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ALPHA OSCILLATIONS ON OWNERSHIP INFORMATION AND AWARENESS

Abstract

Body ownership depends on the integration of visual, tactile, and proprioceptive
signals, but the neural mechanisms linking multisensory bodily integration to conscious
awareness remain unclear. This preliminary EEG study examined whether posterior parietal
alpha-band activity predicts temporal integration and perceptual awareness sensitivity during
bodily self-perception. Seven participants completed a two-rubber-hand body ownership task
and a matched synchronicity task while EEG was recorded. In each trial, participants made a
two-alternative forced-choice judgement and rated the clarity of their perceptual experience.
Behavioural analyses showed that Type-1 sensitivity increased with visuotactile asynchrony,
indicating that the tasks captured sensitivity to temporal discrepancies between seen and felt
touch. Temporal binding window estimates were narrower in the ownership task than in the
synchronicity task. However, individual alpha frequency did not show the predicted negative
association with temporal binding window width. Alpha peak power at individual alpha
frequency was positively but non-significantly associated with meta-d’ in both tasks. These
findings do not yet provide reliable evidence that alpha-band measures predict conscious
awareness of body ownership information. Nevertheless, the study establishes a viable
framework for linking psychophysical measures of body ownership, perceptual awareness

ratings, and individualised EEG measures of alpha activity.

Keywords: body ownership, self-awareness, alpha oscillations, temporal binding

window, consciousness
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Alpha Oscillations Predict Body Ownership Information’s Access to Conscious Awareness

The human body provides a fundamental anchor of reality. In normally conscious
states, it acts as a stable reference point from which the external world is perceived,
organised, and navigated (Chancel & Ehrsson, 2020). William James (1890) anticipated this
view in treating the enduring sense of one’s own body as fundamental to selthood. A central
component of the bodily self is body ownership, the feeling that one’s body is one’s own
(Ehrsson, 2020; Tsakiris, 2010). Research on bodily illusions has shown that body ownership
depends on the integration of multisensory information including visual, tactile,
proprioceptive, and other bodily signals that are inferred to arise from a common source
(Chancel et al., 2022; Ehrsson, 2020; Tsakiris, 2010). Bodily illusions such as the rubber hand
illusion (RHI) have been especially influential in this literature. Under appropriate conditions,
this illusion allows that a spatially congruent visible rubber hand can be experienced as part
of one’s own body when seen and felt touch correspond sufficiently well (Botvinick &
Cohen, 1998; Ide, 2013; Shimada et al., 2009; Tsakiris et al., 2010). These conditions place
body ownership within the broader framework of multisensory integration, in which signals
that correspond in space and time are more likely to be bound into a unified percept (Parise et

al., 2012; Samad et al., 2015).

Though body ownership is clearly part of conscious experience (i.e., subjective
phenomenology), its relation to conscious awareness (i.€., access to, and reportability of
experience; Block, 1995) remains uncertain (Gallagher, 2000; Lanfranco et al., 2023). The
mechanisms by which perceptual information becomes consciously accessible have been
widely debated, particularly concerning visual and auditory signals. For example, influential
accounts such as global neuronal workspace theory propose that information becomes
consciously accessible when it reaches a threshold for widespread broadcasting (Dehaene &

Naccache, 2001; Dehaene et al., 2006; Mashour et al., 2020). However, it remains less clear
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how such frameworks apply to bodily self-perception, which depends on self-related
multisensory integration rather than external sensory signals alone. Lanfranco et al. (2025)
addressed this problem using a two-rubber-hand paradigm that separated body ownership
discrimination and perceptual awareness sensitivity, defined as the degree to which
individuals can consciously detect and reliably report the subjective clarity of their perceptual
experiences. Participants judged which rubber hand felt more like their own and then rated
their perceived clarity of that experience. Body ownership sensitivity (i.e., the ability to
discriminate which rubber hand felt more like one’s own) and perceptual awareness
sensitivity (i.e., the extent to which our subjective reports are in line with our objective
discrimination performance) showed a close relationship across varying degrees of
visuotactile asynchrony and across different levels of ownership evidence strength. These
findings indicate that body-ownership-relevant information enjoys prioritized access to
conscious awareness and that awareness of bodily self-perception is tightly linked to the

multisensory ownership evidence.

A separate line of work has examined the temporal conditions under which
multisensory signals are integrated. The temporal binding window (TBW) refers to the
interval within which signals are more likely to be combined than segregated into separate
events (Lee & Noppeney, 2014; McGovern et al., 2022; Noel et al., 2015). In body
ownership, this temporal constraint is especially important because even brief visuotactile
asynchronies weaken the illusion and reduce perceptual sensitivity to ownership-related
signals (Costantini et al., 2016; Lanfranco et al., 2023, 2026). Alpha oscillations are rhythmic
patterns of neuronal activity (~8—13 Hz) that reflect synchronized fluctuations in cortical
excitability, such that populations of neurons cycle between relatively more and less excitable
states (Klimesch, 2012). One influential proposal is that alpha oscillations shape temporal

integration by sampling sensory information into discrete perceptual windows (VanRullen,
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2016). In support of this position, faster frequencies within the ~8—13 Hz alpha band have
been associated with finer temporal resolution and narrower TBWs, whereas slower
frequencies are associated with broader windows and thus greater temporal integration
(Cecere et al., 2015; Samaha & Postle, 2015; Samaha & Romei, 2024). D’ Angelo et al.
(20264a) extended this framework to bodily self-perception using psychophysics,
electroencephalography (EEG), brain stimulation, and computational modelling. Their
findings demonstrated that faster parietal individual alpha frequency predicted narrower
TBWs and greater perceptual sensitivities in both body ownership and visuotactile
simultaneity judgment tasks. Their modelling further indicated that individual alpha
frequency was related to sensory uncertainty in visuotactile asynchrony information during
causal inference, whereby the brain infers whether visual and tactile signals arise from a

common bodily source (Koérding et al., 2007).

