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Abstract 

 
Experiences in which the sense of the body becomes distorted offer a unique window into how 

the brain constructs the bodily self. Despite their clinical relevance in conditions such as 

depersonalization and body-image disorders, large-scale brain dynamics underlying unusual 

bodily experiences (UBEs) remain poorly understood, and no prior study has examined them 

systematically across wakefulness and sleep. Here, we analyzed a high-density EEG dataset 

including 36 UBE episodes, such as floating sensations, distorted body boundaries, and out-of-

body experiences, recorded across rapid eye-movement (REM) sleep, light sleep, sleep arousals, 

and wakefulness during meditation (N=20). We quantified the temporal irreversibility of neural 

dynamics, a marker of cortical hierarchical organization, and complemented these analyses with 

whole-brain signal complexity measures following a within-subject design. UBEs were 

consistently associated with a global reduction in neural irreversibility and cortical hierarchical 

differentiation relative to non-UBEs and wakefulness, along with a concurrent increase in whole-

brain complexity to levels comparable to wakefulness. Together, these findings suggest that 

UBEs reflect a neural state combining high informational richness with a transient flattening of 

cortical hierarchy, a profile that resembles that observed in psychedelic states. 
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Key points 

 

• UBEs are associated with a global flattening of brain hierarchy measured by EEG. 

• UBEs are associated with increased global EEG complexity, resembling the psychedelic 

state. 
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Introduction 

 

Body experience is a fundamental dimension of consciousness and a central focus of 

neuroscience research. Alterations in this process can lead to states in which body perception is 

no longer consistent with ordinary wakefulness. This is the case of unusual bodily experiences 

(UBEs), which involve illusory bodily perceptions that do not align with our everyday waking 

experience (Campillo-Ferrer et al., 2026; Cheyne, 2003; Cheyne et al., 1999). For example, 

individuals during UBEs may report seeing the room with their eyes closed or feeling the bed 

beneath them when lying down, while simultaneously perceiving themselves as if floating, 

lacking their body boundaries, or being located outside of their physical body—the latter also 

known as out-of-body experiences (Alcaraz-Sánchez et al., 2022; Blanke et al., 2000; Cheyne & 

Girard, 2009; Levitan et al., 1999; Rabeyron & Caussie, 2016). 

Although UBEs are frequently reported during sleep and altered states of consciousness, 

their underlying neural mechanisms remain poorly understood. Early neuroimaging studies relied 

primarily on anecdotal reports from sleep or relaxation (Levitan et al., 1999; Smith & Messier, 

2014; Tart, 1967, 1968; Terzaghi et al., 2012), or observations from direct brain stimulation in 

clinical populations (Blanke et al., 2000, 2002, 2004; De Ridder et al., 2007). While these 

studies provided important initial insights, they were limited in both reproducibility and scope. 

Recent methodological advances have allowed UBEs to be investigated systematically under 

controlled conditions. For instance, eye movement tracking has been used to identify 

spontaneous experiences during sleep (Herrero et al., 2025; Mainieri et al., 2021; Weiler et al., 

2025). In parallel, a wide variety of induction methods have been used to simulate UBEs or 

facilitate their appearance under controlled conditions, including sleep interruption techniques, 

hypnosis, meditation, psychedelics, sensory limitation, multisensory conflict, or virtual reality 

(Dor-Ziderman et al., 2016; Ionta et al., 2011; Lenggenhager et al., 2011; Martial et al., 2023; 

McCreery & Claridge, 1996; Tagliazucchi et al., 2016; Takeuchi et al., 1992, 2002; Tressoldi et 

al., 2015; Zeev-Wolf et al., 2017).  

Building on these methodological advances, the neural correlates of UBEs have been 

investigated using electroencephalography (EEG), magnetoencephalography (MEG) and 

functional magnetic resonance imaging (fMRI). Studies using fMRI have consistently implicated 

regions involved in multisensory integration and body self-perception, such as the temporo-
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parietal junction and insular cortex (Blanke & Arzy, 2005; Ionta et al., 2011). In contrast, 

electrophysiological studies show more heterogeneous findings: some report reduced alpha 

power (Lenggenhager et al., 2011; Martial et al., 2023), while others have found increases in 

alpha, delta or theta activity (Berkovich-Ohana et al., 2013; Martial et al., 2023; Zeev-Wolf et 

al., 2017), and decreases in beta and gamma activity in similar or overlapping regions (Dor-

Ziderman et al., 2016; Tressoldi et al., 2015; Zeev-Wolf et al., 2017).  

While these findings may appear contradictory at first, they could also reflect a common 

underlying tendency: a shift toward EEG deactivation that could manifest as increased power in 

lower frequencies (like delta and theta) and/or reduced power in higher frequencies (like beta and 

gamma), a spectral profile that resembles neural dynamics typically observed at sleep onset 

(Marzano et al., 2013; Siclari et al., 2014). This raises the possibility that spectral markers 

attributed to UBEs may not represent unique signatures of the phenomenon, but instead reflect 

mixed wake-sleep electrophysiology that is not well captured by conventional sleep-staging 

criteria. Consistent with this view, several studies have observed UBEs arising during hybrid 

EEG states combining elements of both wakefulness and sleep (Campillo-Ferrer et al., 2026; 

Mainieri et al., 2021; Takeuchi et al., 1992, 2002; Terzaghi et al., 2012). 

Taken together, these findings call for methodological approaches that investigate the 

brain’s global organization during UBEs, rather than focusing solely on spectral changes. 

Promising steps in this direction include reports of altered functional and effective connectivity 

in the temporo-parietal junction and insular cortex during UBEs reported in psychedelic states 

(Stoliker et al., 2025; Tagliazucchi et al., 2016), or reduced theta-band complexity and increased 

beta-band connectivity during UBEs simulated through virtual reality (Martial et al., 2023). 

