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Abstract 

Shifts in the peak frequencies of oscillatory neural rhythms have been put forward as a principal 

mechanism by which cross-frequency coupling and decoupling is implemented in the brain. This 

notion is based on the mathematical reality that neural oscillations can only fully synchronize when 

their peak frequencies form harmonic 2:1 relationships (e.g., f2=f1 /2). Non-harmonic cross-frequency 

relationships, on the other hand (based on the irrational golden mean 1.618..:1), provide the highest 

physiologically possible desynchronized state (reducing the occurrence of spurious, noisy, background 

coupling), and are therefore anticipated to characterize the resting state of the brain, in which no 

selective information processing takes place.  

The present study sought to assess whether the transient occurrence of 1.6:1 non-harmonic and 2:1 

harmonic relationships between peak frequencies in the alpha (8–14 Hz) and theta (4–8 Hz) bands - 

respectively facilitating states of decoupling or coupling between oscillatory rhythms - are impacted by 

the intranasal administration of a single-dose of oxytocin (OT) or placebo. To do so, continuous 

resting-state electroencephalography (5 min eyes open, 19 electrodes) was obtained from 96 healthy 

adult men before and after nasal spray administration.  

The transient formation of non-harmonic cross-frequency configurations between alpha and theta peak 

frequencies was significantly increased after OT nasal spray administration, indicating an effect of OT 

on reducing the intrinsic occurrence of spurious (noisy) background phase synchronizations during 

resting-state. As a group, the OT group also showed a significant parallel increase in high-frequency 

and decrease in low-frequency heart rate variability, confirming a homeostatic role of OT in balancing 

parasympathetic drive.  

Overall, non-harmonic cross-frequency configurations have been put forward to lay the ground for a 

healthy neural network allowing the opportunity for an efficient transition from resting state to activity. 

The observed effects of OT on cross-frequency dynamics are therefore interpreted to reflect a 

homeostatic role of OT in increasing the signal-to-noise properties of the intrinsic EEG neural 

frequency architecture, i.e., by precluding the occurrence of ‘noisy’, unwanted, spurious couplings 

among neural rhythms in the resting brain.  
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Introduction 

In recent years, there has been a growing interest in studying the psychobiological systems 

that underlie homeostasis and stress regulation. One neurobiological system that is suggested to play 

a pivotal role in these regulatory processes is the oxytocinergic system with its wide-spread 

expression of receptors both centrally at the level of the brain, as well as in peripheral tissues (e.g. 

heart). The neuropeptide oxytocin (OT) is produced in the hypothalamus from where neurons in the 

paraventricular nuclei (PVN) have direct projections to distinct (social) brain structures in the limbic 

system (e.g. amygdala), the reward system and the frontal and temporal lobes (Wigton et al., 2015). 

As a neuromodulator, OT is linked to a range of complex (social) behaviors, including social 

reciprocity, attunement and social attachment (Bartz et al., 2011), but the exact neural substrates 

underlying OT’s neuromodulatory function remain not fully understood. On the one hand, theoretical 

accounts suggest a role of OT in top-down modulation of social salience, enhancing social sensitivity 

(Shamay-Tsoory and Abu-Akel, 2016), while on the other hand, OT is implicated in exerting a bottom-

up function in regulating central and autonomic homeostatic function impacting (social) stress and 

anxiety responses (Stoop, 2012).  

Human neuroimaging studies into the neural effects of OT have predominantly employed 

functional magnetic resonance imaging, demonstrating changes in brain function and connectivity 

within wide-spread subcortical-cortical neural networks with high spatial precision (Wigton et al., 

2015). Only few studies have examined the effects of OT on neural processing in the temporal domain 

by using electroencephalography (EEG) neuroimaging methods with high temporal resolution for 

assessing OT-induced changes in e.g., event-related potentials (de Bruijn et al., 2017; Peltola et al., 

2018; Ruissen and de Bruijn, 2015; Waller et al., 2015; Ye et al., 2017) and EEG band power activity 

(Festante et al., 2020; Rutherford et al., 2018; Singh et al., 2016; Soriano et al., 2020; Wynn et al., 

2019).  

Ever since the advent of EEG recordings at the human scalp, neuronal populations that reside 

in the brain have been consistently shown to fire at discrete frequency bands (e.g., delta, theta, alpha, 

beta bands). It is generally assumed that the entrainment of oscillatory activity to these particular 

rhythms provides the basic mechanism by which information transfer is accomplished within and 

across neuronal cell populations (Fries, 2005). While low frequency rhythms are hypothesized to 
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originate from large-scale (whole-brain) networks, high frequency activity is thought to reflect more 

local processing phenomena (Varela et al., 2001). Furthermore, synchronization of neural oscillations 

in different frequency bands (‘cross-frequency coupling’) is proposed to form the core mechanism for 

the coordination and integration of neural systems at different spatio-temporal scales (Roopun et al., 

2008; Sauseng et al., 2008).  

Mathematically, two oscillators of different frequencies can only fully synchronize when 

forming harmonics (f2 = f1/2; e.g. f1 = 10 Hz and f2 = 5 Hz), i.e., allowing a pattern of frequent and 

regular excitatory phase meetings (cross-frequency coupling). Non-harmonic relationships between 

two oscillators, on the other hand, will prevent irregular phase meetings. Mathematically, it was shown 

that two rhythms will never spontaneously synchronize when their ratio approximates the golden mean 

ratio 1.618...:1, i.e. constituting the most irrational ratio between two rhythms (f2 = f1/1.6; e.g. f1 = 10 

Hz and f2 = 6.18 Hz) (Pletzer et al., 2010). 

Based on this mathematical reality, a theoretical framework was posited by Klimesch et al. 