Parietal individual alpha frequency has been linked to the temporal integration of
bodily signals, and perceptual awareness sensitivity has been shown to closely track body
ownership sensitivity (D’Angelo et al., 2026a, 2026b; Lanfranco et al., 2025). However, the
neural basis of perceptual awareness sensitivity during body ownership has not previously
been investigated. We therefore aimed to investigate whether alpha-band activity at each
participant’s individual alpha frequency predicts both body ownership sensitivity and
perceptual awareness sensitivity during bodily self-perception. To address this question, we
combined a perceptual discrimination task requiring participants to compare competing
visuotactile ownership signals in a two-alternative forced-choice (2AFC) paradigm with EEG
measures of alpha-band activity over parietotemporal regions. We hypothesised that
alphaband activity, specifically the individual alpha frequency (i.e., alpha frequency with
highest power peak) over parietotemporal regions would predict both body ownership

sensitivity and perceptual awareness sensitivity.



ALPHA OSCILLATIONS ON OWNERSHIP INFORMATION AND AWARENESS

In addition to clarifying the relation between multisensory integration and conscious
bodily self-perception, this work may also have relevance for clinical conditions in which
bodily self-perception is altered. For example, schizophrenia and autism spectrum disorder
have been associated with atypical multisensory integration, altered self-other boundaries,
and differences in susceptibility to body ownership illusions (Cascio et al., 2012; Prikken et

al., 2019; Thakkar et al., 2011; Zopf et al., 2021).

Methods

Participants

A group of adult volunteers naive to the study’s aim, hypotheses, and the RHI were
recruited through Karolinska Institutet participant recruitment channels and local
advertisements. Since not all participants experience the RHI reliably, participants completed
a standardised inclusion test before the main experiment whereby a lifelike prosthetic right
hand (Fillauer® Model 30916-R, plaster-filled) was placed 15 cm above the hidden real hand
and was stimulated synchronously with the participant’s real hand for 12 s at 0.5 Hz.
Participants then completed the standard Botvinick and Cohen (1998) nine-item RHI
questionnaire (see Appendix A). Inclusion required (a) a mean score greater than 1 on the
ownership items, (b) a difference greater than 1 between the ownership and control items, and
(c) a score of at least 1 on item 3. Only participants meeting these criteria proceeded to the
main experiment. The final sample (n = 7; 4 males, 3 females; Mg = 26.43 years, SD =7.13,
range = 18—40 years) included participants who experienced the RHI, were right-handed, had
normal vision, no history of neurological or psychiatric disorders, and no condition or

medication likely to substantially affect multisensory perception or EEG recording.
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Previous research (D’Angelo et al., 2026a; Lanfranco et al., 2025) conducted a priori
power analyses targeting 0.80 power and determined a sample of 30 sufficient. As such, we
aimed at obtaining an equivalent sample size. Recruitment was set to exceed the anticipated
final sample to accommodate exclusions due to failure to experience the illusion, incomplete
participation, or the absence of a sufficiently clear task-related alpha peak for the EEG
analyses. The study was approved by the Swedish Ethical Review Authority (2021-04740).
All participants gave written informed consent in accordance with the Declaration of Helsinki

and received 150 SEK per hour for their participation.

Design

This study combined a within-subject 2AFC behavioural paradigm with EEG
recording. The behavioural task factors were task type (ownership, synchronicity) and
visuotactile asynchrony (18, 52, 88, 150, and 240 ms). The primary behavioural outcomes
were Type-1 sensitivity (d'), reflecting participants’ ability to discriminate between the two
alternatives using task-relevant visuotactile information; response bias, reflecting side
preferences independent of sensitivity; Type-2 sensitivity (meta-d’), reflecting the extent to
which awareness ratings tracked discrimination performance; metacognitive efficiency
(Mratio), reflecting awareness sensitivity relative to Type-1 task performance; and meta-bias,
reflecting systematic tendencies in awareness-rating use. The primary EEG-derived measures
were individual alpha frequency (IAF) and alpha power at each participant’s IAF over
posterior parietal electrodes. The main analyses examined whether behavioural sensitivity and
perceptual awareness measures varied across task and asynchrony, and whether individual
differences in alpha-band measures were associated with behavioural indices of temporal

integration and perceptual awareness.
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Procedure

After providing informed consent and completing the rubber hand illusion inclusion
assessment, participants read the task instruction sheet (see Appendix B), which was also
reiterated verbally. They were then fitted with the EEG cap and completed a resting-state
EEG recording with their eyes open fixating on a central cross approximately 75 cm away.
EEG was recorded continuously during both tasks which are detailed below. The experiment
comprised three ownership task blocks and three synchronicity task blocks, with 50 trials per
block. The task completed first was alternated across participants. In both tasks, trials
consisted of a visuotactile stimulation sequence followed by a 2AFC discrimination response
and perceptual awareness rating. Short breaks were provided between blocks, and the full

experimental session lasted approximately 3.5 hr.

Body Ownership Task

Participants sat comfortably with their right hand placed palm-down beneath a
wooden platform approximately 30 cm lateral to the body midline. Two identical prosthetic
right hands (Fillauer® Model 30916-R) were placed on the upper platform in plausible
anatomical alignment, 5 cm apart and angled approximately 30°, with a central fixation point
positioned between them. The right arm rested on an Ergorest® arm support. Three
custombuilt robotic arms delivered tactile stimulation to the participant’s hidden real hand
and to the two visible rubber hands using 7 mm probes. Movement was driven by HS-
7950TH UltraTorque servos and monitored by optical sensors to ensure precise tap timing.
On each trial, six taps were applied to the participant’s right index finger and to the two right
rubber hand index fingers over a total period of 12 s (0.5 Hz). Seen and felt touches were

correspondingly randomized across four finger locations: the distal phalange, middle
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phalange, proximal phalange, and metacarpophalangeal joint to avoid skin irritation and to

maintain attention across the stimulation period.