However, these findings need replication in larger and more diverse populations to determine 

whether they generalize beyond these paradigms. Importantly, none of these studies have 

examined global patterns across both wakefulness and sleep, limiting our understanding of the 

overall brain dynamics associated with UBEs. 

To address these gaps, we adopted a non-equilibrium perspective on large-scale brain 

dynamics, conceptualizing neural activity as an asymmetric system evolving far from 

equilibrium (Kringelbach et al., 2024). This framework is grounded in the second law of 

thermodynamics, which states that a system cannot naturally transition from disorder to order. 

For example, a broken glass cannot spontaneously reassemble, which makes this process 
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irreversible. Applied to brain signals, this principle implies a preferred direction of information 

flow, known as the “arrow of time” (Eddington, 1928; Feng & Crooks, 2008; Seif et al., 2021), 

which can be used to quantify the level of irreversibility and hierarchical organization of brain 

dynamics. This approach has been successfully applied to discriminate and mechanistically 

characterize different brain states across multiple imagining modalities, consistently revealing 

increased irreversibility during conscious states like wakefulness and dreaming, in contrast to 

deep sleep, anaesthesia, and multiple neurological conditions (Berjaga-Buisan et al., 2025; 

Camassa et al., 2024; Cruzat et al., 2023; Deco et al., 2022, 2023; G-Guzmán et al., 2023; Idesis 

et al., 2024; Sanz Perl et al., 2021). 

In this study, we used the INSIDEOUT approach developed by Deco et al., (2022) to 

quantify the irreversibility of high-density EEG signals obtained from a previously published 

dataset of 20 healthy individuals, including 36 UBE episodes reported across wakefulness and 

sleep. This approach provides a model-free method for estimating neural irreversibility and 

hierarchical organization through the quantification of asymmetries in brain signals, specifically 

by assessing whether time-forward and time-reversed trajectories are distinguishable from each 

other (Deco et al., 2022). We hypothesized that UBEs would be associated with distinct changes 

in the hierarchical organization of brain activity, potentially revealing markers that distinguish 

them from ordinary states of consciousness like wakefulness or sleep. To provide a broader 

perspective on the EEG correlates of UBEs, we complemented irreversibility and hierarchy 

analyses with Lempel-Ziv (LZ) complexity, a marker of EEG diversity (Aamodt et al., 2022; 

Schartner, Pigorini, et al., 2017), and revisited spectral analyses previously performed on the 

same dataset (see Campillo-Ferrer et al., 2026). This allowed us to directly compare approaches 

and integrate findings across different metrics. 

Materials & methods 

Dataset 

 

The dataset analysed in the present study was originally collected at the Donders Centre for 

Cognitive Neuroimaging (Radboud University Nijmegen, the Netherlands) and is publicly 

available at: https://doi.org/10.34973/50bx-st45. It comprises high-density EEG (64 electrodes) 
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and EOG, EMG, and ECG recordings from 35 healthy participants who underwent a single-

session UBE induction procedure in a controlled sleep laboratory setting. Here, we analysed 

signals corresponding to 36 UBEs reported by 20 participants (mean age = 25.14 ± 4.59 years; 

15 females, 5 males), as well as signals corresponding to wakefulness, meditation, and sleep 

from the same participants. The original study received approval from the local medical ethical 

committee in Nijmegen, the Netherlands (Imaging Human Cognition, NL45659.091.14), under 

the blanket approval of the Donders Centre for Cognitive Neuroimaging (Donders Institute, the 

Netherlands). Prior to the experiments, all participants had experienced at least one lucid dream 

(i.e., dream in which the individual is aware of being in a dream state) or had prior experience 

with meditation practices (e.g., participation in a university mindfulness course). All participants 

provided written informed consent prior to participation. Detailed sample characteristics and 

methodology can be found in the original study (Campillo-Ferrer et al., 2026); here we only 

provide a short summary: 

 

Experimental procedures: In the original study, UBEs were defined to participants during an 

intake session (1-7 days before the experimental session) as “sensations you would not usually 

experience during normal wakefulness, such as having strong bodily vibrations, floating, or 

feeling as if you were going outside of your physical body”. Participants could experience them 

while dreaming or while still being aware of their physical surroundings (e.g., during 

meditation). During the experimental session, induction procedures were carried out in the 

following order: (1) mild sleep deprivation (~5 hours of sleep in the preceding night), (2) semi-

guided meditation practice (~1 hour, starting at 8:30 a.m.) combining square breathing, body 

scan meditation, the “corpse pose” position used in Yoga Nidrâ, (3) morning nap (~3 hours), 

during which participants were asked to continue meditating and retain consciousness while 

falling asleep, (4) sensory stimulation with light cues presented across wakefulness and sleep (for 

induction method, see Campillo-Ferrer et al., 2025). To time-mark UBEs in the EEG, 

participants were asked to perform a left-right-left-right (LRLR) eye movement as soon as they 

experienced an UBE, a signal commonly used in lucid dreaming studies (Demirel et al., 2025; 

LaBerge et al., 1981) and more anecdotally to localize UBEs in the EEG (Herrero et al., 2025; 

Mainieri et al., 2021; Weiler et al., 2025). In parallel, EEG, EOG and EMG signals were 

continuously monitored in real time. 
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EEG recordings: In the original study, EEG recordings were obtained using 64 active scalp 

electrodes positioned according to the international 10-10 system (actiCAP, BrainProducts 

GmbH), referenced to FCz, and sampled at 500 Hz. Additional passive electrodes (one bipolar 

EOG, two submental EMGs, and one bipolar ECG) were used for sleep staging and auxiliary 

physiological recordings (BrainAmp ExG, BrainProducts GmbH). 