(Klimesch, 2012, 2013, 2018; Rassi et al., 2019), hypothesizing that the specific frequency 

architecture of neural oscillations may approximate a geometrical series of exponent 2 (e.g. δ = 2.5, θ 

= 5, α = 10, β = 20, γ = 40, etc…) to entail optimal frequency domains for facilitating cross-frequency 

coupling (i.e., based on harmonic numerical ratios), as well as for facilitating controlled cross-

frequency decoupling (i.e., based on non-harmonic numerical ratios approximating the golden mean 

1.618…). Accordingly, transient changes in the peak frequency of different rhythms are proposed to 

form a flexible mechanism to maximize cross-frequency coupling or decoupling with neighboring 

frequency domains (Klimesch, 2012). For example, the specific arrangement of the peak frequencies 

of two adjacent frequency bands (e.g., alpha and theta) will determine whether they will form a 

harmonic (e.g.10/5 Hz = ratio 2:1) or non-harmonic relationship (e.g., 10/6.18 Hz = ratio 1.6:1) and, 

consequently, whether their synchronization will be facilitated or prevented. In line with this hypothesis, 

recent research has shown state- and task-dependent shifts in peak frequencies to be associated with 

transient shifts in harmonic/non-harmonic cross-frequency dynamics (Rodriguez-Larios and Alaerts, 

2019, 2020; Rodriguez-Larios et al., 2020a; Rodriguez-Larios et al., 2020b). For example, the 

occurrence of harmonic cross-frequency arrangements (2:1) between theta and alpha rhythms - both 

implicated in executive control and working memory - was shown to be most prominent during active 

cognitive processing, whereas the formation of non-harmonic arrangements (1.6:1) were more 
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prominent during rest and a non-cognitively demanding breath focus meditation, both in novices 

(Rodriguez-Larios and Alaerts, 2019, 2020) and experienced mediators (Rodriguez-Larios et al., 

2020a). Also longitudinally, 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 (Rodriguez-Larios et 

al., 2020b), together indicating that meditative practice facilitated a preclusion of unwanted ‘spurious’ 

interactions among theta and alpha neural rhythms, implicated in executive and memory processes.  

Indeed, especially during resting or meditative states, the brain’s intrinsic neural circuitry may 

adjust its frequency architecture to a state in which cross-frequency decoupling is actively facilitated to 

avoid spurious (unwanted) phase synchronization (at non-harmonic ratio 1.6:1) (Pletzer et al., 2010). 

During active cognitive task demands, on the other hand, the brain’s neural circuitry may inversely 

adjust its frequency architecture to a state in which cross-frequency coupling (harmonic ratio 2:1) is 

facilitated, allowing enhanced information transfer for neural processing (Klimesch, 2013; Pletzer et 

al., 2010). Notably, previous research showed a proportionally high incidence of alpha:theta cross-

frequency relationships approximating the non-harmonic ‘decoupled’ 1.6:1 cross-frequency state 

(particularly during rest), providing experimental support that this configuration forms a prevalent 

intrinsic physiological state (Rodriguez-Larios and Alaerts, 2019, 2020). In a mathematical sense, the 

golden mean cross-frequency relationship provides the highest physiologically possible 

desynchronized state and is therefore anticipated to characterize the resting state of the brain, in 

which no selective information processing takes place (Pletzer et al., 2010). Its configuration is 

hypothesized to lay the ground for a healthy neural network allowing the opportunity for an efficient 

transition from resting state to activity (Pletzer et al., 2010). In this view, preventing ‘noisy’, spurious 

background couplings may form an important mechanism for enhancing signal-to-noise properties of 

the neural network, optimally preparing the system for forthcoming active signal processing states.  

At the neuronal level, Owen et al. (2013) recently put forward an influential overarching 

mechanism by which OT may exert its wide range of neuromodulatory effects, showing that OT 

enhances signal-to-noise ratio properties of synaptic transmissions in mammalian hippocampal tissue 

by suppressing spontaneous (noisy) neuronal firings thereby enhancing the fidelity of spike 

transmission (Owen et al., 2013). Later work showed that these cellular mechanisms translate to 

network oscillatory patterns, demonstrating an impact of OT on suppressing sharp wave-ripple 

complexes while at the same time increasing the temporal precision of oscillation-coupled spikes in 
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mouse hippocampal tissue (Maier et al., 2016). Also in vivo rodent research demonstrated OT 

receptor activity of olfactory bulb neurons to increase peak firing responses to social sensory 

information (odorants) by lowering their (spontaneous) baseline firing, hence augmenting signal-to-

noise properties for signal transmission (Oettl et al., 2016). Together, these prior studies suggest that 

the induction of high signal-to-noise states may form a shared over-arching mechanism by which OT 

may amplify signal value of neuronal processes within wide-spread neural circuits, i.e., by reducing 

‘noise’ (Owen et al., 2013). 

Here, we took advantage of the high temporal resolution of EEG to examine a potential role of 

OT in modulating signal-to-noise properties at the brain’s system’s level, i.e., by assessing variations 

in intrinsic EEG cross-frequency dynamics between alpha and theta oscillatory rhythms and the extent 

of spurious ‘noisy’ background phase synchronizations during resting-state. Within a randomized, 

placebo-controlled design, continuous resting-state EEG (5 min, eyes open, 19 electrodes) was 

obtained from healthy adult men before and after administration of a single-dose of OT or placebo (PL) 

nasal spray to assess whether OT impacts the transient formation of non-harmonic or harmonic cross-

frequency relationships between alpha and theta peak frequencies, respectively facilitating a state of 

decoupling or coupling between oscillatory rhythms. In line with prior reports of OT’s effect on signal-

to-noise properties (Owen et al., 2013), intranasal OT administration is primarily hypothesized to 

facilitate the brain’s intrinsic neural frequency architecture into a ‘decoupled’ state (i.e., increased 

transient occurrence of non-harmonic 1.6:1 alpha:theta cross-frequency relationships), thereby 

avoiding spurious (noisy) background phase synchronizations during resting-state, hence enhancing 

system-level signal-to-noise properties.  