One rubber hand was always stimulated synchronously with the participant’s real
hand. The other rubber hand was stimulated asynchronously at one of five delay levels (18,
52, 88, 150, or 240 ms), with the participant’s real hand always touched first. Following the
stimulation sequence, an auditory cue instructed participants to report which rubber hand felt
most like their own. Responses were made within a 3-second response window. A second
auditory cue then signalled the awareness rating. After the two responses, participants moved
their fingers and relaxed briefly before the next trial began. Repetitions of each asynchrony
condition were balanced across the session.

Figure 1

Ownership Task

Visuotactile Body ownership Perceptual Relaxation
stimulation discrimination awareness |\ w
J\ | ) (2AFC) (PAS) )
"Which hand felt “How clear was
j the most like your your feeling of |
|
r‘ own?" ownership?”
Left | Right 1121314 NG
b t t t
12s o) 3s 3s ) 4s

Note. Panel A shows the EEG setup for the body ownership task. The participant’s real right
hand was hidden beneath the platform while two prosthetic right hands were visible above it.
Panel B shows the trial structure. During each 12-s stimulation sequence, one prosthetic hand
was touched synchronously with the participant’s hidden hand, whereas the other was touched
asynchronously at one of five delay levels: 18, 52, 88, 150, or 240 ms. Participants then

indicated which prosthetic hand felt most like their own using a two-alternative forcedchoice
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response and rated the clarity of their ownership experience using the Perceptual Awareness

Scale. Participants briefly moved their fingers between trials to reduce carry-over effects.

Synchronicity Task

The synchronicity task was structurally matched to the body ownership task but
replaced the prosthetic hands with two rectangular wooden blocks positioned in the same
spatial arrangement. The experimental setup, including the placement of the participant’s
hand, robotic devices used, delay values, number of touches, timing, and trial length was
otherwise identical to that of the body ownership task. During each trial, touches were
delivered to the participant’s hidden right index finger and to the two visible wooden blocks.
As in the body ownership task, tactile events were delivered to corresponding spatial
locations in randomized order, including distal and proximal positions corresponding to the
index finger. One block was always stimulated synchronously with the participant’s real hand,
whereas the other block was stimulated asynchronously. The side receiving synchronous
stimulation was counterbalanced across trials. Following the stimulation sequence, an
auditory cue again instructed participants to indicate which block had been touched
simultaneously with their finger. Immediately afterward, participants rated the clarity of the
simultaneity experience underlying their decision using the same 4-point Perceptual
Awareness Scale. As in the body ownership task, perceptual awareness ratings were obtained

on a trial-by-trial basis immediately following the discrimination judgment.

Perceptual Awareness Scale

In each trial, immediately after the 2AFC judgment, participants rated the clarity of
the perceptual experience that supported their response on a 4-point post-decision scale. In
the ownership task, ratings referred to the clarity of the body ownership experience; in the

synchronicity task, ratings referred to the clarity of the simultaneity experience. Lower values
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indicated that the relevant experience was unclear or absent, whereas higher values indicated
greater subjective clarity. Ratings were entered immediately after the forced-choice judgment,
thereby ensuring that perceptual awareness was assessed on a trial-by-trial basis and in direct

relation to the preceding decision.

EEG Recording and Preprocessing

Both resting-state and task-related EEG data were recorded continuously and digitized
at a sampling rate of 1024 Hz using a 128-clectrode BioSemi system with an elastic cap, with
electrode sites conforming to the ABC layout. Electrode offsets were monitored during
recording and kept within the acceptable range for the BioSemi system. During acquisition,
BioSemi’s active Common Mode Sense (CMS) and Driven Right Leg (DRL) electrodes
served as the online reference and ground electrodes, respectively. Resting-state EEG was

recorded for 4 min while participants fixated on a cross approximately 75 cm away.

The continuous EEG data were resampled to 512 Hz, band-pass filtered between 0.3
and 40 Hz, and epoched from —500 ms to +500 ms relative to each tactile event applied to the
participant’s real hand. Noisy electrodes were identified on the basis of abnormal variance
and removed prior to artifact correction. Independent component analysis (ICA) was then
applied to the epoched data. Components classified as eye blinks, eye movements, muscle
activity, heartbeat, or channel noise with a probability of 75% or higher were rejected using
the ICLabel classifier. Previously rejected electrodes were replaced by spherical spline
interpolation using the weighted average of the remaining channels. Epochs exceeding +150
pV were excluded. The cleaned data were then rereferenced to the average of all scalp

electrodes.
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Power spectral density was computed for the alpha band (8—13 Hz) using the modified
Welch periodogram and fast Fourier transform. To estimate alpha power, the preprocessed
signal was segmented into 6-s windows with zero padding and 50% overlap. Absolute alpha
power was converted to relative power by dividing by the total power across the analysed
frequency range. To identify task-related IAF and alpha power, EEG data were segmented
into 1000-ms epochs (—500 to +500 ms relative to touch onset), and power values were
normalized using a z-score decibel transformation. IAF was defined as the peak frequency
within the alpha range. Based on D’ Angelo et al. (2026a), the primary regions of interest

were posterior parietal electrodes in the left and right hemispheres.