 

Phenomenology: In the original study, participants provided 1-2 minute open experience reports 

short after performing LRLR eye signals to describe their UBEs, and were then allowed to 

continue sleeping. At the end of each session, interviews inspired by the micro-

phenomenological technique were conducted (Petitmengin, 2006; Petitmengin et al., 2019; 

Varela, 1996) and partly analysed together with the participant. This approach allowed to (1) 

verify consistency between LRLR eye signals, open experience reports, and interview data; (2) 

reconstruct the temporal dynamics of each UBE; (3) characterize the phenomenological features 

of each UBE (Valenzuela-Moguillansky & Vásquez-Rosati, 2019). The final dataset includes 

UBEs with one or more of the following elements: (1) vestibular-motor experiences; (2) tactile 

sensations; (3) distortion of body boundaries; (4) lack of bodily sensations and/or position; (5) 

out-of-body and/or elevated self-location experiences; (6) sleep paralysis, tension and/or 

immobility experiences. 

 

Sleep scoring: In the original study, sleep staging was performed by trained experts in 

accordance with the American Academy of Sleep Medicine guidelines (AASM manual, 2020) 

and conducted in two iterative steps: first using 30-second epochs, and then using 5-second mini-

epochs. The final dataset includes UBEs reported in four different stages: (1) REM sleep, (2) 

stages N1 and N2 of non-REM sleep (light sleep), (3) wakefulness during meditation, and (4) 

wakefulness occurring within 60 seconds after arousals from light sleep (sleep arousals). 

EEG data and preprocessing 

 

Preprocessing for the present analyses followed a procedure similar to the original study, using 

the FieldTrip toolbox (Oostenveld et al., 2011) in MATLAB (Version R2024a, MathWorks Inc.). 
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Briefly, ≥ 400 seconds of eyes-closed wakefulness and ≥ 400 seconds of the conscious state in 

which UBEs were reported (e.g., REM sleep) were selected, including both UBE and non-UBE 

episodes. Muscular artifacts and bad channels were identified by visual inspection, EEG data 

were bandpass filtered (1-45 Hz), bad channels were interpolated (for neighbour structure, see 

Campillo-Ferrer et al., 2026) and remaining windows containing muscular artifacts were 

rejected. Independent component analysis (ICA) was then applied to remove eye and cardiac 

artifacts, and data were re-referenced to the mean of both mastoids using TP9 and TP10. Once 

EEG signals were clean, the data were segmented into three conditions for each participant: 

 

1. UBE condition: 5-second segments centred around each LRLR eye signal (up to 4 per 

participant). Depending on the phenomenological reports, these segments could include the 5 

seconds before the eye signal, after the eye signal, or be split between both (e.g., 2.5 seconds 

before and 2.5 seconds after). In all cases, 1 second immediately before and after eye signals 

were excluded to avoid activity related to performing the signal. 

2. Wakefulness condition: one 60 second segment of eyes-closed wakefulness recorded at the 

session onset, before the meditation practice. 

3. Non-UBE condition: one 60 second segment of the same sleep or wake state as the UBE, 

where the segment closest in time to the UBE and free of fragmentation and UBE reports was 

selected. For UBEs reported after arousals from light sleep, light sleep was selected as the 

non-UBE condition. 

 

In the present study, data from all conditions were further divided into 1-second non-overlapping 

sliding windows to capture detailed brain dynamics, resulting in: 177 clean windows for the 

UBE condition, 1151 windows for the wakefulness condition, and 1365 windows for the non-

UBE condition. The signal was additionally mean-centered and linearly detrended to remove 

residual offsets within each window. To apply the INSIDEOUT framework, the EEG channel 

dimensionality was reduced using principal component analysis (using the pca function in 

MATLAB) and retaining only the top components that together explained 90% of the channel 

variance. Raincloud plots were generated using the daviolinplot function in MATLAB (Karvelis, 

2025) and topographic maps using the FieldTrip toolbox. 
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Determining the levels of irreversibility and hierarchy 

 

The level of temporal non-reversibility (i.e., irreversibility), and thus non-equilibrium, is 

quantified for each 1-second window and EEG channel by detecting the arrow of time through 

asymmetries in causal interactions between the original and the time-reversed signals, as 

described in previous studies (INSIDEOUT framework, Camassa et al., 2024; Cruzat et al., 

2023; Deco et al., 2022). 

 

To illustrate the methodology, consider the bivariate case between two time series ���� and ����. 

The forward time-shifted correlation is defined as: 

 

���������Δ�� � �����, ��� 
 Δ���#�1�  

 

and the reversed time-shifted correlation, obtained after inverting the temporal order of both 

series, as: 

 

������	��Δ�� � ��������, ������ 
 Δ���#�2�  

 

Therefore, the pairwise irreversibility index, capturing degree of temporal asymmetry (i.e., the 

arrow of time), is given by the absolute difference between the causal relationship between the 

two time-shifted correlations at a given shift: 

 

�
,��Δ�� �  ��
�������Δ�� � ���������Δ��� #�3�  

 

For the multidimensional case, the irreversibility is quantified by constructing forward and 

reversed matrices of time-shifted correlations, representing the causal dependencies among 

system variables in the original and time-reversed dynamics: 

 

����
��������Δ�� �  �

1
2

log�1 � ������, ���� 
 ������ #�4�  
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������������Δ�� �  �
1

2
log
1 � ���

������, �	

����� 
 ����2� #�5�  

 

These matrices correspond to the mutual information of time-shifted correlations. The global 

degree of irreversibility is quantified as the quadratic distance between the forward and reversed 

matrices at a given time lag �� �  �, where the optimal time lag T was determined as the point 

where the averaged autocorrelation (AC) across conditions has sufficiently decayed (AC = 10% 

of its maximum, corresponding to a 0.064 s time shift): 

 

� �  ���
�������T� � ����������T���#�6�  

 

In other words, the level of irreversibility is calculated as the mean value of the elements of the 

squared-difference matrix: 

 

������

 � 
����
��������� � ���������������
�

#�7�  

 

Finally, the hierarchy is quantified as the standard deviation of the elements of the squared-

difference matrix, reflecting the heterogeneity of causal asymmetries across brain regions. This 

measure captures the degree of hierarchical differentiation in the system’s non-equilibrium 

dynamics. 