As an additional outcome, effects of OT on resting-state heart rate variability (HRV) were also 

obtained to examine whether OT’s effects on EEG cross-frequency dynamics are paralleled by 

changes in high- and/or low-frequency HRV (both established markers of autonomic nervous system 

(ANS) activity). These examinations will allow exploring how OT’s neural effects on intrinsic 

coupling/decoupling relate to prior observations of a homeostatic role of OT in terms of enhancing 

intrinsic ANS parasympathetic tone (i.e., OT-induced increases in high-frequency HRV) (Jain et al., 

2017; Kemp et al., 2012; Martins et al., 2020; Norman et al., 2011).  
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Methods 

Participants 

Subjects were recruited to participate in a single lab-session during which neurophysiological 

recordings were performed before and after nasal spray administration of oxytocin (OT) or placebo 

(PL). Rest EEG recordings were completed by a total of 102 (male) participants of which 53 received 

the OT nasal spray (mean age 22.37 ± 3.12 years) and 49 received the PL nasal spray (mean age 

22.50 ± 3.00 years). Due to excessive signal artifacts, EEG data were not available for a subset of 

participants (4 OT and 2 PL), and therefore final analyses were conducted for a total of 96 participants 

(49 OT, 47 PL) (see CONSORT Flow diagram). All participants abstained from alcohol and caffeine 24 

hours before testing. Written informed consent was obtained from all participants prior to the study. 

Inclusion criteria for participation were: male; aged between 18-35 years; right-handed; and corrected-

to-normal vision. Further, since information sheets and consent forms were only available in Dutch, 

only native-Dutch speaking participants were included. Exclusion criteria encompassed any self-

reported usage of psychotropic medication or known neurological or psychiatric condition. Consent 

forms and study design were approved by the Ethics Committee Research UZ/KU Leuven in 

accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). The 

recordings of rest EEG were part of larger assessment protocols (registered at ClinicalTrials.gov 

NCT03272321 and NCT04443647), assessing the effect of OT on stress neurophysiology (e.g., skin 

conductance) (Daniels et al., 2020; Soriano et al., 2020). 

Nasal spray administration 

Participants were randomly assigned to receive a single-dose of OT or PL based on a 

computer-generated randomized order. Except for the manager of randomization and masking of drug 

administration, all participants and research-staff conducting the study were blind to treatment 

allocation. In correspondence with previous studies (Guastella and MacLeod, 2012), participants 

received 24 international units (IU) of OT (Syntocinon®, Sigma-tau) or PL containing a saline (natrium-

chloride) solution. Participants received 3 puffs per nostril in an alternating fashion with each puff 

containing 4 IU. For inhalation of the spray, participants were instructed to take a deep breath through 

the nose and to tilt their head slightly backwards during nasal administration in order to minimize 

gravitational loss of the spray (according to recommendations for standardized use (Guastella et al., 
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2013)). In healthy humans, the impact of OT on social cognition is commonly evaluated using a 30–45 

min wait-time before initiation of the experimental task (see (Guastella and MacLeod, 2012)). 

Accordingly, in the current study, a 30-min wait-time was incorporated prior to initiating the post-

session recording in order to assess the effects of intranasal OT during peak OT-concentrations.  

EEG recordings and preprocessing 

Recording. Rest EEG recordings (5 min session) were performed before and 30 min after nasal spray 

administration. During the recordings, the participants were instructed to relax, to avoid excessive 

movements and to fixate on a cross presented in front of them. The Nexus-32 multimodal acquisition 

system and BioTrace+ software (version 2015a, Mind Media, The Netherlands) were used to collect 

continuous EEG recordings with a 21-electrode cap (MediFactory, The Netherlands) positioned 

according to the 10–20 system. Skin abrasion and electrode paste (Nuprep) were used to reduce 

electrode impedance. The sampling rate for the digitized EEG-signal was 256 Hz.  

Preprocessing. Preprocessing was performed through custom MATLAB scripts and EEGlab functions 

(MATLAB version r2020b). After removal of the first three sec of the recording, raw EEG data were 

filtered with the eegfiltnew function using Hamming windowed sinc FIR high- (0.5 Hz) and low-pass 

filters (40 Hz). Flat channels were detected and removed (clean_flatlines) and the artifact subspace 

reconstruction function (clean_asr) was conducted to remove residual artifactual signal. Noisy 

channels were interpolated. The remaining epochs were then concatenated and the continuous 

signals were mathematically re-referenced offline to linked ears (average of A1 and A2).  

 

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 through 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 0.1 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)). With this algorithm, data 

samples that are larger than their two neighboring samples were identified as ‘local peaks’ within the 
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specified alpha and theta frequency ranges. For a limited number of epochs (5.19 % of total number of 

epochs, across electrodes and participants), no clear peaks were detected in the theta or alpha bands 

and these epochs were therefore excluded from further analyses. When two or more peaks were 

detected in one frequency band, only the peak with highest amplitude was selected. Based on the 

identified peak frequencies, the numerical ratio of the alpha and theta peaks (peak-frequencyalpha/ 

peak-frequencytheta) 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.  

Finally, the proportion of epochs in which the alpha:theta peak ratio equaled 1.6 or 2.0 (henceforward 

termed non-harmonic ‘decoupling’ and harmonic ‘coupling’) was determined for each electrode and 

participant. Figure 1A 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 1B 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 1C visualizes the distribution of the percentage occurrence of all possible ratios, as 

recorded at baseline (before nasal spray administration). In line with Rodriguez et al. (2019, 2020), the 

distribution showed a maximal occurrence of the non-harmonic 1.6:1 alpha:theta ratio aspect (10.16%, 

average across electrodes), indicating that this configuration forms a highly prevalent physiological 

state within the intrinsic EEG frequency architecture. The harmonic 2:1 ratio aspect showed an 

average occurrence of 7.76% (across electrodes). 

 

EEG Statistical analysis 

To examine treatment-related changes in the proportion of epochs that displayed 1.6:1 non-harmonic 

decoupling and 2:1 harmonic coupling, standardized pre-to-post change scores were calculated for 

each ratio and subjected to a full repeated-measures ANOVA with the between-subject factor 

‘treatment’ (OT, PL) and the within-subject factors ‘cross-frequency ratio’ (1.6:1, 2:1) and ‘electrode’ 

(19 electrodes).  