Data Analysis
Type-1 sensitivity was quantified using signal detection theory (SDT). For the

ownership task, hits were defined as trials in which the right rubber hand was selected as “felt
most like my own” when the right rubber hand was synchronously stimulated, and false
alarms were defined as trials in which the right rubber hand was selected when it was
asynchronously stimulated. The same SDT logic was applied to the synchronicity task, with
responses classified according to whether the right-side stimulus was selected when it was
synchronous or asynchronous with the hidden real-hand touch. Type-1 sensitivity (d") was
calculated using the standard 2AFC SDT formula. A d’ of zero indicated chance-level
discrimination, whereas higher values indicated greater sensitivity to visuotactile asynchrony.
A response bias index was also estimated to assess side preferences independently of

sensitivity.

Type-2 sensitivity was quantified using metacognitive signal detection methods. Trial-
by-trial awareness ratings were combined with task performance to estimate meta-d’ by
maximum-likelihood estimation (Fleming & Lau, 2014; Maniscalco & Lau, 2012). A meta-d’

of zero indicated no reliable relationship between subjective ratings and objective
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performance, whereas positive values indicated that awareness ratings tracked the perceptual
information available on a given trial. M-ratio was calculated as an index of metacognitive

efficiency, and meta-bias was estimated to assess systematic bias in awareness-rating use.

Temporal binding window width was estimated from psychometric fits to side-choice
responses across visuotactile delays. For each participant and task, the proportion of rightside
responses was calculated separately for trials in which the right-side stimulus was delayed
and trials in which the left-side stimulus was delayed. In the ownership task, rightside
responses corresponded to selecting the right rubber hand as the hand that felt most like one’s
own; in the synchronicity task, they corresponded to selecting the right wooden block as the
stimulus touched synchronously with the participant’s real hand. Separate sigmoid functions
were fitted to the side-specific response curves, and the just noticeable difference (JND)
derived from each fitted function was used as the TBW estimate. Smaller JND values
indicated narrower TBWs and greater temporal precision, whereas larger JND values
indicated broader TBWs and greater tolerance of visuotactile asynchrony. JND estimates that
fell outside the range of tested delays were treated as non-identifiable fit estimates and
excluded from subsequent analyses. Side-specific JND estimates were retained separately for

left- and right-delayed trials.

Behavioural effects were analysed using repeated-measures ANOVAs with task
(ownership, synchronicity) and asynchrony (18, 52, 88, 150, and 240 ms) as within-subject
factors. Separate analyses were conducted for d’, response bias, meta-d’, M-ratio, and
metabias. Sphericity was evaluated for repeated-measures effects involving asynchrony;
Greenhouse—Geisser corrections were applied where this assumption was violated, and Holm-
corrected pairwise comparisons were used for follow-up tests. The primary EEG— behaviour

analyses assessed whether TBW width was associated with individual alpha frequency, and
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whether perceptual awareness sensitivity was associated with alpha power at each
participant’s individual alpha frequency over posterior parietal electrodes. For the alpha
power analyses, task-specific meta-d’ values were averaged across valid asynchrony-level
estimates within each participant. EEG preprocessing, feature extraction, and behavioural
modelling were performed in MATLAB (R2023b) using custom code together with functions
from EEGLAB, Brainstorm, and metacognitive modelling toolboxes. Correlation analyses
were conducted in jamovi, using Pearson correlations as the primary test and Spearman
correlations as robustness checks; missing or non-identifiable model estimates were omitted

pairwise.

Results

Behavioural Analyses

Behavioural analyses examined whether participants’ discrimination sensitivity,
awareness sensitivity, metacognitive efficiency, and response bias varied across task and
visuotactile asynchrony. Analyses were conducted for the ownership and synchronicity tasks
across five asynchrony levels: 18, 52, 88, 150, and 240 ms. The behavioural sample included
seven participants. Each participant completed 150 ownership trials and 150 synchronicity
trials; one participant was missing one ownership block and therefore contributed 100
ownership trials rather than 150. Across the full behavioural dataset, seven trials contained
invalid or missing forced-choice responses and 12 trials contained invalid or missing

awareness ratings.

Type-1 Sensitivity and Response Bias

A 2 x 5 repeated-measures ANOVA was used to examine Type-1 sensitivity, indexed

by d’, across task and asynchrony. The ANOVA showed a significant main effect of
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asynchrony, F(4, 24) = 12.80, p <.001, np? = .68, indicating that sensitivity increased as the
temporal discrepancy between the synchronous and asynchronous alternatives became larger.
Ownership sensitivity increased from 18 ms (M = 0.35, SD = 0.43) to 240 ms (M = 1.91, SD
=0.77), and synchronicity sensitivity increased from 18 ms (M = 0.22, SD = 0.69) to 240 ms
(M =1.18, SD = 1.07; see Figure 2). There was no significant main effect of task, F(1, 6) =
2.91, p = .139, np? = .33, and no significant task x asynchrony interaction, F(4, 24) =1.74, p
=.207, np* = .22.

Holm-corrected pairwise comparisons were used to follow up the omnibus effect.
Within the ownership condition, d’ was significantly higher at 240 ms than at 18 ms, #6) =

=7.51, p =.010, dz = —2.84. No other pairwise comparison survived Holm correction.

A second 2 x 5 repeated-measures ANOVA examined response bias across task and
asynchrony. There was no significant main effect of task, F(1, 6) = 1.04, p = .348, np*> = .15,
no significant main effect of asynchrony, F(4, 24) = 1.31, p = .305, np* = .18, and no
significant task % asynchrony interaction, F(4, 24) = 1.39, p = .286, np* = .19. Bias values
were farther from zero in the synchronicity task than in the ownership task, particularly at
lower asynchronies, but this pattern was not statistically reliable. Holm-corrected pairwise

comparisons did not identify any significant differences in response bias.
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Figure 2

Type-1 Sensitivity and Response Bias Across Visuotactile Asynchrony
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Note. The left panel shows Type-1 sensitivity (d’) for the ownership and synchronicity tasks
across the five visuotactile asynchrony levels. Higher d’ values indicate greater ability to
discriminate between the task-relevant alternatives, whereas d’ = 0 indicates chance-level
performance. The right panel shows response bias across the same task and asynchrony levels;
values closer to 0 indicate less systematic response bias, whereas values farther from 0
indicate stronger side-response tendencies independent of sensitivity. Lines show group

means, and shaded regions represent the standard error of the mean.
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Type-2 Sensitivity, Metacognitive Efficiency, and Meta-Bias

Type-2 signal detection analyses examined whether participants’ awareness ratings
tracked their Type-1 discrimination performance. Meta-d’ indexed metacognitive sensitivity,
M-ratio indexed metacognitive efficiency, and meta-bias indexed systematic bias in
awareness-rating use. Separate 2 x 5 repeated-measures ANOVAs were conducted for each
Type-2 measure.

