.

Salivary oxytocin level data were obtained from all analysed participants of the oxytocin group (i.e., n =
33; see CONSORT flow diagram, Figure 1).

Assessment of OXTR DNA methylation levels

To assess variations in DNA methylation of OXTR (hg19, chr3:8,810,729-8,810,845), salivary samples
were obtained via the Oragene DNA sample collection kit (DNA Genotek Inc., Canada) at the Leuven
University hospital (i.e. at TO, T1, T2). More detailed information regarding the DNA collection
procedures, data handling and analyses are provided in 2.

In short, of the three assessed CpG sites (-934, -924 and -914), CpG -924 showed reliable oxytocin-
induced changes, indicating a reduction in OXTR methylation at this site, both immediately post and at
the four-week follow-up, indicating sustained epigenetic modifications that facilitate heightened oxytocin
receptor expression 2. In the current report, it was examined whether epigenetic changes at this site
were associated to oxytocin-induced changes in the assessed neural EEG and cardiac HRV
parameters.
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Salivary epigenetic samplings were obtained from all analysed participants of the oxytocin group (i.e., n
= 33; see CONSORT flow diagram, Figure 1).

Secondary EEG analyses

Oxytocin-induced changes in alpha and theta peak frequencies. Mean peak frequencies of the alpha
(8-14 Hz) and theta band (4-8 Hz) were estimated by averaging the peak frequency of transiently
detected peaks over time. To examine oxytocin-induced effects, pre-to-post changes in alpha and theta
peak frequencies were subjected to separate mixed-effect models, with the random factor ‘subject’ and
the fixed factors ‘nasal spray’ (oxytocin, placebo), ‘assessment session’ (T1, T2), and ‘electrode cluster’
(11 clusters).

Oxytocin-induced changes in alpha and theta power amplitude estimations. Secondary analyses were
performed to explore whether estimations of alpha and theta absolute power amplitudes showed
oxytocin-related changes. After obtaining the time-frequency representation through the MATLAB
spectrogram function (window length of 1 sec; 90.23 % overlap, 0.1 Hz resolution between 1 and 30
Hz), absolute amplitudes (in pV) of the alpha (8—-14 Hz) and theta band (4—8 Hz) were estimated.

Pre-to-post changes in alpha and theta absolute amplitudes were subjected to separate mixed-effect
models, with the random factor ‘subject’ and the fixed factors ‘nasal spray’ (oxytocin, placebo),
‘assessment session’ (T1, T2), and ‘electrode cluster’ (11 clusters).

Supplementary Results
Nasal spray compliance monitoring

Compliance was overall high with no significant differences between the total amount of administered
fluid in the oxytocin compared to the placebo group (oxytocin: 14.86 + 2.37 ml; placebo: 13.79 £ 2.35
ml; t(75) = 2.00, p = .050). Compliance to the use of the nasal spray was also assured using a daily
medication diary that recorded date and time of administration (oxytocin: 96.75 + 5.26%; placebo: 96.11
+5.29 %; t(74) = .52, p = .603) (see also Daniels et al. 2023 3).

EEG cross-frequency and high-frequency HRV analyses on data without imputation

Secondary analyses were performed on EEG and high-frequency HRV data without imputation to
examine the robustness of the identified oxytocin-induced changes within the primary analyses (with
imputation). To do so, available data were subjected to similar mixed-effect analyses which can handle
moderate amounts of missing data (i.e., missing data from 2 participants at T1, and data from 7
participants at T2, see CONSORT flow diagram, Figure 1).

EEG cross-frequency dynamics. In line with the primary analyses (with imputation), mixed-effect
analyses on data without imputation yielded a significant ‘nasal spray x cross-frequency ratio x session’
interaction (F(1, 2597) = 8.65; p <.001), indicating a qualitatively similar pattern of results with or without
imputation of missing data points.

HRYV stress physiology. High-frequency HRV analyses on data without imputation also revealed a similar
‘nasal spray x session’ interaction (F(1, 48.852) = 6.44; p = .014), indicating robustness to the imputation
method.

Diagnosis-related differences and oxytocin-induced changes in low-frequency HRV

Diagnosis-related differences. As a group, low-frequency HRV was not significantly different between
children with and without autism ((81) = -.78; p = .43).