Subsequently, treatment-related effects were examined separately for the 1.6:1 non-harmonic and 2:1 

harmonic ratio aspects, by subjecting pre-to-post changes scores of the OT and PL group to single-

sample t-tests (FDR (false-discovery-rate) corrected for multiple comparisons across electrodes). For 
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each cross-frequency ratio, clusters of electrodes inducing a significant change were adopted in 

subsequent analyses examining treatment-specificity, i.e., by subjecting pre-to-post change scores to 

a repeated-measures analysis of variance (ANOVA) with the between-subject factor ‘treatment’ (OT, 

PL) and the within-subject factor ‘electrode clusters’. All statistics were executed with Statistica version 

13 (TIBCO Software Inc., USA). 

 

Heart rate variability recordings and data handling 

Photoplethysmography (PPG) recordings were performed simultaneous to the rest EEG (5 min 

session) using the Nexus-32 multimodal acquisition system at a sampling rate of 128 Hz. The PPG 

pulse oximeter sensor was placed over the ring finger of the left (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 BioTrace32 software (Mind Media, The Netherlands) to 

derive continuous inter-beat-intervals (IBI) for assessing heart rate variability (HRV). Usability and 

accuracy of pulse rate variability as an estimate of HRV has been intensively studied and deemed 

accurate within healthy young subjects at rest (i.e., very good to excellent correspondence between 

PPG-derived and electrocardiography-derived HRV) (Georgiou et al., 2018; Schäfer and Vagedes, 

2013). HRV frequency domain analyses were performed using Kubios HRV Premium software 

(professional version 3.2) (Tarvainen et al., 2014). All IBI time series were manually inspected prior to 

analysis and automatic artifact removal, as implemented in Kubios HRV, was performed. A subset of 

participants was not included in the final analyses due to technical problems with the PPG sensor (7 

OT, 3 PL). Of the remaining participants, overall data quality was high (<1% rejected artifacts), 

consistent with resting-state recording conditions. For each subject and session (pre and post), HRV 

frequency domain analyses were performed using Fast Fourier Transformation (FFT) based Welch’s 

periodogram to compute the high-frequency (0.15–0.4 Hz) and low-frequency (0.04–0.15 Hz) band 

power (% relative power) using the power spectral density of the detrended IBI series. Similar to the 

EEG analyses, ANOVA analyses were conducted to assess treatment-related effects. Treatment-

related changes in resting heart rate (average over 5 min session, in beats per minute: bpm) were also 

assessed using an independent-samples t-test.  

 

Secondary EEG analyses 
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Treatment-related changes in alpha and theta peak frequencies. In the primary analyses, 

treatment-related differences in the occurrence of 1.6:1 and 2:1 ratio aspects were assessed. 

Secondary analyses were performed to explore whether similar treatment-related differences are 

evident when mean alpha and theta peak frequencies are analyzed separately. Mean peak 

frequencies of the alpha (8–14 Hz) and theta band (4–8 Hz) were estimated per subject, electrode, 

and session (pre and post) by averaging the peak frequency of transiently detected peaks over time.  

Treatment-related changes in alpha and theta power amplitude estimations. Secondary analyses 

were performed to explore whether estimations of alpha and theta power amplitudes showed 

treatment-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), relative amplitudes (% of overall power, in μV) of the alpha (8–14 Hz) and theta band (4–8 Hz) 

were estimated per subject, electrode, and session (pre and post).  

Finally, additional secondary analyses are reported in Supplementary Methods and Results, 

assessing the specificity of the 1.6:1 and 2:1 cross-frequency ratios for inducing treatment-related 

differences (Supplementary Figure 1).  

 

Results 

Treatment-related changes in 1.6:1 non-harmonic decoupling and 2:1 harmonic coupling 

Full repeated-measures ANOVA analyses of pre-to-post change scores assessing differential 

treatment effects for the 1.6:1 and 2:1 non-harmonic and harmonic ratios - with the between-subject 

factor ‘treatment’ (OT, PL) and the within-subject factors ‘cross-frequency ratio’ (1.6:1, 2:1) and 

‘electrode’ (19 electrodes) - yielded a significant main effect of ‘cross-frequency ratio’ (F(1,94) = 31.59; 

p < .0001), indicating that across electrodes, participants displayed a general pre-to-post increase in 

the 1.6:1 ratio aspect and a relative decrease in the occurrence of 2:1 ratios. However, this main effect 

needs to be interpreted in light of the significant ‘treatment x cross-frequency ratio’ interaction effect 

(F(1,94) = 5.96; p = .017; η2 = 0.06, medium-sized effect), indicating that across electrodes, the 

differential pre-to-post change in 1.6:1 and 2:1 ratio aspects was significantly more pronounced in the 

OT group (effect of ratio: (F(1,94) = 33.18; p < .0001) compared to the PL group (effect of ratio: 

(F(1,94) = 4.95; p = .028) (Figure 2). None of the other main or interaction effects reached 

significance (all p > .05).  
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In the next section, treatment-related differences are discussed separately for the 1.6:1 non-harmonic 

and 2:1 harmonic ratio aspects, as visualized in Figure 3 and 4, respectively. 

Non-harmonic decoupling (1.6:1 ratio). In the OT group, a large cluster of electrodes (including Fp1, 

Fp2, F7, F3, Fz, F4, T3, C3, C4, T4, T5, Pz, P4, T6) showed a significant pre-to-post increase in the 

occurrence of the 1.6:1 non-harmonic ratio aspect, indicative of increased decoupling between alpha 

and theta rhythms after intranasal OT administration (all, t(48) > 2.30; pFDR < .05; Figure 3A). In the PL 

group, none of the electrodes yielded a significant pre-to-post change at the pFDR > .05 corrected 

threshold. ANOVA analysis with the between-subject factor ‘treatment’ (OT, PL) and the within-subject 

factor ‘cluster electrode’ (Fp1, Fp2, F7, F3, Fz, F4, T3, C3, C4, T4, T5, Pz, P4, T6), yielded a 

significant main effect of treatment (F(1,94) = 6.10; p = .015; η2 = 0.06, medium-sized effect) (Figure 

3B), confirming that the pre-to-post increase in the 1.6:1 ratio aspect was significantly more 

pronounced in the OT group, compared to the PL group.  