Meta-d’ model fitting failed to converge in six participant % task x asynchrony cells.
These failed estimates were treated as unstable model estimates rather than corrupted data,
consistent with sparse response distributions and low Type-1 sensitivity at difficult
asynchrony levels. Because repeated-measures ANOVA requires complete data across all
cells, the Type-2 ANOVAs were conducted using complete cases only, resulting in a reduced
sample of four participants. Accordingly, the Type-2 inferential statistics are based only on

participants with valid estimates across all tasks and asynchronies.

The meta-d’ analysis showed no significant main eftect of task, F(1, 3)=2.25,p
=.231, np* = .43. The main effect of asynchrony was not significant, F(4, 12) =2.62, p =
187, np* = .47. The task x asynchrony interaction was also not significant, F(4, 12) =1.31, p
=.338, np* = .30. Meta-d’ tended to increase at larger asynchronies, broadly mirroring the
Type-1 sensitivity pattern, but this effect was not statistically reliable in the present sample
(see Figure 3). Holm-corrected pairwise comparisons did not identify any significant

differences in meta-d’'.

For the M-ratio, there was no significant main effect of task, F(1, 3) =3.57, p =.155,
np? = .54, no significant main effect of asynchrony, F(4, 12) = 0.09, p = .869, np? = .03, and

no significant task x asynchrony interaction, F(4, 12) = 0.71, p = .512, np* = .19. M-ratio
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estimates were variable across tasks and asynchrony levels, particularly in the synchronicity

task, and no Holm-corrected pairwise comparisons were significant (see Figure 4).

The meta-bias analysis revealed no significant main effect of task, (1, 3)=4.77,p

117, qp? = .61, no significant main effect of asynchrony, F(4, 12) = 1.75, p = .270, np?
= .37, and no significant task x asynchrony interaction, (4, 12) = 0.32, p =.691, np* = .10.

Holm-corrected pairwise comparisons did not identify any significant differences in metabias.

Figure 3

Metacognitive Sensitivity Across Visuotactile Asynchrony
35 - type2 meta d metacognitive sensitivity

&

=== Ownership
Synchronicity

Metacognitive sensitivity (meta-d')

R - 1 I 1 1
18 52 88 150 240
Degree of visuotactile asynchrony (ms)

Note. Meta-d' is shown for the ownership and synchronicity tasks across the five visuotactile
asynchrony levels. Meta-d’ indexes Type-2 sensitivity, or the extent to which participants’
awareness ratings tracked their task performance on a trial-by-trial basis. Higher values

indicate stronger correspondence between awareness ratings and discrimination performance,
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whereas values near 0 indicate little reliable relationship between subjective awareness and
objective performance. Lines show group means, and shaded regions represent the standard

error of the mean.
Figure 4

Metacognitive Efficiency Across Visuotactile Asynchrony
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Note. M-ratio 1s shown for the ownership and synchronicity tasks across the five visuotactile
asynchrony levels. M-ratio indexes metacognitive efficiency, reflecting Type-2 sensitivity
relative to Type-1 task performance. Values around 1 indicate that awareness ratings tracked
task performance at approximately the level expected from participants’ discrimination

sensitivity, whereas lower or unstable values indicate poorer or less reliable metacognitive



ALPHA OSCILLATIONS ON OWNERSHIP INFORMATION AND AWARENESS 21

efficiency. Lines show group means, and shaded regions represent the standard error of the

mean.

Temporal Binding Windows

Temporal binding window estimates were derived from the JND values obtained from
the fitted psychometric functions. Two ownership-task fits in the left-delayed condition
produced non-identifiable JND estimates outside the range of tested delays and were excluded
from the behavioural TBW summaries. After these exclusions, ownership-task JNDs were
numerically smaller than synchronicity-task JNDs for both delay sides. In the ownership task,
the mean JND was 70.95 ms (SD = 27.17, n = 5) for left-delayed trials and 97.40 ms (SD =
71.57, n ="7) for right-delayed trials. In the synchronicity task, the mean JND was 238.71 ms
(SD =171.53, n="17) for left-delayed trials and 222.66 ms (SD = 228.39, n = 7) for right-
delayed trials. Thus, the fitted JND estimates suggested numerically narrower TBWs in the
ownership task than in the synchronicity task, although these estimates were retained as side-
specific values for the planned IAF correlation analyses rather than collapsed into a single

task-level comparison.

EEG Analyses

EEG analyses first characterised alpha-band activity over posterior parietal ROIs and
then extracted individual alpha frequency and alpha peak-power estimates for the planned

brain—behaviour analyses.

Power Spectral Density Analysis

Alpha-band spectral profiles were first inspected for the ownership and synchronicity

tasks in left and right posterior parietal regions of interest (ROIs). As shown in Figure 5, both
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tasks showed clear alpha-band activity, with spectral peaks centred approximately within the
10-12 Hz range. The ownership and synchronicity spectra were broadly similar in both ROIs,
with substantial overlap between the standard-error bands. Consistent with this pattern,
alphaband power did not differ significantly between tasks in either the left ROI, #6) = —0.13,

p = .899, or the right ROL #(6) = 0.05, p = .964.