Determining the levels of complexity 

 

Lempel-Ziv (LZ) complexity was estimated for each 1-second window and EEG channel using 

the kolmogorov function in MATLAB (Faul, 2025). Each time series was first binarized by 

converting signal values above the median to “1” and those below the median to “0”. The 

function then applies the algorithm originally described by Lempel & Ziv (1976) and later 

adapted for timeseries analysis by Kaspar & Schuster (1987). In brief, the algorithm scans the 

binarized signal and counts the number of different patterns or sub-sequences present in the 

signal. Repetitive signals present low LZ complexity values, while more irregular or 

unpredictable signals present higher values, indicating greater EEG signal diversity (Aamodt et 
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al., 2022; Schartner, Pigorini, et al., 2017). Global LZ complexity was calculated as the mean 

complexity value across channels and was used for subsequent statistical comparisons. 

Statistics 

 

Generalized linear mixed models (GLMMs) were used to compare values across experimental 

conditions, following a within-subject design, and using the fitglme function in MATLAB 

(R2024b, MathWorks Inc.). Random effects for subject number and conscious state were 

included to account for (1) the unequal number of trials across subjects and (2) the different 

states of consciousness in which UBEs were reported. Models were compared iteratively, starting 

from the simplest structure (i.e., null model including only the intercept) and progressively 

adding fixed effects (experimental condition) and different combinations of random intercepts 

and slopes (subject number, conscious state, and/or their interaction). Only effects that 

significantly improved model fit were retained, as determined by likelihood ratio tests using the 

compare function in MATLAB. The final models included experimental condition as a fixed 

effect and the interaction of subject number x conscious state as a random intercept. Models 

were specified using a Gamma distribution with a log link function (for irreversibility and 

hierarchy) and a Normal distribution with an identity link function (for complexity), and were 

fitted using the Laplace method. For analyses in which the spectrum was divided into frequency 

bands, one separate model was fitted per frequency band (six in total). To correct for multiple 

comparisons, the false discovery rate (FDR) was applied using the mafdr function in MATLAB. 

Results 

 

To test our main hypothesis, we characterized the brain’s hierarchical organization of 36 UBEs 

reported by 20 participants across wakefulness and sleep, using high-density EEG signals and 

comparing them to resting wakefulness (eyes-closed) and non-UBE episodes from the same 

participants. To ensure state-matched comparisons, the non-UBE condition was defined as the 

same state of consciousness in which UBEs were reported, but in the absence of any UBE 

occurrence. This included REM sleep, light sleep, and wakefulness during meditation (see 
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Methods). In the case of UBEs reported during sleep arousals (all originating from light sleep), a 

segment of light sleep was selected as the corresponding non-UBE condition.  

UBEs were facilitated using a meditation and light stimulation protocol (Figure 1A), 

resulting in a wide variety of vestibular-motor and tactile sensations, episodes with distorted 

body boundaries or absent bodily awareness, out-of-body experiences, and sleep paralysis 

episodes (Figure 1B). Each experience was time-wise localized in the EEG using a predefined 

left-right-left-right eye movement sequence performed by participants. These movements were 

clearly visible in the auxiliary EOG channels and served as objective markers for UBE onset and 

offset (Figure 1C). EEG segments of 5 seconds were extracted around these signals and further 

validated through interviews inspired by the micro-phenomenological technique (for further 

details see Campillo-Ferrer et al., 2026). 

Brain irreversibility was estimated using the INSIDEOUT framework developed by Deco 

et al. (2022), which compares the causal relationship between pairwise time series in the forward 

EEG signal versus an artificially generated reversed version at a given time shift T (Figure 2). 

For the current study, we selected the value of T at which the average autocorrelation across 

conditions has decayed to 10% of its maximum value. Brain hierarchy was estimated as the 

variability (standard deviation) of brain irreversibility across different cortical areas. Finally, 

statistical analyses were performed using generalized linear mixed models (GLMMs), where 

subject number was included as a random effect to account for repeated measures within 

conditions, and conscious state to account for variability across different states of consciousness. 

Broadband EEG irreversibility 

 

Broadband EEG irreversibility (1-45 Hz, Figure 3A) was significantly reduced during UBEs 

compared to non-UBE states (FDR-adjusted p < 0.001). By contrast, no significant differences 

were found between wakefulness and either the UBE (FDR-adjusted p = 0.14) or non-UBE 

conditions (FDR-adjusted p = 0.78). A similar pattern was observed for hierarchy measures: 

values were significantly lower in UBE compared to non-UBE episodes (FDR-adjusted p < 

0.001), but wakefulness did not differ from either UBE (FDR-adjusted p = 0.22) or non-UBE 

states (FDR-adjusted p = 0.71). Topographic maps further showed that the same brain regions 

(mainly occipital and right-frontocentral) contributed to irreversibility in all conditions, with a 
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gradual tendency toward decreased intensity from wakefulness to non-UBE states and UBE 

episodes. 