Harmonic decoupling (2:1 ratio). In the OT group, a cluster of electrodes (including F7, F3, F4, T5, 

Pz, T6) showed a significant pre-to-post decrease in the occurrence of the 2:1 harmonic ratio aspect 

indicative of decreased coupling between alpha and theta rhythms after intranasal OT administration 

(all t(48) > 2.30; pFDR < .05; Figure 4A). In the PL group, none of the electrodes yielded a significant 

pre-to-post change at the pFDR > .05 corrected threshold. ANOVA analysis on pre-to-post change 

scores with the between-subject factor ‘treatment’ (OT, PL) and the within-subject factor ‘cluster 

electrode’ (F7, F3, F4, T5, Pz, T6), yielded a significant main effect of treatment (F(1,94) = 4.75; p = 

.032; η2 = 0.05, small-to-medium-sized effect; Figure 4B), confirming that the pre-to-post decrease in 

the 2:1 ratio aspect was significantly more pronounced in the OT group, compared to the PL group.  

 

Treatment-related changes in HRV 

As an additional outcome, changes in resting-state HRV - an established measure of ANS function - 

were assessed. Repeated-measures ANOVA on pre-to-post HRV change scores with the between-

subject factor ‘treatment’ (OT, PL) and the within-subject factor ‘HRV component’ (low-frequency HRV, 

high-frequency HRV) yielded a significant ‘treatment x HRV component’ interaction effect (F(1,90) = 

6.45; p = .013), indicating a significant increase in (parasympathetic) high-frequency HRV (OT vs PL: 

F(1,90) = 6.55; p= .012), and a significant decrease in low-frequency HRV in the OT, compared to the 
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PL group (OT vs PL: F(1,91) = 5.85; p= .017) (Figure 5A). No significant treatment-related changes 

were identified in resting heart rate (t(90)= -0.58; p= .56; OT: -5.02 ± 4.82 bpm (mean ± SD); PL: -5.64 

± 5.19 bpm).  

 

Relationship between cross-frequency (de)coupling and HRV  

Spearman correlation analyses revealed a significant negative relationship between baseline recorded 

low-frequency HRV and the occurrence of the non-harmonic 1.6:1 ratio aspect (in the identified cluster 

of 14 electrodes), indicating that individuals with a high extent of cross-frequency decoupling display a 

comparably lower low-frequency HRV (Spearman R=-.21; t(87)= -2.02; p= .046). A trend-level 

opposite relationship was evident for high-frequency HRV, indicating higher parasympathetic high-

frequency HRV in individuals with a higher extent of the non-harmonic 1.6:1 ratio aspect (R=-.18; 

t(87)= 1.66; p= .10).  

While as a group, participants of the OT group displayed significant changes both in terms of HRV and 

cross-frequency ratio aspects, correlation analyses revealed no significant relationships between the 

extent of pre-to-post changes in HRV and the extent of pre-to-post changes in the occurrence of the 

non-harmonic 1.6:1 ratio aspect (p> .05). Also, no relationships were evident between baseline or pre-

to-post changes in the occurrence of the harmonic 2:1 ratio aspect and low or high frequency HRV (all, 

p> .05).  

 

Secondary EEG analyses 

Treatment-related changes in alpha and theta peak frequencies. Repeated-measures ANOVA 

analyses on pre-to-post change scores with the between-subject factor ‘treatment’ (OT, PL) and the 

within-subject factors ‘peak frequency’ (alpha, theta) and ‘electrode’ (19 electrodes) yielded a 

significant main effect of ‘peak frequency’ (F(1,94) = 47.20; p < .0001), indicating that across 

electrodes, participants displayed a general pre-to-post increase in peak theta and a relative decrease 

in peak alpha frequencies. At trend-level, a ‘treatment x peak frequency’ interaction effect was 

revealed (F(1,94) = 3.63; p = .060; η2 = 0.04, small-to-medium-sized effect), indicating that, albeit 

evident in both groups, the differential pre-to-post change in theta and alpha peak frequencies was 

tentatively more pronounced in the OT group (effect of frequency: (F(1,94) = 39.33; p < .0001) 

compared to the PL group (effect of frequency: (F(1,94) = 12.06; p < .001).  
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Exploratory Spearman correlation analyses showed that pre-to-post decelerations in alpha peak 

frequencies were related to an increased formation of 1.6:1 non-harmonic ratio aspects (across 

electrodes: R = -.20; t(94) = -1.97; p = .05). Pre-to-post accelerations in theta peak frequencies on the 

other hand, were predominantly related to reduced occurrences of 2:1 harmonic coupling (R = -.60; 

t(94) = -7.36; p < .0001).  

Treatment-related changes in alpha and theta power amplitude. Repeated-measures ANOVA 

analyses on pre-to-post change scores with the between-subject factor ‘treatment’ (OT, PL) and the 

within-subject factors ‘power amplitude’ (alpha, theta) and ‘electrode’ (19 electrodes) yielded a 

significant main effect of ‘power amplitude’ (F(1,94) = 46.22; p < .0001), but no ‘treatment x power 

amplitude’ interaction (F(1,94) = .29; p = .59), indicating that, irrespective of treatment, participants 

displayed a pre-to-post decrease in theta power amplitude and a pre-to-post increase in alpha power 

amplitude. Together, these results show that resting spectral power was unaffected by OT 

administration relative to PL.  
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Discussion 

The present study sought to assess whether the transient occurrence of 1.6:1 non-harmonic and 2:1 

harmonic relationships between peak frequencies in the alpha (8–14 Hz) and theta (4–8 Hz) bands - 

respectively facilitating a state of decoupling or coupling between oscillatory rhythms - are impacted by 

the intranasal administration of a single-dose of OT or PL. In line with our hypothesis, we showed that 

the transient formation of non-harmonic cross-frequency ‘decoupling’ between alpha and theta peak 

frequencies was significantly increased after OT nasal spray administration, indicating an effect of OT 

on reducing the intrinsic occurrence of spurious (noisy) background phase synchronizations during 

resting-state. Additionally, after nasal spray administration, the OT group, not the PL group, showed a 

significant parallel increase/ decrease in high/ low-frequency HRV.  