Time-resolved alpha-band power was then inspected to visualise task-related alpha
dynamics around tactile event onset. As shown in Figure 6, alpha power varied over time
around tactile event onset, but the ownership and synchronicity tasks showed highly similar
temporal profiles across both ROIs. The traces overlapped across most of the epoch, and
cluster-based time-resolved contrasts did not identify significant alpha-band differences

between tasks in either ROI.

Figure 5

Alpha-Band Spectra Across Task and ROI
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Note. Power spectral density is shown for the ownership and synchronicity tasks in left and

right posterior parietal ROIs. The x-axis shows frequency in hertz, and the y-axis shows
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power spectral density in dB. The plotted range centres on the alpha band, with dotted vertical

lines marking the conventional 8—13 Hz alpha range. Shaded regions represent the standard

error of the mean.

Figure 6

Time-Resolved Alpha-Band Power Across Task and ROI
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Note. Alpha-band power is shown over time for the ownership and synchronicity tasks in left
and right posterior parietal ROIs. Time zero indicates tactile event onset. The figure visualises
task-related alpha dynamics around touch onset; higher values indicate greater alpha-band

power. Shaded regions represent the standard error of the mean.

Individual Alpha Frequency and the Temporal Binding Window

Individual alpha frequency (IAF) was estimated from alpha peaks identified using
spectral parameterisation. Paired task comparisons were conducted on participants with valid
alpha peak estimates in both tasks for the relevant ROI (n = 6). As shown in Figure 7,

modelled IAF was similar between ownership and synchronicity tasks in both ROIs. In the
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left ROI, modelled IAF was higher in the ownership task (M = 10.72 Hz) than in the
synchronicity task (M = 10.53 Hz), but this difference was not statistically significant, #(5) =
1.15, p =.302, dz = 0.47. In the right ROI, modelled IAF was nearly identical between the
ownership task (M = 10.72 Hz) and synchronicity task (M = 10.69 Hz), #(5) = 0.24, p = .822,

dz=10.10.

To examine whether individual alpha frequency was associated with temporal
integration, JND-derived TBW estimates were correlated with task-matched IAF values. IAF
values were first averaged across left and right posterior parietal ROIs using available valid
peak estimates. In the ownership task, IAF was not significantly associated with either
leftdelayed JNDs, r(3) = —.27, p = .662, p =—.10, p = .870, or right-delayed JNDs, 7(5) =
—.08, p=.858, p=.18, p =.699. In the synchronicity task, the Pearson correlation between
ROIlaveraged IAF and left-delayed JNDs was positive and statistically significant, »(5) = .77,
p = .041, although the corresponding Spearman correlation was not significant, p = .58, p =
.175. The correlation between synchronicity-task IAF and right-delayed JNDs was also
positive but not statistically significant, #(5) = .60, p =.155, p = .58, p = .175. Overall,
ownership-task correlations between IAF and JND-derived TBW estimates were small and
non-significant. In the synchronicity task, correlations were positive, with the ROI-averaged
left-delayed Pearson correlation reaching statistical significance but the corresponding

Spearman correlation remaining non-significant.

The same analyses were conducted separately for left and right ROIs. In the
ownership task, ROI-separated correlations were small and non-significant across both delay
sides, with Pearson correlations ranging from » = —.35 to » =—.07, all p values > .652. In the
synchronicity task, Pearson correlations were positive in both ROIs and were strongest in the

right ROI, where IAF was positively correlated with left-delayed JNDs, #(4) = .97, p = .002, p
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=.94, p =.005, and right-delayed JNDs, #(4) = .85, p =.033, p=.70, p = .123.
Figure 7

Modelled Individual Alpha Frequency Across Task and ROI
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Note. Modelled individual alpha frequency is shown for the ownership and synchronicity
tasks in left and right posterior parietal ROIs. Individual alpha frequency was estimated from
alpha peaks identified using spectral parameterisation. Grey lines represent individual

participants, and black markers represent the group mean with standard error.

Alpha Peak Power and Perceptual Awareness Sensitivity

Alpha peak power was estimated from the modelled alpha peak identified for each
participant. As shown in Figure 8, alpha peak power was higher in the synchronicity task than
in the ownership task in both ROIs, although neither comparison was statistically significant.
In the left ROI, modelled alpha peak power was lower in the ownership task (M = 2.59 dB)

than in the synchronicity task (M = 3.13 dB), #5) =—1.38, p = .225, dz = —0.56. In the right
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ROI, modelled alpha peak power was also lower in the ownership task (M = 1.47 dB) than in
the synchronicity task (M =1.89 dB), #(5) =—1.18, p = .292, dz=—0.48. These alpha peakpower
estimates were retained for the planned brain—behaviour analyses examining whether perceptual

awareness sensitivity is associated with alpha power at each participant’s IAF.

To examine whether perceptual awareness sensitivity was associated with alpha peak
power at each participant’s IAF, task-specific mean meta-d’ values were correlated with
taskmatched alpha peak-power estimates. Alpha peak power was first averaged across left and
right posterior parietal ROIs using available valid peak estimates. In the ownership task, alpha
peak power was positively but non-significantly associated with meta-d’, #(5) = .48, p = .276,
p=.21, p=.662. In the synchronicity task, the corresponding correlation was also positive

and non-significant, #(4) = .39, p = .440, p = .31, p = .564.

The same analyses were also conducted separately for left and right ROIs. In the
ownership task, alpha peak power was not significantly associated with meta-d’ in either the
left ROI, r(4) = .44, p = .388, p =—.14, p = .803, or the right ROI, »(5) = .41,p=.358,p =
.07, p =.906. In the synchronicity task, alpha peak power was also not significantly
associated with meta-d’ in either the left ROIL, »(3) = .13, p = .831, p =—.20, p = .783, or the

right ROI, »(4) = .37, p = .466, p = .31, p = .564.