When restricting the analysis to UBEs involving out-of-body experiences and feelings of 

elevation (n=10 UBEs from N=7 subjects), similar results were obtained (Figure 3B). These 

episodes showed a significant decrease in both irreversibility and hierarchy compared to non-

UBEs (FDR-adjusted p < 0.01). This time, both measures were also significantly reduced in 

UBEs relative to wakefulness (FDR-adjusted p < 0.01 for hierarchy, FDR-adjusted p < 0.05 for 

irreversibility). As with the full UBE sample, the brain regions sustaining irreversibility remained 

largely unchanged across conditions, again showing a tendency toward a gradual decrease in 

intensity from wakefulness to non-UBE states and UBE episodes, this time most evident in right-

occipital and left-frontocentral areas. 

The results remained consistent when comparing UBEs and non-UBEs across three 

different settings (sensitivity analyses shown in Figure 4): (1) when testing different values of T 

at which the average autocorrelation (AC) has decayed to 0%, 10%, 20%, 30%, 40%, and 50% 

of its maximum (FDR-adjusted p < 0.001 in all cases); (2) when considering only the top 20% of 

irreversibility values (FDR-adjusted p < 0.001 in all cases); and (3) when splitting the dataset 

into four subgroups according to the conscious state in which UBEs were reported (FDR-

adjusted p < 0.05 in all cases except for the ‘light sleep’ group, where p = 0.054). Differences 

between UBEs and wakefulness were observed when T was set at AC = 50%, as well as when 

UBEs were analyzed separately for the ‘REM sleep’, ‘light sleep’, and ‘meditation’ groups (see 

Supplementary Tables for detailed statistics). 

Frequency-band EEG irreversibility 

 

Next, we examined the contribution of multiple frequency bands to the overall brain 

irreversibility and hierarchy (Figure S1). For this purpose, the spectrum was divided into six 

conventional bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), beta (15-

30 Hz), and gamma (30-45 Hz). Irreversibility decreased in UBEs compared to non-UBEs only 

in the alpha band (FDR-adjusted p < 0.05) and compared to wakefulness in the sigma band 

(FDR-adjusted p < 0.05). However, no significant differences were observed in hierarchy 
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measures, nor when restricting the analysis to UBEs involving out-of-body experiences and 

feelings of elevation. 

Additional sensitivity analyses (Figure S2) indicated that effects in specific frequency 

bands were largely consistent when considering only the top 30% irreversibility values, but 

strongly depended on the choice of T. For example, when T was set at AC = 50%, irreversibility 

significantly decreased in the alpha band in UBEs compared to wakefulness (FDR-adjusted p < 

0.05) and significantly increased in the gamma band in UBEs compared to non-UBEs (FDR-

adjusted p < 0.001). However, the differences originally observed when T was set at AC = 10% 

were no longer present in the alpha and sigma bands (see Supplementary Tables for detailed 

statistics). 

EEG complexity and spectral power 

 

To complement the irreversibility analyses, we examined the same UBE dataset using two 

complementary approaches: (1) LZ complexity, which quantifies EEG signal diversity; (2) 

Multitaper spectral power analysis, which characterizes the distribution of oscillatory EEG 

activity across frequency bands (results previously reported in Campillo-Ferrer et al., 2026). 

Complexity analyses (Figure 5A) revealed that non-UBE episodes show significantly 

lower global LZ complexity than both UBEs and wakefulness (FDR-adjusted p < 0.001). When 

restricting the analysis to UBEs involving out-of-body experiences and feelings of elevation, 

global LZ complexity remained significantly lower in non-UBEs compared to UBEs (FDR-

adjusted p < 0.001), while no differences were observed between non-UBEs and wakefulness 

(FDR-adjusted p = 0.27). Likewise, no significant differences were found between wakefulness 

and UBEs in either the full (FDR-adjusted p = 0.93) or the restricted out-of-body sample (FDR-

adjusted p = 0.54). In contrast, spectral power analyses (Figure 5B) characterized wakefulness as 

an activated EEG state, with increased power in higher frequencies (alpha, beta, and gamma) and 

decreased power in lower frequencies (delta and theta) compared to non-UBEs. UBEs showed an 

intermediate profile between wakefulness and non-UBEs, with decreased alpha and increased 

delta and theta activity relative to wakefulness, as well as reduced delta and theta and increased 

beta and gamma activity relative to non-UBEs (for detailed statistics see Campillo-Ferrer et al., 

2026).  
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Table 1 summarizes the main results obtained from irreversibility, hierarchy, complexity, 

and spectral analyses. As illustrated, EEG activation derived from spectral analyses followed a 

graded pattern: high during wakefulness, low during non-UBEs, and intermediate during UBEs, 

characterizing UBEs as a hybrid state between wakefulness and non-UBEs. In contrast, 

irreversibility and hierarchy were high during wakefulness and non-UBEs but significantly 

reduced during UBEs, indicating a decrease of temporal directionality or asymmetry in this 

experimental condition, together with a decrease of cortical hierarchical organization. 

Complexity, on the other hand, remained high in both wakefulness and UBEs but low during 

non-UBEs, reflecting preserved signal diversity during UBEs.  

 

Table 1: EEG signatures of wakefulness, UBEs and non-UBEs 

 

Measure Irreversibility / Hierarchy Complexity EEG activation 

Description 
EEG temporal asymmetry / 

hierarchical organization 
EEG signal diversity 

Dominance of higher over 

lower frequency bands 

Wakefulness High High High 

UBE Low High Intermediate 

Non-UBE High Low Low 

 

Discussion 

 

Our findings show that UBEs are associated with a transient reduction in EEG irreversibility and 

hierarchical differentiation compared to non-UBEs and wakefulness, a pattern observed 

consistently across multiple states of consciousness. In contrast, global LZ complexity remains 

high during UBEs and at levels comparable to wakefulness. These results are robust across 

sensitivity analyses and generalized linear mixed models (GLMMs) at the single-trial level. 