As a basic mechanism underlying information transfer within and across neuronal cell 

populations, neurophysiologic research increasingly acknowledged the importance of studying 

oscillatory brain activity from a cross-frequency perspective, rather than exploring activity (band 

power) changes within isolated rhythms. In line with this notion, the here adopted method for 

assessing cross-frequency dynamics (i.e., based on the calculation of transient numerical ratios 

between peak frequencies of two brain rhythms) allows quantifying short-lived changes in the neural 

frequency architecture that mathematically enable cross-frequency coupling or decoupling (Klimesch, 

2018; Pletzer et al., 2010). In the theoretical accounts by Klimesch (2012, 2013) and Pletzer et al. 

(2010), the EEG frequency architecture is proposed to entail ‘optimal’ frequency domains for 

facilitating cross-frequency coupling (i.e., based on harmonic numerical ratios), as well as for 

facilitating controlled cross-frequency decoupling (i.e., based on non-harmonic numerical ratios 

approximating the golden mean 1.618…). In line with prior work (Rodriguez-Larios and Alaerts, 2019, 

2020), the current study confirmed a proportionally high incidence of cross-frequency relationships 

approximating the non-harmonic ‘decoupled’ 1.6:1 cross-frequency state during resting-state, thereby 

providing further experimental support that this configuration forms a prevalent physiological state 

within the intrinsic EEG frequency architecture. Importantly, this study showed that, intranasal 

administration of OT, not PL induced a further facilitation of the formation of non-harmonic, decoupled 

ratio aspects (and a reduction of the formation of the harmonic 2:1 ratio aspect), predominantly due to 

a deceleration of peak alpha frequencies and an acceleration of peak theta frequencies.  
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To date, some initial EEG studies have yielded important insights into the effect of OT on 

temporal characteristics of neural processing, showing task-related changes in event-related potentials 

(de Bruijn et al., 2017; Peltola et al., 2018; Ruissen and de Bruijn, 2015; Waller et al., 2015; Ye et al., 

2017) and band power (including e.g., the mu rhythm (Festante et al., 2020; Singh et al., 2016; Wynn 

et al., 2019) and frontal alpha asymmetry (Soriano et al., 2020)). One study by Schiller et al. (2019) 

examined the effect of a single-dose of OT versus PL on temporal characteristics of resting EEG 

networks, and showed OT administration to generally reduce the rapid switching among neural 

networks by increasing their temporal stability (Schiller et al., 2019). Another resting-state EEG study 

examined spectral changes in different frequency bands and showed no overall effect of OT on 

intrinsic band power activity of the alpha, theta, or delta and beta band, suggesting that OT does not 

induce a general change in neural activity following administration (Rutherford et al., 2018). Our 

findings corroborate these observations, indicating no overall changes in alpha or theta band power 

amplitude after OT administration.  

Interestingly, the demonstrated OT-related changes in cross-frequency dynamics were shown 

to be paralleled by changes in ANS function, indicating a significant increase in high-frequency HRV - 

an established marker of parasympathetic nervous system (PNS) ‘rest-and-digest’ autonomic function 

- as well as a decrease in low-frequency HRV - influenced by a mix of vagal, sympathetic nervous 

system (SNS) activity, and baroreflex mechanisms (Shaffer et al., 2014). These observations are in 

line with four prior studies, showing an increase in resting-state high-frequency HRV after a single-

dose of OT (Jain et al., 2017; Kemp et al., 2012; Martins et al., 2020; Norman et al., 2011). One study 

with chronic back pain patients showed no effect of OT on rest HRV, but here, small decreases in both 

high- and low-frequency HRV were noted during a mental arithmetic task, suggesting that OT 

differentially impacted HRV depending on whether the task context entailed a resting state or a state 

of (mild) cognitive stress (Tracy et al., 2018).  

While this is the first study examining OT’s role in modulating harmonicity of cross-frequency 

relationships, prior research has shown task-dependent shifts in harmonic/non-harmonic cross-

frequency dynamics in the context of active cognitive processing and meditation (Rodriguez-Larios 

and Alaerts, 2019, 2020; Rodriguez-Larios et al., 2020a; Rodriguez-Larios et al., 2020b), indicating 

that meditative practice facilitated a preclusion of unwanted ‘spurious’ interactions among theta and 

alpha neural rhythms (increased non-harmonic cross-frequency ratio) (Rodriguez-Larios and Alaerts, 
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2020; Rodriguez-Larios et al., 2020b), whereas active cognitive processing states, as measured 

during a demanding arithmetic task, were associated with enhanced ‘coupling’ between alpha and 

theta rhythms, implicated in executive and memory processes (Rodriguez-Larios and Alaerts, 2019; 

Rodriguez-Larios et al., 2020a). Interestingly, several theoretical accounts (Colonnello et al., 2017; Ito 

et al., 2019; Mascaro et al., 2015) and also some initial empirical studies (Bellosta-Batalla et al., 

2020a; Bellosta-Batalla et al., 2020b; Isgett et al., 2016; Lipschitz et al., 2015; Rockliff et al., 2011; 

Van Cappellen et al., 2016) have placed the oxytocinergic system at the center of mediating beneficial 

effects of meditation practice. For example, several studies showed that beneficial behavioral effects 

of mindfulness training were paralleled by higher endogenous production of OT post-intervention 

(Bellosta-Batalla et al., 2020a; Bellosta-Batalla et al., 2020b; Lipschitz et al., 2015). Also some initial 

OT administration studies showed a single-dose of OT to improve positive ‘immersive’ feelings during 

meditative practice (Van Cappellen et al., 2016) and the ease of developing compassionate qualities 

during compassion-focused meditation (Rockliff et al., 2011) (a component of mindfulness training). 