Figure 8

Modelled Alpha Peak Power Across Task and ROI
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Alpha / IAF: Modelled alpha peak power (dB)
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Note. Modelled alpha peak power is shown for the ownership and synchronicity tasks in left
and right posterior parietal ROIs. Alpha peak power was extracted from the modelled alpha
peak identified for each participant. Grey lines represent individual participants, and black

markers represent the group mean with standard error.
Discussion

The present study investigated whether individual alpha-band activity over posterior
parietal regions was associated with temporal integration and perceptual awareness during
bodily self-perception. Specifically, we examined whether individual alpha frequency was
associated with temporal binding window width, and whether alpha peak power at each
participant’s IAF was associated with perceptual awareness sensitivity during body ownership

and synchronicity judgments.

Behaviourally, participants became more sensitive to visuotactile asynchrony as the
temporal difference between the synchronous and asynchronous alternatives increased. This

indicates that the task captured sensitivity to the relevant temporal information, despite the
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small preliminary sample. Type-2 sensitivity showed a similar tendency, with meta-d’
generally increasing at larger asynchronies; however, this pattern was not statistically
significant. TBW estimates were numerically smaller in the ownership task than in the
synchronicity task, though this pattern should be interpreted cautiously, as estimates were
side-specific and it was necessary to exclude the few non-identifiable fits, effectively

shrinking an already underpowered dataset.

The EEG-behaviour results did not provide reliable support for the original
hypotheses in the present sample; the predicted negative relationship between IAF and TBW
width was not observed. Moreover, ownership-task correlations between IAF and TBW
estimates were small and non-significant. Synchronicity-task correlations were positive,
including one Pearson correlation that reached significance but was not supported by the
corresponding Spearman correlation. Alpha peak power at IAF was positively but
nonsignificantly associated with meta-d’ in both tasks. Overall, the current findings should be
treated as preliminary and underpowered rather than as concrete evidence against the

proposed role of alpha oscillations in bodily self-perception.

Our behavioural findings are broadly consistent with prior work showing that body
ownership depends on temporal correspondence between seen and felt touch such that
increasing visuotactile asynchrony weakens the rubber hand illusion and reduces sensitivity to
ownership-related information (Chancel et al., 2022; Costantini et al., 2016; Lanfranco et al.,
2023, 2025). The observed increase in Type-1 sensitivity across asynchrony therefore
supports the validity of the two-alternative forced-choice paradigm. The Type-2 findings are
less conclusive, but their pattern is compatible with Lanfranco et al.’s (2025) proposal that
perceptual awareness closely tracks body ownership information. However, the small sample

and failed meta-d’ estimates currently prevent strong conclusions about conscious awareness.
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The IAF-TBW findings were not consistent with D’ Angelo et al. (2026a), who found
that faster parietal IAF predicted narrower TBWs in body ownership and visuotactile
simultaneity tasks. More broadly, faster alpha rhythms have been linked to finer temporal
resolution in visual and multisensory perception (Cecere et al., 2015; Migliorati et al., 2020;
Samaha & Postle, 2015; Samaha & Romei, 2024). This non-replication is most likely
explained by the preliminary nature of the dataset. Individual-difference correlations are
highly unstable with n = 7, especially when missing alpha peaks and non-identifiable JND
estimates reduce the effective sample further. The positive synchronicity-task correlations

should therefore be treated as preliminary estimates rather than robust contradictory evidence.

Concerning the alpha peak power analyses, these results are also tentative. The
positive but non-significant correlations between alpha power and meta-d’ are compatible
with the broader possibility that alpha amplitude may relate to subjective readout or
metacognitive aspects of perception, whereas alpha frequency may relate more directly to
temporal or perceptual resolution (Di Gregorio et al., 2022; Trajkovic et al., 2023). However,
we propose these interpretations cautiously. Relevantly, alpha power has been linked to
several cognitive processes, including inhibition, cortical excitability, attention, response
criterion, and signal-to-noise regulation (Klimesch, 2012; Migliorati et al., 2020). Moreover,
the timing and task context of the present alpha power estimates differ from much of the
visual metacognition literature. The current findings therefore justify retaining alpha peak
power as a candidate neural correlate of perceptual awareness sensitivity in the full sample,

but they do not yet provide evidence for such a relationship.

Limitations and Future Research

The most severe limitation of this study is its low sample size. The final behavioural

sample included seven participants, and several EEG—behaviour analyses included fewer
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observations because of missing alpha peaks, failed meta-d’ estimation (i.e., unstable Type-2
model fits in participant-by-condition cells, likely due to sparse response distributions and
low Type-1 sensitivity at difficult asynchronies), or non-identifiable JND fits (i.e.,
sigmoidderived TBW estimates that fell outside of the tested delay range). This is especially
important because the analyses performed rely on psychometric fitting, metacognitive
modelling, and individual-difference correlations. These methods require substantially more
data to produce stable participant-level estimates; indeed, a recent review and living
metaanalysis of alpha-frequency effects suggested that samples of approximately 50
participants may be required to detect robust [AF—behaviour associations (Samaha & Romei,
2024). Consequently, non-significant effects cannot be reliably interpreted as evidence against
the predicted associations, and significant correlations must also be treated cautiously as they

may be disproportionately influenced by individual participants.