Importantly, the use of GLMMs allowed us to study UBEs across different states of 

consciousness within a unified framework, including experiences reported during REM sleep, 

light sleep, meditation, and sleep arousals. Supplementary frequency-band analyses further 

suggest that these patterns primarily manifest at a broadband and global scale. 
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UBEs are associated with a global flattening of brain hierarchy 

 

Conceptually, irreversibility and hierarchy capture complementary dimensions of temporal 

asymmetry in neural activity. Irreversibility measures the overall magnitude of temporal 

asymmetry in the neural dynamics (i.e., whether information carried by brain activity flows more 

in one direction than the reverse), whereas hierarchy quantifies how unevenly that asymmetry is 

distributed across cortical regions (i.e., whether all regions contribute similarly to temporal 

asymmetry or not). Reductions in irreversibility and hierarchy observed during UBEs may thus 

reflect a temporary flattening of cortical hierarchy relative to non-UBEs (Figure 3). These 

results are consistent with previous findings showing that irreversibility is typically highest 

during wakefulness and decreases in states of reduced consciousness like deep sleep or coma 

(Berjaga-Buisan et al., 2025; Camassa et al., 2024; Deco et al., 2022; G-Guzmán et al., 2023; 

Idesis et al., 2024; Sanz Perl et al., 2021). Reduced irreversibility has also been observed during 

movie watching compared to both rest and task engagement (Kringelbach et al., 2023), 

suggesting that UBEs may not necessarily reflect a deeper unconscious state, but rather a more 

passive mode of brain activity with diminished computational demands. 

Reductions in irreversibility were also observed in UBEs compared to resting 

wakefulness, but these effects were dependent on specific parameter choices (Figures 4A and 

4B). The pattern became clearer when UBEs were analyzed separately according to their state of 

consciousness (Figure 4C), revealing significant differences in all groups except for the ‘sleep 

arousal’ group. Importantly, our findings suggest that these effects reflect changes specifically 

associated with UBEs, rather than intrinsic properties of their respective baseline states. In this 

context, non-UBE conditions offer a useful basis for comparison, as they either resembled 

wakefulness or showed opposite effects to UBEs. Specifically, no significant differences in 

irreversibility were found when comparing wakefulness with non-UBEs during meditation or 

REM sleep (Figure 4C, ‘REM sleep’ and ‘Meditation’ groups). Likewise, although non-UBEs 

during light sleep differed significantly from wakefulness, the direction of this effect was 

opposite to that observed during UBEs in the same state (Figure 4C, ‘Light sleep’ and ‘Sleep 

arousal’ groups). In this context, it is worth noting that comparisons between wakefulness and 

non-UBE conditions are consistent with both prior literature and the specific context of our 

dataset. First, minimal differences observed between wakefulness and meditation in the non-
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UBE condition likely reflect the limited meditation experience of our participants, while the use 

of eyes-closed wakefulness under mild sleep deprivation (2–3 hours) may have attenuated 

contrasts with sleep. Second, previous work in the ferret cortex has shown that irreversibility 

during REM sleep can approach levels observed in wakefulness (Idesis et al., 2024), although 

direct comparisons between wakefulness and light sleep remain unexplored.  

Taken together, these findings suggest that UBEs are associated with a robust decrease in 

the directedness of neural dynamics and hierarchical differentiation compared to both non-UBEs 

and wakefulness, while non-UBE conditions largely resembled wakefulness or showed effects in 

the opposite direction. Further analyses suggest that these effects emerge only at a broadband and 

global scale. For example, analyses focused on canonical frequency bands (delta, theta, alpha, 

sigma, beta, and gamma) revealed no significant differences in hierarchy across conditions 

(Figure S1), while changes in irreversibility were highly sensitive to the choice of T (Figure 

S2). Thus, the reduction in irreversibility and hierarchy observed during UBEs cannot reliably be 

attributed to any specific frequency band, but may instead reflect a broadband (and potentially 

global) reorganization of brain dynamics. Consistent with this interpretation, topographic maps 

show that the same cortical regions contribute to irreversibility across all conditions, with UBEs 

differing mainly in the magnitude of irreversibility rather than its spatial distribution (Figure 3, 

bottom). However, future studies employing source reconstruction are needed to confirm these 

findings at the cortical level. 

UBEs are associated with increased global complexity, resembling the psychedelic state 

 

Analyses of complexity offer a complementary perspective on the brain dynamics associated 

with UBEs. Whereas irreversibility and hierarchy decrease during these states, global LZ 

complexity shows the opposite pattern: it increases compared to non-UBEs, and remains at levels 

similar to wakefulness (Figure 5, top). Decreases in irreversibility have typically been associated 

with reduced complexity and lower levels of consciousness in the literature. For instance, 

reductions in both irreversibility and LZ complexity have been observed in coma, deep sleep, 

and disorders of consciousness (Aamodt et al., 2022; Camassa et al., 2024; Deco et al., 2022; G-

Guzmán et al., 2023; Idesis et al., 2024; Liu et al., 2023; Schartner et al., 2015; Schartner, 

Pigorini, et al., 2017; Zhang et al., 2001). However, recent evidence suggests that these two 
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metrics can dissociate: psychedelic states, long known for presenting elevated global complexity 

(Pallavicini et al., 2021; Schartner, Carhart-Harris, et al., 2017; Timmermann et al., 2019) can 

also exhibit decreased irreversibility compared to placebo (Barnett et al., 2020; Shinozuka et al., 

2025). Additionally, one study measured both irreversibility and complexity in the same dataset, 

showing that high global complexity can coexist with low irreversibility in the psychedelic state 

(Vohryzek et al., 2025). The present study suggests that UBEs may exhibit a similar pattern, 

combining wake-like levels of global complexity with reduced irreversibility. 