Together, it is tempting to speculate that the identified changes in cross-frequency harmonicity may 

form a common neural substrate by which meditative practice and acute OT administration facilitate 

homeostatic balance, i.e., by promoting a preclusion of unwanted ‘spurious’ interactions among neural 

rhythms during inactive rest.  

The induction of high signal-to-noise states has been suggested to form a shared over-arching 

mechanism by which OT may amplify signal value of neuronal transmissions within wide-spread 

neural circuits (Maier et al., 2016; Oettl et al., 2016; Owen et al., 2013). At the brain’s system level, OT 

may similarly promote high signal-to-noise states by efficiently reconfiguring neural networks into a 

‘resting state’ neutral/decoupled state when no active task is at hand. Although indirect, OT’s role in 

reducing the spontaneous occurrence of ‘noisy’ background couplings during an inactive resting state 

may therefore reconcile two prominent mechanistic theories of OT’s effects, suggesting (i) a role of OT 

in top-down modulation of social salience, enhancing social sensitivity (Shamay-Tsoory and Abu-Akel, 

2016), as well as (ii) a bottom-up function in regulating central and autonomic homeostatic function 

impacting (social) stress and anxiety responses (Stoop, 2012). In support of the latter, OT may 

facilitate increased autonomic homeostatic balance by facilitating the highest physiologically possible 

desynchronized state in the resting brain. The observation that baseline variations in HRV were 

associated with variations in non-harmonic cross-frequency arrangements is in support of this notion, 
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i.e., indicating that oscillatory systems with a low incidence of spurious, ‘noisy’ cross-frequency 

couplings are reflected by higher PNS drive. Also, in line with OT’s purported role in modulating 

(social) salience, it can be hypothesized that OT may amplify signal value or attentional salience (e.g., 

of survival-relevant stimuli or stressors) by preventing noisy background couplings to interfere with 

efficient transitions to active signal processing states. In other words, OT can be suggested to act as a 

neuromodulatory filter, favouring the processing of survival-relevant information by dampening noisy 

background couplings. In this view, an efficient re-configuration into a neutral/ decoupled state during 

inactive rest - avoiding residual, spurious (‘noisy’) couplings - is suggested to form an important 

mechanism by which OT optimally prepares the system for forthcoming active signal processing 

states.  

The following limitations and directions for future research are noted. While EEG allows a 

direct exploration of the temporal characteristics of neural activity, the precise anatomic origin of these 

neural oscillations are uncertain. OT-induced changes in non-harmonic cross-frequency decoupling 

were identified wide-spread across electrodes, whereas changes in cross-frequency harmonicity 

appeared to be more confined to particular fronto-temporal sites, suggesting differences in the spatial 

specificity of the observed effects. However, given the small number of electrodes, source localization 

could not be reliably performed in our data, and therefore, it would be interesting for future studies to 

address these relevant questions relating to the spatial distributions of OT’s effects on cross-frequency 

dynamics further. Further, the inclusion of only young adult men in the current study is considered a 

limitation, rendering the generalizability of the observed effects across age and sex uncertain. 

Differential effects of OT depending on sex have been observed before, both at the behavioral and 

neural level, e.g. in terms of amygdala function (Wigton et al., 2015), emphasizing the need for future 

studies to explicitly model sex-dependent modulations of OT’s effects. Finally, as highlighted above, 

the current observations of OT’s modulatory effects on cross-frequency dynamics were observed 

during a low-stress, resting-state condition. Future research may be warranted to explore these 

dynamics within task-related contexts, e.g., allowing to draw links between (behavioural) changes in 

social salience/sensitivity and cross-frequency dynamics. This notion is important, considering that 

context and state-dependent changes are highlighted as important factors for inducing variations in 

OT’s neuromodulatory effects (e.g. differential effects on rest (Jain et al., 2017; Kemp et al., 2012; 

Martins et al., 2020; Norman et al., 2011) versus task-related HRV (Tracy et al., 2018)). In this view, it 
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has been suggested that OT may primarily promote the restoration of autonomic balance (enhanced 

PNS drive) in the relative absence of acute stressors, but that opposite effects may be induced in task 

contexts that induce (mild) states of acute stress, in which case a facilitation of SNS-driven arousal 

and attentional salience may be evident (Carter, 2014). Further research is warranted to explore the 

role of (task-)context further in modulating OT’s neurophysiologic effects.  

Together, the current study showed neuromodulatory effects of OT on the harmonicity of 

alpha-theta cross-frequency interactions, indicative of a relative increase in non-harmonic ‘decoupled’ 

relationships between alpha and theta rhythms, as well as concurrent OT-induced enhancements in 

cardiac parasympathetic ANS drive (high-frequency HRV). In sum, the OT-induced increase in 

decoupling of theta and alpha rhythms - rendering them to operate more isolated from each other - is 

interpreted to reflect a role of OT in increasing the signal-to-noise ratio of the intrinsic EEG neural 

frequency architecture, namely, by reducing the occurrence of residual, ‘noisy’ couplings among 

neural rhythms facilitating a resting brain state. 
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Figure legends 

Figure 1 

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-frequencyalpha/peak-frequencytheta).  

A. Visualization of 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. 

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.  

C. Visualization of the relative occurrence of all possible cross-frequency relationship (proportion of 

epochs, averaged across electrodes) as recorded at baseline (before nasal spray administration), 

showing a maximal occurrence of the non-harmonic 1.6:1 alpha:theta ratio aspect (10.16%, average 

across electrodes). The harmonic 2:1 ratio aspect showed an average occurrence of 7.76% (across 

electrodes). Visualizations are partly adapted from (Rodriguez-Larios and Alaerts, 2019)). 
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Figure 2 

Assessment of treatment-related differences in the occurrence of 1.6:1 and 2:1 alpha:theta 

cross-frequency ratios. 