The most important future direction is to complete data collection. The planned
sample of approximately 30 participants will provide a more appropriate test of whether IAF
predicts TBW width and whether alpha peak power predicts perceptual awareness sensitivity.
A larger sample should also improve the stability of psychometric fits, meta-d’ estimates, and
EEG peak detection. Future analyses could additionally examine whether the results depend
on ROI averaging, side-specific INDs, or alternative handling of missing peak estimates.
Connectivity-based analyses may also be informative if conscious awareness of body
ownership depends not only on local alpha frequency or power, but also on information
exchange across distributed premotor, posterior parietal, lateral occipital, and insular regions

implicated in body ownership.
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Broader Implications

Our study addresses a specific gap between two lines of research that have recently
advanced in parallel. First, body ownership has been shown to depend on the temporal
integration of visual, tactile, and proprioceptive signals, and parietal alpha frequency appears
to shape the temporal precision of this integration (D’ Angelo et al., 2026a; Ehrsson, 2020).
Second, perceptual awareness sensitivity has been shown to closely track body ownership
sensitivity, suggesting that ownership-related information may have unusually prioritised
access to conscious awareness (Lanfranco et al., 2025). By combining these questions, we ask
whether alpha-band activity relates not only to how precisely the brain integrates bodily
signals, but also to whether this information becomes consciously accessible. If the full
dataset shows that alpha-band dynamics predict both temporal integration and perceptual
awareness sensitivity, this would strengthen the position that conscious bodily self-perception
is not a late, separate readout of multisensory processing, but is closely linked to the neural
mechanisms that organise bodily signals themselves. Furthermore, this framework may help
connect research on perceptual sampling with research on self-consciousness, clarifying how
rhythmic neural activity contributes to the experience of the body as one’s own. Finally, this
line of research may also have longer-term relevance for understanding clinical and
neurodevelopmental conditions involving altered bodily self-experience; schizophrenia and
autism spectrum disorder have both been associated with atypical multisensory integration
and altered responses to body ownership illusions (Cascio et al., 2012; Prikken et al., 2019;
Thakkar et al., 2011; Zopf et al., 2021). Research clarifying the neural mechanisms of body
ownership awareness may eventually contribute to more precise, mechanistic explanations of

disturbed self-experience.
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Conclusion

Our preliminary study does not yet provide reliable evidence that alpha-band
measures predict conscious awareness of body ownership information. Behaviourally,
participants showed increasing sensitivity to visuotactile asynchrony, supporting the validity
of the task. However, the predicted association between faster IAF and narrower TBWs was
not observed, and the correlations between alpha peak power and perceptual awareness
sensitivity were positive but non-significant. These results are limited by the small sample,
missing values, and unstable participant-level estimates. Nevertheless, the study establishes a
viable framework for linking psychophysical measures of body ownership, perceptual
awareness ratings, and individualised EEG measures of alpha activity. The full, adequately
powered dataset will be necessary for providing a clearer test of whether the same oscillatory
mechanisms that shape perceptual sampling also support the transformation of multisensory

signals into conscious bodily self-perception.
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Appendix A

Rubber Hand Illusion Questionnaire

Q1. It seemed as if | were feeling the touch in the location where | saw the rubber hand
touched.

-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q2. It seemed as though the touch | felt was caused by the stick touching the rubber hand
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q3. | felt as if the rubber hand were my hand.
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q4. It felt as if my (real) hand were drifting up (towards the rubber hand).
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q5. It seemed as if | might have more than one right hand or arm.
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

39

Q6. It seemed as if the touch | was feeling came from somewhere between my own hand and

the rubber hand.
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q7. It felt as if my (real) hand was turning ‘rubbery’.
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q8. It appeared (visually) as if the rubber hand were drifting towards my hand.
-3 -2 -1 0 1 2 3
Totally disagree Totally agree

Q9. The rubber hand began to resemble my own (real) hand, in terms of shape, skin tone,
freckles or some other visual feature.
-3 -2 -1 0 1 2 3
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Appendix B
Participant Instruction Sheet

Participant Instructions
Thank you for taking part in this study. In this experiment, we are interested in how your brain
combines what you see and what you feel to create a sense of your body.
You will complete two types of tasks. In both, you will receive gentle taps on your right hand while
looking at artificial hands in front of you. At the same time, we will record your brain activity using
EEG, which is a safe and non-invasive method that measures electrical activity from the scalp. Please
keep your head still and your gaze directed at the hands in front of you. Try to stay relaxed and avoid
unnecessary movement. Blinking is fine, especially between trials. There are no right or wrong
answers; please respond based on your immediate perception.
In one task, you will see two artificial hands while your own hand is hidden from view. You will feel a
short sequence of gentle taps on your real hand while watching the artificial hands being touched.

After each sequence, you will be asked:

“Which hand felt most like your own?”
You will then choose either the left or the right hand. Please base your response on your immediate
experience: whichever hand felt more like it belonged to you.
Immediately after your choice, you will rate how clear your experience of body ownership was on a
4point scale:
“How clear was your experience that the hand you chose felt like your own?”
1. no experience at all
2. avague impression
3. an almost clear experience
4

a very clear experience

This is not about being correct, but about how clear your experience felt.
In the other task, you will judge the timing of what you see and feel. You will again receive brief
touches to the finger while observing touches on two blocks of wood. After each trial, you will be
asked:

“Which block was touched at the same time as your finger?”
You will respond right or left based on your immediate perception, then rate your perceived clarity
again:

“How clear was your experience of simultaneity? ”

1. no experience at all
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2. avague impression
3. an almost clear experience

4. avery clear experience

Between trials, you will be asked to briefly move your fingers. This helps reset your perception before
the next trial. You will also have the option to take short breaks between blocks. The experience of the
artificial hands may feel strong, weak, or not present at all. This varies between people and across
trials, and all responses are completely valid.

You are free to stop the experiment at any time without giving a reason. Some people may find
wearing the EEG cap or sitting still for a longer period slightly uncomfortable, but there are no known
risks.

Your data will be recorded anonymously and used for research purposes only.