One possible interpretation for this combination is that UBEs reflect a state characterized 

by a rich variety of EEG patterns (high complexity), while organizing these patterns in a more 

flexible and less constrained manner (low irreversibility and hierarchy). Under these conditions, 

information may propagate through alternative pathways, potentially reflecting a state less 

constrained by top-down organization. A redistribution of information flow through atypical 

pathways could help explain the phenomenology of some UBEs analysed here, where 

participants perceived their body as a single “shape”, “contour”, or the laboratory room as an 

“immensely huge universe” (see phenomenological reports in Campillo-Ferrer et al., 2026).  

Interestingly, a similar interpretation has been proposed in studies of psychedelic-induced “ego-

dissolution” states, where individuals may experience a sense of merging with their surroundings 

(Millière, 2017; Nour et al., 2016). These studies suggest that ego-dissolution is associated with 

a reorganization of brain connectivity, interpreted as a “collapse” of the brain’s normal 

hierarchical organization (Lebedev et al., 2015; Tagliazucchi et al., 2016). 

A global reorganization of brain dynamics may similarly facilitate the occurrence of out-

of-body experiences, which are also reported under psychedelics and other altered states 

(Herrero et al., 2025; Stoliker et al., 2025; Twemlow et al., 1982). In the present study, these 

experiences were analysed together with the full set of UBEs, but we also performed a separate 

analysis focusing exclusively on out-of-body experiences and feelings of elevation (n=10). Some 

of these experiences involved the sensation of the “soul” ascending and leaving the physical 

body, or the sensation of the body being “lifted” from a specific point in the chest. Overall, these 

experiences showed the same patterns observed in the full UBE sample, characterized by 

reduced broadband irreversibility and hierarchy compared to both non-UBEs and wakefulness 

(Figure 3B), increased global LZ complexity compared to non-UBEs (Figure 5A, right), and no 

significant frequency-band effects (Figure S1B). Additionally, the cortical regions contributing 
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to irreversibility closely resembled those identified in the full UBE sample (Figure 3B, bottom). 

Taken together, these findings support the notion that out-of-body experiences may exist on a 

continuum, potentially sharing underlying brain dynamics with other phenomena such as ego-

dissolution and vestibular-motor hallucinations (Blackmore, 1988; Campillo-Ferrer et al., 2024; 

Cheyne & Girard, 2009). 

Crucially, these results can also be interpreted through a non-equilibrium thermodynamic 

perspective (Kringelbach et al., 2024). From this perspective, both UBEs and out-of-body 

experiences appear to emerge when the brain shifts slightly toward equilibrium, reflecting a state 

of consciousness in which information flow becomes less directional and more evenly distributed 

across brain regions. However, although proximity to equilibrium has traditionally been linked to 

diminished consciousness, participants in our study reported conscious awareness during UBEs 

in most cases (71%, see the “lucid insight” category in Campillo-Ferrer et al., 2026). Similarly, 

previous studies have reported reduced irreversibility during psychedelic states relative to 

placebo (Barnett et al., 2020; Shinozuka et al., 2025; Vohryzek et al., 2025), despite these states 

being associated with rich phenomenology and conscious awareness (Lawrence et al., 2022; 

Metastasio et al., 2025). These findings indicate that a shift toward equilibrium does not 

necessarily imply reduced consciousness, but may rather reflect a reconfiguration of brain 

dynamics that supports conscious experience in atypical ways (Huang et al., 2023). 

UBEs beyond intermediate states of consciousness 

 

Finally, it is important to emphasize that measures of irreversibility, hierarchy, and complexity 

provide unique insights into the EEG correlates of UBEs that go beyond those offered by 

conventional spectral analyses. While multitaper spectral approaches characterized UBEs as 

intermediate states between wakefulness and sleep (see Figure 5B), analyses of irreversibility, 

hierarchy, and complexity instead suggest that UBEs constitute a distinct state of consciousness 

different from both. Preliminary evidence from principal component analyses (PCA) of EEG 

further supports this view, showing that out-of-body experiences and sleep paralysis episodes 

form non-overlapping clusters in the PCA space (Herrero et al., 2025), instead of simply 

occupying an intermediate position between canonical states like wakefulness and sleep, as 
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suggested by other studies (Campillo-Ferrer et al., 2026; Mainieri et al., 2021; Terzaghi et al., 

2012).  

Overall, these results suggest that UBEs constitute a distinct state of consciousness, 

highlighting novel patterns of neural organization and providing a unique window into the 

dynamics of conscious experience and bodily perception. Future studies using whole-brain 

modelling and causal perturbations may help clarify the causal mechanisms underlying UBEs, 

defining the boundaries between different brain states and exploring how the awake brain could 

be guided into (or out of) UBEs and out-of-body experiences (Dagnino et al., 2024; Deco et al., 

2019). Such insights could have important clinical applications, for example, to enhance the 

understanding and management of schizophrenia, death anxiety, and other mental health 

conditions (Bünning & Blanke, 2005; Shaw et al., 2023).  

Limitations 

 

This study has several limitations that largely mirror those of the original work (see Campillo-

Ferrer et al., 2026). Although micro-phenomenological interviews provide detailed insights, they 

remain subjective and may not fully capture all UBEs or their precise timing. In particular, the 

selection of 5-second EEG segments to characterize each UBE report may introduce some 

temporal imprecision. Furthermore, dream reports were not collected for non-UBE periods and 

the induction protocol included sensory stimulation, so these episodes may have contained 

unreported UBEs, dreams that were not consciously remembered, or brief sleep disruptions 

potentially affecting the data. 