Oxytocin-induced changes. Mixed-effect analyses of pre-to-post changes in low-frequency HRV
revealed a significant ‘nasal spray x session’ interaction (F(1, 48) = 4.58; p = .037), indicating that,
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compared to the placebo group, children receiving oxytocin displayed significantly lower low-frequency
HRV at the T1 post session, compared to the placebo group, (post-hoc: prisherLsp = .027; Peonterroni = .16),
but no longer at the T2 session (post-hoc: Prisher Lsp = -46; Peonferroni > 1.0).

Accordingly, while the exact nature of the low-frequency HRV component is not fully clear (likely
emerging from a combinatory influence of the parasympathetic and sympathetic autonomic nervous
system *, as well as reflective of baroreceptor regulation °), it appears that oxytocin primarily induced a
down-regulation of low-frequency HRV power, while facilitating an overall upregulation of the
parasympathetically driven high-frequency HRV index.

Secondary EEG analyses of alpha and theta peak frequencies and power amplitudes

Alpha and theta peak frequencies. In the primary analyses, oxytocin-induced differences in the
occurrence of 1.6:1 and 2:1 ratio aspects were assessed. Secondary analyses were performed to
explore whether similar oxytocin-related differences are evident when mean alpha and theta peak
frequencies are analyzed separately.

Mixed-effect analyses on pre-to-post changes in theta peak frequencies yielded a significant ‘nasal
spray x session’ interaction effect (F(1, 48) = 4.77; p = .034), indicating that across electrode clusters,
children receiving placebo displayed a stronger decrease in theta peak frequencies, compared to
children receiving oxytocin, only at the T2 four-week follow-up session (pPgonteroni < .001), not at the T1
session (peonterroni >1.0). Notably, across groups and both at the T1 and T2 session, stronger decreases
in theta peak frequencies were associated with a reduced formation of 1.6:1 non-harmonic ratio aspects
(across groups: Tl: p = .40; p < .001; T2: p = .46; p < .001). Inversely, increases in alpha peak
frequencies were associated with a decreased formation of 1.6:1 non-harmonic ratio aspects (T1: p =
-.26; p=.036; T2: p > -.32; p = .01), although note that mixed-effect analyses of changes in alpha peak
frequencies revealed no main or interaction effects with the factor ‘nasal spray’ (all, p > .05).

Alpha and theta absolute power amplitudes. Mixed-effect analyses on pre-to-post changes in theta or
alpha power amplitudes revealed no significant main or interaction effects with the factor ‘nasal spray’
(all, p > .05), indicating no differential effect of oxytocin versus placebo nasal spray on resting spectral
power.
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Supplementary Figure 1
Diagnosis-related differences in EEG cross-frequency dynamics, separately for electrode

clusters

Baseline diagnosis-related differences in the occurrence of the 1.6:1 non-harmonic (panel A) and 2:1
harmonic ratio aspect (panel B) are visualized separately each electrode cluster (11, see panel C). Data

are visualized separately for the group of children with and without autism (control).
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Supplementary Figure 2
Diagnosis-related differences in high-frequency HRV at baseline
Individual data plots (with mean and standard deviation) are visualized of baseline diagnosis-related

differences in high-frequency HRV. Data are visualized separately for the group of children with and
without autism (control).
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Supplementary Figure 3

Association between late-emerging oxytocin-induced changes (from post T1 to follow-up T2) in
neural and behavioral parameters.

Panel A visualizes the relationship between late-emerging oxytocin-induced changes (from post T1 to
follow-up T2) in the occurrence of the 1.6:1 ‘decoupling’ non-harmonic ratio aspect and changes (from
post T1 to follow-up T2) in social difficulties (assessed using the Social Responsiveness Scale, SRS
Total score) (n = 32).

Panel B visualizes the relationship between late-emerging oxytocin-induced changes (from post T1 to
follow-up T2) in the occurrence of the 2:1 ‘coupling’ harmonic ratio aspect and changes (from post T1 to
follow-up T2) in SRS Total scores (n = 32). Note that lower SRS Total scores denote improvement in
social function.

Together, these relationships indicated that participants with stronger late-emerging oxytocin-induced
increases in 1.6:1 non-harmonic cross-frequency coupling, and stronger late-emerging decreases in 2:1
harmonic cross-frequency coupling (from T1 to T2), showed more pronounced improvements in SRS
social function (from T1 to T2).
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