Box plots visualize mean pre-to-post changes in the occurrence of the 1.6:1 and 2:1 ratio aspect 

(averaged across all electrodes), separately for the oxytocin and placebo group (including standard 

error (SE) and 1.96 SE). The relative pre-to-post increase in the 1.6:1 ratio aspect and the relative pre-

to-post decrease in the 2:1 ratio aspect were significantly more pronounced in the oxytocin group 

compared to the placebo group.  
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Figure 3 

Treatment-related differences in the occurrence of 1.6:1 non-harmonic decoupling.  

A. Pre-to-post changes in the occurrence of the 1.6:1 non-harmonic ratio aspect, visualized separately 

for the oxytocin (top) and placebo (lower panel) group. In the oxytocin group, a large cluster of 

electrodes, spanning electrodes Fp1, Fp2, F7, F3, Fz, F4, T3, C3, C4, T4, T5, Pz, P4, T6 was 

identified, showing significant pre-to-post increases in the 1.6:1 ratio occurrence. Topographical heat 

maps represent t-values (single-sample t-tests) at each electrode with asterisks marking significant 

electrodes (pFDR < .05). Vertical bars denote +/- standard errors (SE). 

B. Cluster-level analysis confirmed a treatment-specific increase in the occurrence of the 1.6:1 non-

harmonic ratio in the oxytocin group, not in the placebo group. Box plots visualize mean pre-to-post 

changes in 1.6:1 ratio occurrences (including SE and 1.96 SE), averaged across depicted cluster 

electrodes Fp1, Fp2, F7, F3, Fz, F4, T3, C3, C4, T4, T5, Pz, P4, T6.  
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Figure 4 

Treatment-related differences in the occurrence of 2:1 harmonic coupling.  

A. Pre-to-post changes in the occurrence of the 2:1 harmonic ratio aspect, visualized separately for 

the oxytocin (top) and placebo (lower panel) group. In the oxytocin group, a subset of electrodes, 

spanning electrodes F7, F3, F4, T5, Pz, T6 was identified, showing significant pre-to-post decreases in 

the 2:1 ratio occurrence. Topographical heat maps represent t-values (single-sample t-tests) at each 

electrode with asterisks marking significant electrodes (pFDR < .05). Vertical bars denote +/- standard 

errors (SE). 

B. Cluster-level analysis confirmed a treatment-specific decrease in the occurrence of the 2:1 non-

harmonic ratio in the oxytocin group, not in the placebo group. Box plots visualize mean pre-to-post 

changes in 2:1 ratio occurrences (including SE and 1.96 SE), averaged across depicted cluster 

electrodes F7, F3, F4, T5, Pz, T6.  
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Figure 5  

Assessment of treatment-related changes in heart rate variability. 

A. Pre-to-post changes in high-frequency and low-frequency heart rate variability (HRV), visualized 

separately for the oxytocin and placebo group. Vertical bars denote +/- standard errors (SE). 

B. Visualization of the relationship between baseline recorded (before nasal spray) HRV and the 

occurrence of the non-harmonic 1.6:1 ratio aspect (averaged across depicted cluster electrodes Fp1, 

Fp2, F7, F3, Fz, F4, T3, C3, C4, T4, T5, Pz, P4, T6). Grey lines denote 95% confidence bands. 
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Supplementary Material  

 

Supplementary Methods 

To examine whether the reported treatment-related changes in 1.6:1 non-harmonic decoupling and 

2:1 harmonic coupling were specific to these frequency arrangements, pre-to-post changes in the 

proportion of epochs displaying any of the other possible cross-frequency relationships (within a range 

of 1.2–2.5, step size 0.1) were computed and subjected to nonparametric cluster-based permutation 

statistics, identifying clusters that show significant OT versus PL treatment effects based on spatial 

(electrodes) and cross-frequency ratio adjacency (1000 permutations, p< .05 corrected for multiple 

comparisons, one-sided) (MATLAB toolbox FieldTrip (Maris and Oostenveld, 2007)). Note that, due to 

the absence of data for ratios smaller than 1.2 and greater than 2.5 (Figure 1C, less than 2 % 

occurrence), the analysis was performed for ratios within a range of 1.2 - 2.5 (step-size of 0.1). 

 

Supplementary Results 

A significant positive cluster overlapping non-harmonic ratio aspect 1.6:1 was identified, ranging 

between 1.3 and 1.7 (cluster t(94)= 55.98; pcorrected= 0.05), indicating an increase in the incidence of 

these low-range cross-frequency ratios in the OT, compared to the PL group. At trend-level, also a 

negative cluster overlapping harmonic ratio aspect 2:1 was identified, ranging from ratio 1.8-2.5, but 

the effect failed to reach significance at the applied cluster threshold (cluster t(94)= 44.28; pcorrected= 

0.088). The spatial distribution of these clusters is visualized in Supplementary Figure 1. In sum, 

these exploratory analyses showed that a single-dose of OT induced an increase in a set of lower-end 

ratios centered around 1.6:1 (i.e., ranging from 1.3 - 1.7), and - at trend-level - a relative decrease in 

the occurrence of cross-frequency ratios overlapping harmonic ratio 2:1 (i.e., 1.8 - 2.5). 
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Supplementary Figure 1 

Assessment of treatment-related differences in the occurrence of different alpha:theta cross-

frequency relationships.  

The scaled color plot visualizes the respective independent samples t-test values (oxytocin (OT) 

versus placebo (PL)) separately for each electrode (y-axis) and cross-frequency ratio (x-axis). Warm 

colors indicate electrodes showing a relative pre-to-post increase in ratio occurrence in the OT, 

compared to the PL group. Blue colors indicate electrodes showing a relative pre-to-post decrease in 

ratio occurrence in the OT, compared to the PL group.  
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