Conclusion 

 

Our findings suggest that brain activity during UBEs is marked by a transient flattening of global 

hierarchical dynamics relative to both non-UBEs and wakefulness, while preserving high 

informational richness equivalent to wakefulness. This combination resembles the neural 

dynamics observed in psychedelic states and may potentially reflect a state of consciousness 

unconstrained by higher-level mental constructs, where bottom-up information propagates more 

flexibly through alternative neural pathways. 
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Figure 1. Experimental setup, protocol, and example data. A) We used an existing dataset of n=36 UBEs reported by

20 subjects across different states of consciousness: (1) REM sleep, (2) stages N1 and N2 of non-REM sleep (light
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sleep), (3) wakefulness during meditation, and (4) wakefulness following arousals from light sleep (sleep arousals). 

The protocol consisted of a 30-minute intake session conducted days before the experiment to obtain informed 

consent and information, followed by a 6.5-hour experimental session with live EEG monitoring and an induction 

protocol combining meditation and light stimulation to facilitate UBEs. Photographs of the EEG setup and light 

stimulation were taken by Paula Ábalos as part of her audiovisual project “APARICIONES”: 

(https://apariciones.net/ and https://paulaabalos.com/APARICIONES). The participant consented to the use of these 

photographs. Illustration of a man lying down to exemplify meditation: © Can Stock Photo Inc. / [sabelskaya]. B) 

Examples of experiences classified as UBEs. Classification was based on open experience reports (collected right 

after the experience) and interviews inspired by the micro-phenomenological technique (collected at the end of the 

session). C) Example of frontal, central and occipital EEG activity, alongside EOG, EMG and ECG signals for three 

experimental conditions within the same subject: wakefulness (eyes-closed, sleep-deprived 2-3h), UBE (in this case 

reported during REM sleep), and non-UBE (REM sleep without reported UBEs). Left-right-left-right eye 

movements (LRLR, dark grey shading) were used as objective markers for UBEs, while 5-second segments 

corresponding to UBEs (pink shading) were used for all EEG analyses.  
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Figure 2. Method for estimating temporal asymmetries in EEG signals. A) EEG activity was recorded using a 64-

electrode cap and subsequently projected onto a lower-dimensional space by principal component analysis (PCA), 

retaining the components that explain 90% of the total channel variance. B) A time-reversed EEG signal is generated 

by computing the backward (mirror) version of the original time-forward signal. C) Temporal asymmetry is 

quantified by computing shifted correlations for each pair of time series ���� and ���� for a given temporal shift 

Δ� � 	. This process is repeated separately for both the forward and time-reversed EEG signals, ������� and �������, 

resulting in forward and reversed correlation matrices, 
�������� and 
��	
	��	. Irreversibility and hierarchy are 

then defined as the mean (irreversibility) and standard deviation (hierarchy) of the elements of the squared 

difference between these two matrices. D) Awake and conscious states are typically associated with higher 

irreversibility and hierarchy, reflecting increased temporal asymmetry and the dominance of specific brain regions 
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over global brain activity, whereas deep sleep and unconscious states are commonly associated with lower values, 

indicating more temporally symmetric dynamics and a more homogeneous contribution of brain regions. 
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Figure 3. Broadband EEG irreversibility across conditions. A) Full UBE sample (n=36 UBEs, N=20 subjects). B)

UBEs involving out-of-body and/or elevated self-location experiences (n=10 UBEs, N=7 subjects). Dots indicate

subject-level means for irreversibility (top) and hierarchy (bottom) for visualization. Statistical comparisons with

generalized linear mixed models were performed on individual trials and following a within-subject design.

Topographic maps show the spatial distribution of irreversibility for individual conditions (left) and contrasts

(bottom). Significance of model comparisons: *** p < 0.001, ** p < 0.01, * p < 0.05. 
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Figure 4. Sensitivity analyses of broadband EEG irreversibility. A) Time lag T was varied from 0% to 10%, 20%, 

30%, 40% and 50% of the maximum autocorrelation (AC). B) Only the top 20% irreversibility values were 

considered when T was set at either AC = 10% or 50%. C) The dataset was split into groups according to the 

conscious stage during which UBEs were reported; SLEEP: ‘REM sleep’ group (n=6 UBEs, N=5 subjects) and 

‘Light sleep’ group (n=7, N=5); WAKEFULNESS: ‘Meditation’ group (n=10, N=7) and ‘Sleep arousal’ group 

(n=13, N=7). Dots indicate subject-level means for irreversibility, while statistical comparisons with generalized 

linear mixed models were performed on individual trials following a within-subject design. Significance of model 

comparisons: *** p < 0.001, ** p < 0.01, * p < 0.05. 
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Figure 5. Complementary EEG analyses. A) Global LZ complexity across conditions in the full UBE sample (left

n=36 UBEs, N=20 subjects) and in UBEs involving out-of-body experiences and/or elevated self-location

experiences (right, n=10 UBEs, N=7 subjects). Dots indicate subject-level means for visualization. Statistical

comparisons with generalized linear mixed models were performed on individual trials and following a within-

subject design. Significance of model comparisons: *** p < 0.001, ** p < 0.01, * p < 0.05. B) Relative power

difference (%) for each region of interest: frontal (blue), central (red), parietal (yellow), temporal (purple), occipital

(green), across frequency bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), beta (15-30 Hz),

and gamma (30-45 Hz), and for each contrast: UBE vs. non-UBE (left), UBE vs. Wake (centre), non-UBE vs. Wake

(right). The mean relative power was subtracted between conditions for visualization (e.g., UBE mean - non-UBE

mean). Statistical comparisons with generalized linear mixed models were performed on individual trials using the

original (non-subtracted) data and following a within-subject design. Significance of model comparisons: * p <

0.001, × p < 0.01, ▪ p < 0.05, NS = not significant.  
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